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Editorial on the Research Topic
 Imaging and Mechanism of Leukocyte Recruitment and Function in Inflammation and Infections



The recruitment of leukocytes plays essential roles during protective and pathological immune responses of many diseases. Recruitment from circulation involves several processes such as rolling and adhesion to endothelial cells lining blood vessel inner walls, transmigration across vessel inner walls into surrounding tissue (diapedesis), and migration into other tissues. Leukocyte recruitment is precisely regulated by a complex network of adhesion molecules, including integrins, and their ligands to ensure the proper positioning of immune cells in local microenvironments. Many types of leukocytes help regulate immune defense and inflammation, including T cells, B cells, and natural killer cells, as well as myeloid cells, such as neutrophils, monocytes, macrophages, and dendritic cells (DCs). Microscopic imaging is a powerful visualization method to investigate leukocyte recruitment and functions.

The Frontiers Research Topic “Imaging and Mechanism of Leukocyte Recruitment and Function in Inflammation and Infections” highlights 31 recent studies that use imaging and other techniques to investigate leukocyte recruitment and functions in different infectious or non-infectious diseases.


GENERAL MECHANISMS OF LEUKOCYTE RECRUITMENT

Leukocytes can dynamically increase the affinity of integrins for their ligands (activation), an event central to many of their functions. Leukocyte integrins are critical for innate and adaptive immune responses and contribute to many immune-related conditions. It is not surprising then that integrins have emerged as promising treatment targets for autoimmune diseases and cancer. In a comprehensive overview, Park et al. detailed the role of integrin interactions in both health and disease. This review highlighted irisin, a novel exercise-dependent secretory integrin ligand, and its potential regulatory functions, proposing the αV integrin as a potential receptor for irisin, which is based on most of the recent publications about integrins and integrin-irisin interactions. Leukocytes homing from blood to gut-associated lymphoid tissue (GALT) are mediated by the interaction between integrin α4β7 with its ligand mucosal vascular addressin cell adhesion molecule 1 (MAdCAM-1). In an original research article, Yuan et al. demonstrated that heparan sulfate (HS), which is an acidic linear polysaccharide with a highly variable structure, could promote integrin α4β7-mediated cell adhesion on MAdCAM-1 under shear flow by imitating the negative charges of the extracellular microenvironment, suggesting the negative charges facilitate α4β7-MAdCAM-1 mediated leukocyte migration to GALT.

Chemokines guide leukocyte homing and trafficking through G protein-coupled receptor (GPCR) signaling pathways. C-C chemokine receptor-like 2 (CCRL2) shares structural and functional similarities with atypical chemokine receptors (ACKRs), which is a subset of chemokine receptors unable to activate signal transduction through G proteins. Schioppa et al. provided a valuable general overview of the current understanding of CCRL2 in terms of expression regulation, ligand binding, as well as its functions in leukocyte migration, which may provide novel therapeutic strategies for the control of inflammation and tumor immune surveillance. Along the same line, a recent study by Kashem et al. evaluated the effect of Toll-like interleukin-1 receptor regulator (TILRR)-induced pro-inflammatory cytokines/chemokines on the migration of immune cells. TILRR has been identified as an important modulator of inflammation responsive genes. This work demonstrated that culture supernatants from TILRR-overexpressed cervical epithelial cells can increase the migration of THP-1 monocytes and MOLT-4 T-lymphocytes, which may influence immune cell infiltration in tissues.

Leukocyte recruitment is regulated by the interaction between endothelium-expressed proteins and circulating leukocytes. The involvement of glycan and glycan-binding proteins in the leukocyte recruitment cascade has been well-studied. A review by Krautter and Iqbal focused on the role of glycan-glycan binding protein interactions in the regulation of leukocyte trafficking during inflammation. Given the prevalence and importance of glycan-mediated interactions for the regulation of leukocyte function, this review also highlighted the therapeutic targeting of glycans and glycan-binding proteins in the context of leukocyte recruitment during inflammation.

Palmitoylation is the covalent attachment of the fatty acid palmitic acid to cysteine. Recently, many studies have shown that leukocyte proteins undergo palmitoylation, including adhesion molecules, cytokine/chemokine receptors, T cell co-receptors, and signaling factors. In a review focusing on the function of palmitoylated proteins in leukocytes, Yang et al. illustrated the central role of palmitoylation in leukocyte migration and function. They proposed targeting palmitoylation may serve as a promising therapeutic strategy for aberrant immune responses.

Phosphoinositides are a family of minority acidic phospholipids in cell membranes with numerous functions, including attracting phospholipase C, protein kinase C, proteins involved in membrane budding and fusion, proteins regulating the actin cytoskeleton, and others. A review from Montaño-Rendón et al. summarized the most recent findings concerning the metabolic regulation of phosphoinositides during the leukocyte lifecycle. They mainly focused their attention on cellular processes, including diapedesis, migration, and phagocytosis, highlighting the importance of proper phosphoinositide interconversion to maintain cellular homeostatic functions.

The activation of complement receptors helps to regulate inflammation, leukocyte extravasation, and phagocytosis; activation also contributes to the adaptive immune response. This particular topic is illustrated in the review article by Vandendriessche et al., which focused on complement receptors and their roles in regulating phagocytosis and leukocyte recruitment during immunity and inflammation. Complement receptors participate in firm endothelial adhesion, diapedesis, and leukocyte chemotaxis toward the inflammatory trigger. Within tissues, they are involved in phagocytosis and cell type-specific immune regulatory roles. Chemotaxis and phagocytosis are fundamental processes that protect the body and maintain tissue homeostasis. Thus, the complement system is a promising therapeutic target for many diseases.

The phosphodiesterases (PDEs) that degrade cyclic adenosine monophosphate (cAMP) and cyclic guanosine monophosphate (cGMP) have been studied for over 40 years. Several drugs have been developed that target cGMP signaling, while drugs targeting cAMP have not been that successful; this is partly because cAMP is ubiquitous and critically required in virtually all tissues, while cGMP is more prominent and confined to cardiovascular tissues. cAMP-specific PDE4 and PDE8 are higher potential targets for inflammatory diseases. Epstein et al. provided a comprehensive overview of the potential unique roles of PDE8 (PDE8A) in T cell motility and T cell-mediated inflammation, with several details on the distinct signaling properties of PDE8 in a huge variety of in vivo and ex vivo models, and in different cell types. This provided evidence for the existence of a unique PDE8-dependent signaling complex disruptor.

Recently, much attention has been drawn to the leukocyte recruitment role of extracellular RNA (exRNA), which is released from cells under conditions of injury or vascular disease. Preissne et al. highlighted articles that investigated the role of the exRNA on various steps of leukocyte recruitment within the innate immune response. Based on their work in a variety of preclinical animal models, exRNA constituted a versatile damaging factor in several inflammatory cardiovascular diseases, whereby the natural endonuclease RNase1 provided an effective and safe antagonist by inhibiting or preventing the pathological effects of exRNA—suggesting it may serve as a new therapeutic target.

Neutrophils are a marker of innate immune activation against invading microorganisms, as they are the first leukocytes to migrate from the circulation to inflamed or infected sites. The research article by Liu et al. described the mechanisms of endothelium-neutrophil interactions on bactericidal activity. They disclosed that interleukin (IL)-1α promoted neutrophil adhesion by upregulating cell adhesion molecules (CAMs) during the early phase, while oxidative phosphorylation induced transmigration of neutrophils against bacteria. Understanding the role of neutrophils during neuroinflammation is of great importance, and the observations by Kim et al. on the migration of microglia and neutrophils in the inflamed brain are very intriguing. Using two-photon intravital microscopy, the authors found that neuroinflammation leads to both influx and transendothelial migration of neutrophils in the brain and promotes their interaction with microglia. These observations may indicate that neutrophils can prime microglia to initiate a neuroinflammatory response and deliver pro-inflammatory signals to the periphery through reverse trans-endothelial migration (rTEM).

Barcellos et al. discussed interesting reports that focused on how physical training regulates exercise-induced inflammation and performance. This study demonstrated that acute high-intensity exercise promoted inflammation, including an increase of IL-6 in blood, enhanced rolling and adhesion of leukocytes (primarily neutrophils) by intravital imaging, and promoted neutrophil chemotaxis in vitro. Aerobic training diminished exercise-induced inflammation in skeletal muscle tissue. They also proposed that reactive oxygen species (ROS) are potential factors affecting aerobic performance and inflammatory response.

In a review, Schwartz et al. focused on an aspect of the leukocyte trans-endothelial migration (or diapedesis), which is an important process that allows leukocytes to reach the sites of tissue damage or infection to elicit an adequate response linked to innate or acquired immunity and inflammation. This review presented the biomechanical mechanisms involved in trans-endothelial crossing of leukocytes and summarized the various imaging techniques currently used with their advantages and limitations.

DCs are powerful antigen-presenting cells, and their migration ability is the key to initiating protective pro-inflammatory and tolerant immune responses. Recent studies have emphasized the importance of DC migration in maintaining immune surveillance and tissue homeostasis, as well as the pathogenesis of a series of diseases. Feng et al. provided a comprehensive view of the migration of DCs, especially under various environments, which may help to develop new therapeutic and vaccination strategies for diseases. Along the same line, Lin et al. demonstrated that sCD83 could inhibit DC-T synapse formation by decreasing Rab1a activation to disrupt F-actin and MHC-II accumulation at sites of DC-T contact, providing a possible mechanism for the role of DCs in immunological synapse formation. In experimental autoimmune uveitis (EAU) mice, sCD83-treated DCs decreased the number of T cells in the eyes and lymph nodes, and alleviated symptoms of EAU.

Monocytes (Mo) and macrophages (Mφ) are key components of the innate immune system and actively participate in the development of many autoimmune diseases. The infiltration of Mo and Mφ in diseased tissues is a hallmark of several autoimmune diseases. In this topic, Yang et al. investigated the role played by adenosine monophosphate-activated protein kinase (AMPK) signaling-dependent metabolic reprogramming in Mo/Mφ migration and survival in metabolic diseases, such as high-fat diet (HFD)-induced diabetes and atherosclerosis. They observed enhanced protein kinase adenosine monophosphate-activated catalytic subunit alpha 1 (PRKAA1/2) expression in adipocyte-associated-leukocytes in mice on a HFD, and highlighted a critical role of PRKAA1 in Mo and Mφ metabolic modulation, migration, and survival.

An original article from Tan et al. showed the induction of inflammation in alveolar cells by the interaction of triggering receptor expressed on myeloid cells-1 (TREM-1) with extracellular cold-inducible RNA-binding protein (CIRP). The authors showed that adding recombinant eCIRP increases TREM-1 expression in alveolar epithelial cells and induces production of cytokines IL-6 and CXCL2. This study provides insights into molecular mechanisms of acute lung injury, which is a life-threatening condition involved in many diseases, with additional importance during the COVID-19 pandemic.

Phagocytosis is an essential response of innate immune cells that involes recognition, engulfment, and degradation of foreign or dead material. Westman and Grinstein provided a comprehensive view of how phagosomal pH is regulated during phagocytosis, including why it varies among different professional phagocytes, and how host defense and pathogen escape occur in phagocytosis. Indeed, metabolite transport and utilization are both exquisitely pH-sensitive events. Therefore, the establishment and regulation of luminal pH should be the core content of host-pathogen interactions in the future.



LEUKOCYTE IMAGING

With the advent of new imaging techniques, new ways of visualizing immune cells have emerged in recent years, enabling more detailed discoveries about cell properties, functions, and interactions. Jorch and Deppermann wrote a comprehensive review on novel imaging techniques that provide insights into neutrophil and macrophage functions under physiological and pathological conditions. This article introduced several optical imaging techniques, including epifluorescent microscopy, confocal microscopy, and multi-photon microscopy. They also discussed light-sheet microscopy used after optical tissue clearing, which is valuable to visualize the structure and distribution of neutrophils and macrophages in fixed tissue.

The use of intravital microscopy over recent decades significantly improved our understanding of neutrophil trafficking and functions in various microenvironmental niches under homeostasis and in response to infections. Such technological advances allow studies on the temporal and spatial regulation of neutrophil functions, as well as the emerging role of tissue-resident neutrophils in the lung, skin, spleen, and lymph nodes. Through the perspective of intravital microscopy, De Filippo and Rankin presented recent studies on the function, migratory behavior, and cell-cell interactions of neutrophils in various tissues, outlining the importance of neutrophil subsets, their functions under homeostasis, and their responses to infection. They also commented on how understanding these processes in greater detail at a molecular level can lead to new therapeutics.

The lung is one of the most difficult organs to assess using intravital optical imaging due to its enclosed position within the body, delicate nature, and vital role in sustaining proper physiology. Alizadeh-Tabrizi et al. reviewed studies of lung intravital imaging and lung disease mechanisms. They introduced the microscopy modalities used for intravital imaging and the procedure for lung intravital microscopy in mice. They also commented on infection and inflammation models of lung diseases in which lung intravital imaging was used, and listed a number of limitations of the technique.

Margraf and Sperandio provided a “practical guide” for intravital observation of leukocyte trafficking and homeostasis in the developing mouse fetus to further understand immune defense and hemostatic capability. They provided a methodology for visualizing blood plasma and vessel walls, as well as cells in circulation. This model offers a potential technique to study in vivo processes in the developing mouse fetus.

By combining optical clearing and multi-photon microscopy, Szabo-Pardi et al. investigated the recruitment of peripheral leukocytes to key tissues of the pain system, the dorsal root ganglia (DRG) and sciatic nerve, after nerve injury. They observed robust sexual dimorphism in leukocyte recruitment to lumbar DRGs after nerve injury. As mentioned above, intravital imaging was also used to study leukocytes in the brain (Kim et al.) and muscles (Liu et al.).

Arthritis, an immune-mediated inflammatory disease, is induced by the inappropriate accumulation and activation of leukocytes. In a comprehensive review, Manning et al. provided an in-depth synopsis of rheumatic joint inflammatory imaging describing the evolving techniques to visualize migrating leukocytes. It elegantly described the inflammatory processes and the evolution of imaging methods along with the leukocyte profile of the joint and what is learned as the techniques advance. It showed the development and improvement of different techniques, which can improve our knowledge of this disease and allow observers to track treatment responses.

Super-resolution microscopy is a powerful tool for studying molecular details in leukocytes. An original article from Joly et al. explored whether endosomes contribute to NADPH oxidase 2 (NOX2) delivery to the phagosome in neutrophils and found that a fraction of the early and recycling endosomes contained NOX2. They used super-resolution microscopy for the first time to observe NOX2 organization in the membrane of PLB-985 cells. They observed a rise in the number of nanoclusters during phagocytosis that required the presence of the cytosolic oxidase subunit p47phox.



LEUKOCYTE RECRUITMENT AND FUNCTION IN DISEASES

Recent studies have highlighted the role of inflammation in obesity, diabetes, hypertension, autoimmune disease, and cardiovascular diseases, including stroke and atherosclerosis. Atherosclerosis is a chronic inflammatory disease that occurs within the arterial wall and is initiated mainly in response to endogenous ligands, particularly oxidized lipoproteins, which stimulate both innate and adaptive immune responses. The innate response starts with the activation of endothelial cells in vessel walls and Mo/Mϕ activation. It is rapidly followed by an adaptive immune response to an array of potential antigens presented to effector T lymphocytes by antigen-presenting cells, such as DCs. Thus, leukocyte adhesion and recruitment to the vascular intima is a key event in early atherosclerosis.

Marchini et al. provided a comprehensive overview of the mechanisms underlying leukocyte recruitment in the setting of cardiovascular disorders, including myocardial infarction and atherosclerosis. They described the inhibition of receptors and ligands involved in the generation, adhesion, and transmigration of leukocytes that revealed a great potential for anti-leukocyte therapies at the preclinical stage for cardiovascular diseases.

Type 2 diabetes is a metabolic disorder. However, recent research suggests that type 2 diabetes is also an autoimmune disease. Pezhman et al. provided a valuable general overview of the dysregulation of leukocyte trafficking in type 2 diabetes in recent decades, including the changes in expression of adhesion molecules, chemokines, and chemokine receptors, innate and adaptive immune cells, and the subsequent immune response. They also discussed the potential therapeutic avenues targeting leukocyte trafficking.

A key element in the pathogenesis of inflammatory bowel disease (IBD) is a massive influx of immune cells into the gastrointestinal mucosa. Aberrant infiltration of mononuclear phagocytes, neutrophils, and inflammatory lymphocytes is observed in the colonic lamina propria of IBD patients. Leukocyte trafficking is, therefore, a key determinant of the immune responses that take place in the gut. Thus, this rapid leukocyte recruitment from the circulation into GI during IBD provides a potential target for pharmaceutical inhibition of the inflammation. Luzentales-Simpson et al. reviewed multiple proposed mechanisms of action for the integrin α4β7 blocking antibody vedolizumab used to treat IBD. Understanding the mechanism of action of this drug will allow a determination of the primary mechanisms of disease treatment in people with IBD. They also described the potential effects of vedolizumab on innate immune cells (macrophages, monocytes, and DCs) in particular.

In the past few years, miR-138 has been identified as a putative tumor suppressor and is found down-regulated in most human cancer types. Multiple targets of miR-138 have been identified previously, including key molecules involved in proliferation, apoptosis, invasion, and migration. The review by Song et al. investigated the immune-regulatory mechanisms of miR-138-5p in the non-small-cell lung cancer (NSCLC) microenvironment and tumor proliferation. They revealed that miR-138 has two essential functions in NSCLC therapy by targeting PD-L1/PD-1: regulating the immune response in the tumor micro-environment; and inhibiting proliferation of NSCLC cells by decreasing expression of Cyclin D3, Ki67, and minichromosome maintenance. This comprehensive review provided depth in understanding the molecular mechanism of miR-138 as a tumor suppressor in NSCLC, which is critical in therapeutic applications.

Stroke is currently the third-leading cause of death in the United States. During ischemic stroke, the blood-brain barrier is significantly damaged, resulting in the infiltration of peripheral immune cells and dramatic changes in cytokine levels. Bernstein and Rom studied the impacts of let-7 microRNA families on cytokine release and neurovascular space following ischemic stroke in mice. Using in vitro luciferase reporter assays, they further identified C-X-C motif chemokine ligand 1 (human as IL-8) as a potential target of let-7 g, and interferon gamma-induced protein-10 as a target of miR-98, respectively. They proposed that let-7 microRNAs may inhibit the release of cytokines at the blood-brain barrier and thus regulate endothelial-immune reactions following ischemic stroke.

In conclusion, this Research Topic provides detailed regulatory roles and molecular mechanisms for understanding leukocyte recruitment in health and disease. We would like to thank all the authors and referees for their valuable contributions. We believe that the collection of articles included in the topic will be of interest to all researchers studying molecular and cellular mechanisms of leukocyte migration and homing in development and diseases, enabling them to appreciate how a clearer understanding of these mechanisms can inspire therapeutics and diagnostics.



AUTHOR CONTRIBUTIONS

HS and ZF conceived the idea, designed, and edited the manuscript. YH corrected the manuscript. All authors listed have approved the work for publication.



ACKNOWLEDGMENTS

We would like to thank the authors, reviewers, and editors for their essential contribution to this exciting and unexplored research topic, as well as of the members of the Frontiers in Cell and Developmental Biology editorial office. We acknowledge Dr. Christopher Kit Bonin and Dr. Geneva Hargis from UConn Health School of Medicine for their help in the scientific writing and editing of this manuscript.

Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2021 Sun, Huo and Fan. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.












	 
	ORIGINAL RESEARCH
published: 03 July 2020
doi: 10.3389/fcell.2020.00563





[image: image]

TILRR Promotes Migration of Immune Cells Through Induction of Soluble Inflammatory Mediators

Mohammad Abul Kashem1,2,3,4†, Xiaoou Ren5,6†, Hongzhao Li1,4, Binhua Liang2,4,7, Lin Li2,4, Francis Lin5,6,8, Francis A. Plummer1,‡ and Ma Luo1,2,4*

1Department of Medical Microbiology and Infectious Diseases, University of Manitoba, Winnipeg, MB, Canada

2JC Wilt Infectious Diseases Research Centre, Winnipeg, MB, Canada

3Department of Microbiology and Veterinary Public Health, Chittagong Veterinary and Animal Sciences University, Chittagong, Bangladesh

4National Microbiology Laboratory, Public Health Agency of Canada, Winnipeg, MB, Canada

5Department of Biosystems Engineering, University of Manitoba, Winnipeg, MB, Canada

6Department of Physics and Astronomy, University of Manitoba, Winnipeg, MB, Canada

7Department of Biochemistry and Medical Genetics, University of Manitoba, Winnipeg, MB, Canada

8Department of Immunology, University of Manitoba, Winnipeg, MB, Canada

Edited by:
Zhichao Fan, UCONN Health, United States

Reviewed by:
Kui Cui, Harvard University, United States
Rongrong Liu, Northwestern University, United States
Bo Liu, University of California, Berkeley, United States

*Correspondence: Ma Luo, Ma.Luo@umanitoba.ca; ma.luo@canada.ca

†These authors have contributed equally to this work

‡In memoriam

Specialty section: This article was submitted to Cell Adhesion and Migration, a section of the journal Frontiers in Cell and Developmental Biology

Received: 23 April 2020
Accepted: 15 June 2020
Published: 03 July 2020

Citation: Kashem MA, Ren X, Li H, Liang B, Li L, Lin F, Plummer FA and Luo M (2020) TILRR Promotes Migration of Immune Cells Through Induction of Soluble Inflammatory Mediators. Front. Cell Dev. Biol. 8:563. doi: 10.3389/fcell.2020.00563

TILRR has been identified as an important modulator of inflammatory responses. It is associated with NF-κB activation, and inflammation. Our previous study showed that TILRR significantly increased the expression of many innate immune responsive genes and increased the production of several pro-inflammatory cytokines/chemokines by cervical epithelial cells. In this study, we evaluated the effect of TILRR-induced pro-inflammatory cytokines/chemokines on the migration of immune cells. The effect of culture supernatants of TILRR-overexpressed cervical epithelial cells on the migration of THP-1 monocytes and MOLT-4 T-lymphocytes was evaluated using Transwell assay and a novel microfluidic device. We showed that the culture supernatants of TILRR-overexpressed HeLa cells attracted significantly more THP-1 cells (11–40%, p = 0.0004–0.0373) and MOLT-4 cells (14–17%, p = 0.0010–0.0225) than that of controls. The microfluidic device-recorded image analysis showed that significantly higher amount with longer mean cell migration distance of THP-1 (p < 0.0001–0.0180) and MOLT-4 (p < 0.0001–0.0025) cells was observed toward the supernatants of TILRR-overexpressed cervical epithelial cells compared to that of the controls. Thus, the cytokines/chemokines secreted by the TILRR-overexpressed cervical epithelial cells attracted immune cells, such as monocytes and T cells, and may potentially influence immune cell infiltration in tissues.
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INTRODUCTION

Previous studies identified that TILRR (Toll-like/Interleukin-1 receptor regulator), a FREM1 isoform 2, is an important regulator of genes in the NF-κB signal transduction pathway and inflammatory responses (Zhang et al., 2010, 2012). TILRR is expressed in human peripheral blood mononuclear cells, including monocytes and macrophages, and a wide range of human and mouse lymphocytic and mesenchymal cell lines (Zhang et al., 2010; Smith et al., 2017). It has been shown to cause aberrant inflammatory reactions and inflammation-driven pathological condition (Smith et al., 2017). Our previous study showed that the minor allele of FREM1 SNP (single nucleotide polymorphism) rs1552896 is associated with resistance to HIV-1 infection in the Pumwani sex worker cohort (PSWC) (Luo et al., 2012). Our group also showed that FREM1 is highly expressed in human epithelial tissues and immune cells, such as cervical tissues (Luo et al., 2012), CD4+ and CD8+ T cells, B cells, monocytes and natural killer (NK) cells (Omange et al., under revision). Recently, we have shown that TILRR modulates expression of many inflammation responsive genes and production of pro-inflammatory cytokines/chemokines such as IL-6, IL-8/CXCL8, IP-10/CXCL10, MCP-1/CCL2, MIP-1β/CCL4 and RANTES/CCL5 in cervico-vaginal epithelial cells (Kashem et al., 2019). The inflammatory cytokines/chemokines secreted by the TILRR-overexpressed cervical epithelial cells could influence immune cell migration to tissues. In fact, several studies have shown that chemo-attractants including IL-8/CXCL8, IP-10/CXCL10, MCP-1/CCL2, MIP-1α/CCL3, MIP-1β/CCL4, MIP-3α/CCL20, and RANTES/CCL5 produced by female genital epithelium induced rapid influx of circulating immune cells, resulting in increased risk of HIV acquisition (Mueller and Strange, 2004; Wira et al., 2005; Li et al., 2009; Masson et al., 2015; Arnold et al., 2016). Because cervical epithelial cells express FREM1 (Luo et al., 2012), and TILRR overexpression increases the production of pro-inflammatory mediators by cervical epithelial cell lines (Kashem et al., 2019), we hypothesized that the cytokines/chemokines produced by the cervical epithelial cell line may influence the migration and tissue infiltration of immune cells. In this study, we investigated the effect of supernatants of TILRR-overexpressed cervical epithelial cells (HeLa cells) on the migration of immune cells using two cell lines, THP-1 and MOLT-4, by Transwell assay and a novel microfluidic device that can record cell migration images. We report here that the supernatants of TILRR-overexpressed HeLa cells significantly attracted THP-1 (monocyte) and MOLT-4 (T-lymphocyte) cells than the controls.



MATERIALS AND METHODS


Cell Lines and Culture Conditions

THP-1 (ATCC) (NIH, Catalog# 9942), a human monocytic cell line, and MOLT-4 (NIH, Catalog# 175), a human T lymphoblastic cell line, were used for in vitro migration assay. MOLT-4 cells were maintained in complete RPMI 1640 growth medium (Sigma-Aldrich, Catalog# R0883) supplemented with 10% fetal bovine serum (FBS) (Giboco, Catalog# 12483-020), 2 mM GlutaMax-I (Gibco, Catalog# 35050-061), 10 mM HEPES (Gibco, Catalog# 15630-080), 1 mM sodium pyruvate (Gibco, Catalog# 11360070), and 1% Pen-Strep (Gibco, Catalog# 15140-122). THP-1 cells were also maintained in complete RPMI 1640 growth medium similar to the MOLT-4 cells with additional supplement of 0.05 mM 2-Mercaptoethanol (Sigma-Aldrich, Catalog# M3148). The medium was replaced every 2–3 days. Because THP-1 (monocytes) and MOLT-4 (lymphocytes) cells express HIV-1 receptor/co-receptors CD4, CCR5 and CXCR4 essential for R5- and X4- tropic HIV-1 strains to infect the host (Dejucq et al., 1999; Dejucq, 2000; Konopka and Duzgunes, 2002; Miyake et al., 2003; Melo et al., 2014; Huang et al., 2016), and these cells are widely used as in vitro model for HIV-1 infection (Ushijima et al., 1991; Dejucq et al., 1999; Konopka and Duzgunes, 2002; Blanco et al., 2004; Cassol et al., 2006; Guo et al., 2014; Lodge et al., 2017), we therefore utilized these cell lines as a model for in vitro cell migration assay. HeLa cells (NIH, Catalog# 153) were maintained as described in our earlier study (Kashem et al., 2019). Briefly, the cells were cultivated in Dulbecco’s Modified Eagle’s Medium (DMEM) (Sigma-Aldrich, Catalog# D5796) supplemented with 10% FBS (Gibco, Catalog# 12483-020) and 1% Antibiotic-Antimycotic (Gibco, Catalog# 15240062). HeLa cells were used to produce cell culture supernatants following overexpression of TILRR. As human cervical tissues highly express FREM1 mRNA and TILRR is a transcript variant of FREM1, we therefore used HeLa cells as a model system to study the effect of FREM1 variant TILRR in promoting migration of immune cells.



Overexpression of TILRR in HeLa Cells

We overexpressed the TILRR in HeLa cells as described previously (Kashem et al., 2019). In brief, approximately 2.5 × 105 cells/ml was plated into each well of a 12-well culture plate containing complete DMEM growth medium a day before transfection. Once the cells reached 80–90% confluency, the media was replaced with antibiotic free fresh growth media. Overexpression of TILRR was performed by using 1.0 μg/well of TILRR-plasmid (vector + TILRR) (GeneCopoeia, Catalog# EX-I2135-68) or empty vector-plasmid control (GeneCopoeia, catalog# EX-NEG-68) containing a CMV promoter, an ampicillin marker, and a puromycin marker. We co-transfected the cells with 0.2 μg/well of PmaxGFP (Lonza, Walkersville, MD, United States) as a standard enhanced GFP (Green fluorescence protein) control vector to monitor the transfection efficiency by Confocal microscopy and Flow Cytometry analysis. Cells were co-transfected by 2 μl/well of EndofectinMax transfection reagent (GeneCopoeia, Catalog# EFM1004-01).



Collection of Cervical Epithelial Cell Culture Supernatants

Secretion of inflammatory mediators from female genital epithelial cells demonstrated a critical role in rapid influx of immune cells at mucosal epithelia, resulting in heightened inflammation and vaginal microbial infection including HIV-1 (Fichorova et al., 2001; Kaul et al., 2008a, b; Li et al., 2009; Kaul et al., 2015). Thus, to mimic the physiological conditions of cervical epithelial microenvironment, TILRR-transfected HeLa cell culture supernatants were used as chemo-attractants in this study to investigate the effect on the migration of THP-1 monocytes and MOLT-4 lymphocytes. Culture supernatants from HeLa cells were produced as previously described (Kashem et al., 2019). Briefly, co-transfected HeLa cells were selected with puromycin treatment after 24 h of transfection. Cells were then incubated with FBS- and antibiotic-antimycotic free DMEM medium (Sigma Aldrich, Catalog# D5796) for another 24 h and the supernatants were collected in sterile centrifuge tubes. The culture supernatants were centrifuged at 10,000 × g for 10 min at 4°C, aliquoted in protein low binding tubes (Thermofisher Scientific, Catalog# 90410), and stored at −80°C for downstream experiments.



Preparation of Cell Culture Supernatants

Immediately before the assay, cell culture supernatants were pulled from −80°C freezer and kept on ice to thaw. All samples were kept on ice until the assay plate was ready to use. The samples were vortexed for 15 s before being added to the plate. One freeze-thaw cycle was allowed for all culture supernatants to minimize sample degradation.



Bio-Plex Analysis of Culture Supernatants

We analyzed the cytokines/chemokines in HeLa cell culture supernatants using a custom 13-plex panel as previously described (Kashem et al., 2019). These cytokines/chemokines include granulocyte macrophage colony stimulating factor (GM-CSF), interferon gamma (IFNγ), interleukin (IL)-1β, IL-6, IL-8/CXCL8, IL-10, IL-17A, IFN-γ inducible protein (IP)-10/CXCL10, macrophage chemo-attractant protein (MCP)-1/CCL-2, monocyte inflammatory protein (MIP)-1α, MIP-1β, regulated upon activation, normal T cell expressed and secreted (RANTES)/CCL5, and tumor necrosis factor alpha (TNF-α) (Supplementary Table 1). Briefly, the assay was conducted according to the Bio-Plex ProTM assays protocol (Bio-Rad Laboratories Inc.). Antibody-coupled bead stocks were vortexed for 15 sec and combined at 1:600 dilutions in assay buffer (Bio-Plex ProTM reagent kit, Bio-Rad, Catalog# 171-304070M). Fifty microliter of diluted beads was added into each well of 96-well Bio-Plex ProTM Flat bottom plate (Bio-Rad, Catalog# 171025001). After 2x washes with Bio-Plex wash buffer (BioRad, Catalog# 171-304070M), 50 μl of HeLa cell culture supernatants was added to the plate, and incubated for 30 min on plate shaker (850 ± 50 rpm) at room temperature (RT). Following incubation, the plate was washed 3X with wash buffer and 25 μl of detection antibody (1 μg/ml) was added into each well. The plate was incubated again for 30 min on a plate shaker. Fifty microliter of streptavidin-PE (1x) conjugate (BioRad, Catalog# 171304501) was added per well after 3X washes, and incubated for 10 min at RT. Finally, the plate was washed three times, and 150 μl of assay buffer was added into each well, shaken for 10 s and then run by Bio-PlexTM 200 System (Luminex xMAP technology) (Bio-Rad, Canada). Complete HeLa cell growth medium was used as a diluents for Bio-Plex Pro Human Cytokine Standards Group I 27-plex (Bio-Rad, Catalog# 171D50001) and as a blank control. To generate standard curve, 50 μl of fourfold standard dilutions was added in 8-wells in duplicates. Bio-Plex software version 6.1 was used to acquire data, which was optimized to calculate the upper limit of quantification (ULOQ) (pg/ml) and lower limit of quantification (LLOQ) (pg/ml) using logistic-5PL regression analysis with fitness probability ≥ 0.95.



Preparation of THP-1, and MOLT-4 -Cells for the Cell Migration Assays

The cell lines, following revival from the liquid nitrogen tank, were cultured for at least one passage before being used for the migration experiment. We used cells that were passaged for <10 times for this study. On the day of migration experiment, the cells were mixed gently and transferred to 50 ml BD Falcon tube, centrifuged for 10 min at 130 × g and the supernatants were discarded. Ten milliliters of RPMI 1640 complete medium without FBS and Pen-Strep was added to the pelleted cells, mixed gently, and the cell numbers were counted. For Transwell-based cell migration assay, a total of 5 × 105cells/100μl/assay was used, whereas 1 × 104 cells/10 μl/unit was used for microfluidic-based cell migration assay.



Preparation of Positive Control Chemo-Attractants

Since HeLa cells were incubated with DMEM medium during the production of culture supernatants, DMEM medium was used as a medium control and diluent in this study. MCP-1/CCL2 (Sigma-Aldrich, Catalog# SRP3109-20UG) and stromal cell-derived factor (SDF)-1α/CXCL12 (Sigma-Aldrich, Catalog# SRP3276-10UG) were used as positive chemo-attractant controls for the migration assays. Positive chemo-attractant controls were diluted to concentrations (5, 10, 50, 100, and 200 ng/ml) with DMEM medium (Sigma-Aldrich, Catalog# D5796) without FBS and antibiotic-antimycotic for the optimization assay.



Cell Migration Experiments in Transwell

Migration of cells was performed using 24-well polycarbonated membrane insert with 5 μm pore size (Corning, catalog# CLS3421) (Supplementary Figure 1). In the bottom chamber of Transwell plate, 600 μl of each chemo-attractant (DMEM control, diluted positive controls, culture supernatants of TILRR-overexpressed HeLa cells, culture supernatants of empty plasmid-transfected HeLa cells, or culture supernatants of non-transfected HeLa cells) was added. One hundred microliter of cells (5 × 105 cells) in RPMI 1640 migration media was added to the upper chamber (Transwell insert), and incubated for 24 h at 37°C with 5% CO2. The number of input cells was calculated using three different counting methods, such as hemocytomer, automated cell counter (Invitrogen, Catalog# C10227), and flow cytometry (BD accuri C6, BD Biosciences, CA, United States). After 24 h of migration, Transwell insert was carefully removed from the well, and the medium containing the migrated cells in the bottom chamber was gently mixed and transferred to the 1.5 ml Eppendorf tube and migrated cells in the 50 μl medium were counted using hemocytometer and automated cell counter as described previously (Louis and Siegel, 2011; Cadena-Herrera et al., 2015; Pioli, 2019). For flow cytometry counting, the remaining ∼550 μl volume of the medium containing the migrated cells was gently vortexed and analyzed with BD accuri C6 (BD Biosciences, CA, United States). The data obtained from flow cytometry were analyzed with FlowJo software (Treestar, United States).



Preparation of the Microfluidic Device

A previously designed radial microfluidic device was used in this study (Figure 1) (Wu et al., 2018). The device consisted of two layers with different thickness, the first layer (∼7 μm high) forms the cell docking structure to trap cells inside the cell loading channels; while the second layer (∼40 μm high) includes the cell loading ports and channels, and the gradient channels with chemical inlets and waste outlets. This device contains eight independent units, each one has its own two chemical inlets, one waste inlet, and one cell loading port, which allows eight independent experiments performed simultaneously. The device was fabricated by using previously described standard photolithography and soft lithography procedures (Wu et al., 2018; Ren et al., 2019, 2020). Briefly, the device pattern was designed by AUTOCAD and printed onto a transparent film at 24,000 dpi resolution (Fineline Imaging) served as the photomask for later photolithography. The pattern was then replicated by selected exposure of UV light through the photomask on top of a 3 inch silicon wafer (Silicon, Inc., ID, United States) with pre-coat of SU-8 negative photoresist (MicroChem). The wafer with patterns was used as the mold to reproduce polydimethylsiloxane (PDMS) (Sylgard 184, Dow Corning, Manufacturer SKU# 2065622) replicas, and then the replicas were cut off from the mold after 2 h of baking at 80°C. The chemical inlets (6 mm diameter), waste outlets (4 mm diameter), and cell loading ports (2 mm diameter) were punched out of the PDMS replica, and the replica was bonded onto a glass slide after air plasma treatment. The design of micropillar supports below the docking barrier increased the structural stability during bonding process. The device channels were coated with rat-tail collagen type I (20 μg/mL; Corning, Catalog# 354236) for 1 h, and then incubated with DMEM medium for another 30 min inside the incubator before the cell migration experiments.
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FIGURE 1. Illustration of the radial microfluidic device and cell migration analysis. (A) A representative image of the real radial microfluidic device with colored dyes to show the major networks in each unit. The upper transparent part is PDMS replica, which is bonded onto the bottom part of the glass slide; the blue elliptical-dashed box and the number number (1–8) show the chemical inlets of each independent unit. (B,C) Magnified view of the selected unit 3 of A in real device B and in schematic diagram C. I1 and I2: chemical inlets; C: cell loading port; O: waste outlet. (D) A representative experimental image to illustrate the data analysis of cell migration displacement in the magnified view of selected black-dashed box in B. (E) Magnified view of the black elliptical-dashed box of schematic C. In D and E, the blue- and black-dashed boxes represent the cell loading and gradient channels, respectively; the green arrow indicates the gradient direction; red arrow shows the displacement of an individual migrated cell. (F) Cross sectional views to illustrate the detailed designs of the device as indicated in E.




Cell Migration Experiments With the Microfluidic Device

Cells and chemo-attractants were prepared as described above. Cells were loaded into the cell loading ports. Fluorescein isothiocyanate (FITC)-dextran (10 kDa, Sigma-Aldrich, Catalog# FD10S) was added into the chemo-attractant solutions to indicate the gradient profile. DMEM medium and chemo-attractants were injected into the chemical inlet I1 and I2, respectively, to generate the gradient (Figures 1A–C). In addition, the two chemical inlets of each unit were covered by silicone oil (Alfa Aesar, Tewksbury, United States, Catalog# A12728-22) in order to balance the pressure difference for better gradient generation as previously described (Wu et al., 2018). The device was then placed under an inverted fluorescence microscope (Nikon Ti-U) inside an environmental controlled chamber (InVivo Scientific) at 37°C. Differential interference contrast (DIC) images of cell migration were taken for all the units at 0 and 24 h, respectively. The microfluidic device was incubated inside the incubator when not taking images. The DIC images of cell migration were obtained using NIS Element Viewer (Nikon) and ImageJ software (NIH). Specifically, cells that migrated away from the boundary of docking barrier to the gradient direction inside the gradient channel within the microscope field were recorded, and the displacement of each targeted cell was measured in each group at the end of the experiment using ImageJ (Figures 1D–F).



Data Analysis

The data obtained with the Transwell assay was analyzed by GraphPad Prism software, version 8.3.0 (GraphPad Software, Inc., United States). The cell migration data obtained with the microfluidic device was processed by the OriginPro software. Each condition of experiment in this study was independently repeated at least three times. The statistical significant difference (p-value) between the treatment and control groups was determined by Student’s t-test.



RESULTS


Optimization of Transwell Cell Migration Assay

To determine the optimal concentration of positive control chemo-attractants for inducing chemotaxis of the monocytes and lymphocytes in Transwell assay, a series of dilution experiments were conducted using MCP-1/CCL2 and SDF-1α/CXCL12. One hundred microliter of 5 × 105 cells diluted in RPMI 1640 medium was seeded into the apical chamber (insert) of Transwell plate, and allowed for migration at 37°C for 24 h. The results showed that THP-1 monocyte migration was gradually increased with increasing MCP-1/CCL2 concentration, and migration efficiency was gradually decreased to close to baseline level after 50 ng/ml MCP-1/CCL2 (Figure 2A). The highest percentage of THP-1 cell migration was observed at 50 ng/ml chemokine concentration, and the lowest percentage was with 5 ng/ml of MCP-1/CCL2 using three different cell counting methods. More specifically, the percentage of relative migration (PRM) was observed at 10 ng/ml (PRM: 51.53 ± 5.05%, p = 0.0077), 50 ng/ml (PRM: 78.57 ± 1.44%, p = 0.0007), 100 ng/ml (PRM: 70.41 ± 18.76%, p = 0.0424), and 200 ng/ml (PRM: 37.76 ± 1.45%, p = 0.0037) compared to the DMEM only control (PRM: 7.65 ± 2.16) by counting with hemocytometer. Similar migration behavior was also observed with automated cell counter, and flow cytometry analysis [10 ng/ml (PRM: 52.94 ± 4.16%, p = 0.0111; and PRM: 56.22 ± 6.18%, p = 0.0110), 50 ng/ml (PRM: 80.89 ± 18.72%, p = 0.0476; and PRM: 82.01 ± 9.92%, p = 0.0106), and 200 ng/ml (PRM: 33.82 ± 2.08%, p = 0.0299; and PRM: 43.02 ± 4.96%, p = 0.0153) of MCP-1/CCL2, respectively]. The highest PRM at 50 ng/ml of MCP-1/CCL2 was consistently determined with all three methods. MCP-1/CCL2 concentration higher than the 50 ng/ml diminished the effect of attracting THP-1 cells, and at 200 ng/ml the PRM was close to the baseline. Thus, 50 ng/ml of MCP-1/CCL2 is the best concentration to induce maximum percentage of THP-1 cells migration in conventional Transwell migration assay.
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FIGURE 2. Optimization of positive control chemo-attractants for monocytes and lymphocytes migration using Transwell assay. (A) THP-1 monocytes, and (B) MOLT-4 T-lymphocytes migration was optimized using known chemo-attractants of MCP-1/CCL2 and SDF-1α/CXCL12, respectively. Chemo-attractants were diluted in DMEM without FBS and antibiotic-antimycotic. Approximately 5.0 × 105 cells were used as input cells on upper chamber (insert) of Corning 24-well plate with 5.0 μm pore size polycarbonated membrane and incubated for 24 h. The line graph represents three independent experiments (mean ± SEM) compared to the DMEM base control (0 ng/ml chemo-attractants). Color-coded lines show the different counting methods. Red line and red asterisk’ represents hemocytometer count, green line with green asterisk’ for automated countess, and black line with black asterisk’ indicates flow cytometry count. Statistical comparisons conducted using Student’s t-test with 95% CI, all p < 0.05 were reported and indicated using an asterisks’ *p < 0.05, **p < 0.01, and ***p < 0.001. Legend on the top of the figures represents the chemo-attractants, type of cell used and counting method. X-axis shows the different concentrations of MCP-1/CCL2 and SDF-1α/CXCL12.


Similarly, the optimal concentration of SDF-1α/CXCL12 for MOLT-4 T-lymphocyte migration in Transwell assay was also determined (Figure 2B). The PRM of MOLT-4 T-lymphocyte significantly increased at 100 ng/ml (PRM: 49.64 ± 9.89%, p = 0.0184), and 200 ng/ml (PRM: 53.90 ± 9.19%, p = 0.0098) of SDF-1α/CXCL12 compared to that of DMEM control by counting with hemocytometer. MOLT-4 T-cell was also significantly migrated at 100 ng/ml (PRM: 46.92 ± 7.98%, p = 0.0359) and 200 ng/ml (PRM: 81.41 ± 14.70%, p = 0.0169) with automated cell counter and flow cytometry analysis, respectively. However, the PRM of MOLT-4 was reduced at 200 ng/ml of SDF-1α/CXCL12 by counting with automated cell counter. Because MOLT-4 T-cell significantly migrated at 100 ng/ml of SDF-1α/CXCL12, and the rate of migration was declined at 200 ng/ml by automated cell counter, we selected 100 ng/ml as the optimal concentration to induce maximum percentage of MOLT-4 cell migration in Transwell migration assay. This concentration was also found to be the best in inducing T-lymphocyte migration in earlier studies (Ottoson et al., 2001; Okabe et al., 2005; Tan et al., 2006). Taken together, the optimal concentration of both MCP-1/CCL2 and SDF-1α/CXCL12 were used as positive controls in Transwell and microfluidic device migration assays.



TILRR Overexpression in HeLa Cells Significantly Induced Cytokines/Chemokines Production in Cell Culture Supernatants

To assess whether TILRR overexpression induces the production of cytokines/chemokines in cervical epithelial cells, we transfected HeLa cells with TILRR plasmid DNA as described elsewhere (Kashem et al., 2019). Bio-Plex analysis of HeLa cell culture supernatants demonstrated that TILRR significantly induced the production of IL-6, IL-8/CXCL8, IP-10/CXCL10, RANTES/CCL5 and MCP-1/CCL2 following 24h of incubation in the absence or presence of IL-1β stimulation compared to that of controls (Supplementary Figure 2). Thus, overexpression of TILLR in HeLa cells potentiates the production of soluble inflammatory mediators.



The Culture Supernatants of TILRR-Transfected HeLa Cells Significantly Induced Migration of THP-1 Cells in Transwell Assay

To examine if the presence of TILRR-modulated soluble cytokines/chemokines influences the migration of monocytes, Transwell migration assay was conducted using THP-1 monocytes and HeLa cell culture supernatants. The results demonstrated that TILRR-transfected HeLa cell culture supernatants attracted significantly higher amount of THP-1 cells (11–40%) than the controls (Figures 3A–D). Data analysis showed that approximately 16-46% higher amount of THP-1 cells were migrated toward the culture supernatants of TILRR-overexpressed HeLa cells compared to the supernatants of empty vector-transfected (PRM: 52.26 ± 6.88% vs. 37.04 ± 3.09%, p = 0.0250), non-transfected (PRM: 52.26 ± 6.88% vs. 31.69 ± 9.35%, p = 0.0373) HeLa cell supernatants, or DMEM controls (PRM: 52.26 ± 6.88% vs. 6.58 ± 2.49%, p = 0.0004) (hemocytometer counts) (Figure 3B). Similarly, the migration of significantly higher amount of THP-1 cells (12–39%) was also observed toward TILRR-transfected culture medium than the empty vector-transfected (PRM: 49.39 ± 3.90% vs. 38.04 ± 4.22%, p = 0.0267), non-transfected (49.39 ± 3.90% vs. 36.32 ± 5.90%, p = 0.0328) HeLa cell supernatants, or DMEM controls (49.39 ± 3.90% vs. 10.96 ± 8.39%, p = 0.0020) (automated cell counter methods) (Figure 3C). Flow cytometry analysis also showed that the higher numbers of THP-1 cells migrated toward TILRR-transfected culture medium (11-35%) than the controls (Figure 3D). Thus, the supernatants of TILRR-overexpressed HeLa cells attracted the THP-1 monocytes.
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FIGURE 3. THP-1 monocytes migration toward TILRR-modulated cervical cell culture supernatants in Transwell assay. (A) Representative image of polycarbonated membrane Transwell unit. Approximately 5.0 × 105 THP-1 cells were used as input cells on the upper chamber, and 600 μl of each chemo-attractant was dispensed in the bottom chamber of Transwell plate as described in materials and methods section. MCP-1/CCL2 (50 ng/ml) was used as a positive control chemo-attractant. Corning 24-well plate with 5.0 μm pore membrane used to conduct migration assay for 24 h. The migrated cells were counted with three independent counting methods, (B) hemocytometer, (C) automated countess, and (D) flow cytometry. Scatter dot plots represent the percent relative migration of cells in the presence of TILRR-transfected HeLa cell culture supernatants compared to the empty vector- and non-transfected control supernatants, and DMEM control. The data represent mean ± SEM of three independent experiments. Statistical comparisons conducted using Student’s t-test with 95% CI, all p < 0.05 were reported and indicated using an asterisks’ *p < 0.05, **p < 0.01, and ***p < 0.001. X-axis indicates the condition of chemo-attractants.




The Culture Supernatants of TILRR-Transfected HeLa Cells Significantly Induced Migration of MOLT-4 T-lymphocytes in Transwell Assay

To assess whether the supernatants of TILRR-overexpressed HeLa cells attract T-lymphocytes, MOLT-4 cell migration was conducted using similar approach. MOLT-4 cells were also showed higher PRM (14-17%) toward TILRR-modulated HeLa cell culture supernatants compared to that of controls (Figures 4A–D). Approximately 16–19% higher amount of MOLT-4 cells were significantly attracted to TILRR-overexpressed HeLa cell supernatants than the supernatants of empty vector-transfected (PRM: 27.63 ± 3.57% vs. 11.67 ± 1.17%, p = 0.0018), non-transfected (PRM: 27.63 ± 3.57% vs. 8.95 ± 2.94%, p = 0.0022) cells, or DMEM control (PRM: 27.63 ± 3.57% vs. 8.95 ± 1.78%, p = 0.0013) (hemocytometer counting method) (Figure 4B). Similar trend of MOLT-4 cell migration was observed by automated cell counter and flow cytometry analysis where the PRM was observed approximately 14–18% and 12–14% higher in TILRR-overexpressed HeLa cell culture supernatants than that of controls, respectively (Figures 4C,D). Collectively, these data showed that the supernatants of TILRR-overexpressed HeLa cells also attract T-lymphocytes.
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FIGURE 4. MOLT-4 T-lymphocytes migration toward TILRR-modulated cell culture supernatants in Transwell assay. (A) Representative image of polycarbonated-membrane Transwell unit. Approximately 5.0 × 105 MOLT-4 lymphocytes cells were used, and 600 μl of culture media or positive control chemo-attractant slowly dispensed into the Transwell plate (bottom chamber) as described in materials and methods section. SDF-1α/CXCL12 (100 ng/ml) was used as a positive control. Similar Transwell plate (as THP-1) used to conduct migration of MOLT-4 cells for 24 h. The migrated cells were counted with three independent counting methods such as (B) hemocytometer, (C) automated countess, and (D) flow cytometry. Scatter dot plots represent the percent relative migration of cells in the presence of TILRR-transfected HeLa cell culture supernatants compared to the empty vector- and non-transfected control supernatants, and DMEM control. The data represent mean ± SEM of three independent experiments. Statistical comparisons conducted using Student’s t-test with 95% CI, all p < 0.05 were reported and indicated using an asterisks’ *p < 0.05, **p < 0.01, and ***p < 0.001. X-axis indicates the condition of chemo-attractants.




The Culture Supernatants of TILRR-Transfected HeLa Cells Significantly Induced Migration of THP-1 Monocytes by the Microfluidic Device Analysis

Because Transwell assay does not provide the data on how far (directional displacement) a cell can migrate toward the HeLa cell culture supernatants, we next sought to examine the displacement of THP-1 monocytes from their original location toward the gradient of culture supernatants by a novel microfluidic device. The microfluidic device offers better controlled chemical gradient with single cell analysis, which enables the data analysis of the displacement and distribution of individual migrated cell during the experiment. The results showed that TILRR-overexpressed HeLa cell culture supernatants attracted more THP-1 cells with significantly higher average cell displacement compared to the controls (Figures 5A–E). Furthermore, our data showed that THP-1 cells migrated further to the supernatants of TILRR-overexpressed HeLa cells in comparison to the supernatants of the empty vector-transfected HeLa cells (52.00 ± 52.00 vs. 34.00 ± 48.00 μm, p = 0.0180), non-transfected HeLa cells (52.00 ± 52.00 vs. 28.00 ± 29.00 μm, p < 0.0001), or DMEM control (52.00 ± 52.00 vs. 19.00 ± 23.00 μm, p < 0.0001) (Figure 5E). Thus, the TILRR-transfected HeLa cell supernatants promoted migration of THP-1 monocytes in microfluidic device assay.
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FIGURE 5. THP-1 monocytes migration toward TILRR-modulated cell culture supernatants in microfluidic device. (A) A representative image of the real radial microfluidic device with colored dyes to show the major networks in each unit. The upper transparent part is PDMS replica, which is bonded onto the bottom part of the glass slide; the blue elliptical-dashed box and the number (1–8) show the chemical inlets of each independent unit. (B) One magnified triangular unit (randomly selected) from A showing the black-dashed square area from where migrated cells were analyzed. I1 and I2: chemical inlets; C: cell loading port; O: waste outlet. (C) Representative images of the migration of THP-1 cells in different conditions at 0 and 24 h analyzed from B. Green color in the image of all experimental conditions except DMEM control indicates the profile and most concentrated area of chemical gradient. (D) The colored box plots show the total displacement of each cell in the corresponding experimental groups in C. (E) The colored box plots show the total displacement of each cell in three independent experiments. The top and bottom of the whisker show the maximum and minimum value; the box shows the migrated cells within the range from 25% to 75% of total cells based on the ranked displacement value; the black bold line indicates the mean displacement. The data in different groups were compared using Student’s t-test with 95% CI, all p < 0.05 were reported and indicated using asterisks’ *p < 0.05, **p < 0.01, and ***p < 0.001.




The Culture Supernatants of TILRR-Transfected HeLa Cells Significantly Induced Migration of MOLT-4 T-lymphocytes by the Microfluidic Device Analysis

We also evaluated the effect of the culture supernatants of TILRR-transfected HeLa cells on the migration of MOLT-4 T-lymphocyte with the microfluidic device. The results showed that TILRR-overexpressed culture supernatants also attracted more MOLT-4 cells with significantly higher average cell displacement (Figures 6A–E). Similar to the THP-1 cells, MOLT-4 T-lymphocytes migrated further toward the supernatants of TILRR-overexpressed HeLa cells compared to the supernatants of empty vector-transfected HeLa cells (25.00 ± 10.00 vs. 19.00 ± 8.00 μm, p < 0.0001), non-transfected (25.00 ± 10.00 vs. 20.00 ± 13.00 μm, p = 0.0025) HeLa cells, or DMEM control (25.00 ± 10.00 vs. 14.00 ± 3.00 μm, p < 0.0001) (Figure 6E). Thus, TILRR-transfected HeLa cell supernatants also promoted MOLT-4 T-lymphocytes migration with microfluidic device assay.
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FIGURE 6. MOLT-4 T cells migration toward TILRR-modulated cell culture supernatants in microfluidic device. (A) A representative image of the real radial microfluidic device with colored dyes to show the major networks in each unit. The upper transparent part is PDMS replica, which is bonded onto the bottom part of the glass slide; the blue elliptical-dashed box and the number (1–8) show the chemical inlets of each independent unit. (B) One magnified triangular unit (randomly selected) from A showing the black-dashed square area from where migrated cells were analyzed. I1 and I2: chemical inlets; C: cell loading port; O: waste outlet. (C) Representative images of the migration of THP-1 cells in different groups at 0 and 24 h analyzed from B. Green color image of all experimental conditions except DMEM control indicates the profile and most concentrated area of chemical gradient. (D) The colored box plots show the total displacement of each cell in the corresponding experiment conditions in C. (E) The colored box plots show the total displacement of each cell in three independent experiments. The top and bottom of the whisker show the maximum and minimum value; the box shows the migrated cells within the range from 25% to 75% of total cells based on the ranked displacement value; the black bold line indicates the mean displacement. The data in different groups were compared using Student’s t-test with 95% CI, all p < 0.05 were reported and indicated using asterisks’ *p < 0.05, **p < 0.01, and ***p < 0.001.




DISCUSSION

Our previous study showed that TILRR regulates the expression of many inflammation-responsive genes in NF-κB signaling pathways, and influences the production of multiple pro-inflammatory mediators in cervical and vaginal mucosal epithelial cell lines (Kashem et al., 2019). Because TILRR expression promoted the production of several cytokines/chemokines in cervical epithelial cell lines, we investigated the effect of the supernatants of the TILRR-overexpressed HeLa cells on the migration of immune cells in this study using Transwell and microfluidic device assays. Our data showed that the supernatants of TILRR-overexpressed HeLa cells attracted migration of THP-1 and MOLT-4 cells in Transwell assay. In addition, with a novel microfluidic assay, we demonstrated that the THP-1 and MOLT-4 cells migrated further toward the supernatants of the TILRR-overexpressed HeLa cells. THP-1 cells (monocytes) and MOLT-4 cells (T cells) are CD4-expressing cells, the targets of HIV-1 (Berger et al., 1998; Verani et al., 1998; Borrajo et al., 2019). Thus, the supernatants of TILRR-overexpressed HeLa cells, containing multiple pro-inflammatory cytokines (Kashem et al., 2019), attracts HIV-1 target cells.

The purpose of using two different cell migration techniques in this study was to confirm the study findings in parallel. Traditional Transwell assay was used to analyze the ability of the cells to migrate through a porous membrane accompanied by the relative percentage of total cell migration toward the gradients of HeLa cell culture supernatants. Traditional Transwell assay is convenient, and compatible with all kinds of cell types, and most widely used sensitive quantification of in vitro cell migration technique (Boyden, 1962). However, Transwell assay does not provide how far a single cell can migrate toward the added chemo-attractants. Despite the popularity and advantages of Transwell for cell migration study, this assay only offers the endpoint readout of entire number of cells without providing other important migratory aspects on individual cell level. In order to fill the gap and exclude the possible effect on the gravity force of loaded cells during experiment, we applied a novel microfluidic device to further confirm the attraction effect of the same supernatants on the migration of THP-1 and MOLT-4 cells. Specifically, this microfluidic device enables eight independent experiment groups conducted simultaneously, which dramatically increased the experimental throughput. Unlike other microfluidic device that requires the external input such as pumps to generate and maintain a stable chemical gradient, this device offers stable chemical gradient generated by the pressure differences between the chemical inlets and waste outlets in a well-controlled manner (Wu et al., 2018). In addition, the advanced cell docking design provides the initial alignment of all the loaded cells in the cell-loading channel at the beginning, which increases the accuracy of displacement measurement on each individual migrated cell during the experiment. On the other hand, the presence of the docking barrier requires all loaded cells to transform the cell size to squeeze and horizontally migrate through the area when stimulated by the chemical gradient, which excludes the gravity issue that may exist in Transwell assay. Microfluidic devices have been widely applied for cell migration studies because of several advantages, including extremely low cell and reagent consumption, stable chemical gradient generation, and live-cell tracking. Due to the versatile features of the microfluidic device, many important properties of individual migrated cell such as speed and displacement can be extracted from the migration experiment (Ren et al., 2017). Therefore, the combination of these two techniques in our experimental settings confirmed that immune cells, the HIV-1 target cells, were successfully migrated to the TILRR-overexpressed HeLa cell culture supernatants.

Studies have shown that pro-inflammatory cytokines/chemokines produced from female genital epithelial cells induce rapid influx of HIV-1 target cells leading to inflammation (Kaul et al., 2008a, b, 2015; Li et al., 2009; Haase, 2010). The elevated levels of cytokines/chemokines IL-8/CXCL8, MIP-1α/CCL3, and MIP-1β/CCL4 are strongly associated with the recruitment of monocytes/macrophages and neutrophils in female genital secretion (Fichorova et al., 2001). Our study showed that TILRR plays an important role in regulating this pro-inflammatory cytokine environment and immune cell infiltration in cervical epithelial tissue. TILRR could promote the migration of immune cells, especially the HIV-1 target cells, in the female genital epithelium through the modulation of pro-inflammatory cytokines/chemokines secretion, resulting in increased risk of vaginal HIV-1 infection and transmission. Thus, TILRR-promoted migration of immune cells warrants further studies.

While our in vitro study was the first to suggest the important role of TILRR in immune cell migration, the limitation of the current work is that it is the first insight based on in vitro systems and a follow up in vivo study will be an important future direction. Future studies using in vivo model, such as mouse model or macaque model (Rhesus macaque [Macaca mulatta]) will help to understand the novel role of TILRR in promoting migration of immune cells into genital epithelial tissues. The in vivo model(s) can further be combined with using human cervical biopsy samples. Collectively, these potential future studies as follow-up of the current work may identify new intervention technology to control TILRR-induced immune cell infiltration to the epithelial tissues, and inflammation-induced vaginal HIV-1 infection.



CONCLUSION

TILRR-modulated cytokines/chemokines from HeLa cells promote the migration of immune cells. We are the first to show that TILRR can regulate migration of HIV-1 target cells into cervical epithelial tissues. Targeting TILRR may lead to new interventions in reducing vaginal HIV-1 infection.
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Migration of neutrophils across endothelial barriers to capture and eliminate bacteria is served as the first line of innate immunity. Bacterial virulence factors damage endothelium to produce inflammatory cytokines interacts with neutrophils. However, the mechanisms that behind endothelial-neutrophil interaction impact on the bactericidal activity remain unclear. Therefore, we aimed to find the target proteins on endothelial cells that triggered the bactericidal activity of transendothelial neutrophils. Herein, we built the infected models on rats and endothelial-neutrophil co-cultural system (Transwell) and discovered that endothelial-derived IL-1α promoted the survival of rats under Escherichia coli infection and enhanced the bactericidal activity of transendothelial neutrophils in vivo and in vitro. Results further showed that IL-1α was inhibited by lipopolysaccharide (LPS) in the endothelial-neutrophil interaction. We found that LPS mainly damaged cell membrane and induced cell necrosis to interrupt neutrophil migration from endothelial barrier. Thus, we used the isobaric tags for relative and absolute quantification (iTRAQ) method to identify different proteins of endothelial cells. Results showed that IL-1α targeted cellular plasma membrane, endoplasmic reticulum and mitochondrial envelope and triggered eleven common proteins to persistently regulate. During the early phase, IL-1α triggered the upregulation of cell adhesion molecules (CAMs) to promote neutrophil adhesion, while oxidative phosphorylation was involved in long time regulation to induce transmigration of neutrophils against bacteria. Our results highlight the critical mechanism of endothelial-derived IL-1α on promoting bactericidal activity of transendothelial neutrophils and the findings of IL-1α triggered proteins provide the potentially important targets on the regulation of innate immunity.
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INTRODUCTION

Endothelial cells are the inner cell lines connected with immune cells and epithelium (Rohlenova et al., 2018). One kind of immune cells, neutrophils, must across endothelial cells to reach the infected sites against pathogenic infection (Papayannopoulos, 2018). In turn, bacteria employ their virulence factors to hijack endothelial cells and induce inflammatory cytokine release as the major strategy to break through epithelium barrier and inhibit innate immune system (Liu et al., 2017; Yuan et al., 2018). For instance, the lipopolysaccharide (LPS) secreted from Escherichia coli (E. coli) impacts the release of inflammatory mediators to regulate the progress of infection by leading immune cell damage (Li et al., 2016; Presicce et al., 2020). It worth to note that the inflammatory cytokine, interleukin-1α (IL-1α) can induce neutrophil extracellular traps (NETs) to activity endothelial cell (Folco et al., 2018). As similar as our previous research illustrated that endothelial IL-1α enhanced the bacterial killing of transendothelial neutrophils (Liu et al., 2016). In addition, IL-1α is primarily associated with inflammatory during the pathogenesis induced by bacterial infection (Dinarello, 2011; Menghini et al., 2019). However, the mechanisms of how endothelial-derived IL-1α regulate the killing ability of transendothelial neutrophils remain unknown. Thus, we hypothesized that endothelial IL-1α modulated endothelial cells to impact bacterial killing of transendothelial neutrophils.

In this work, we aimed to investigate how endothelial-derived IL-1α impacted the bactericidal activity of transendothelial neutrophils during endothelial-neutrophil interaction though two E. coli infected models of rats and endothelial-neutrophil co-cultural system (Transwell). Further, we intended to find the regulated difference proteins on endothelial cells that triggered by IL-1α via using iTRAQ-based quantitative proteomics.



MATERIALS AND METHODS


Animals

Rats (1-day rats and 1–2-month rats) were purchased from academy of military medical sciences, Beijing, China (Certificate Number: SCXK-PLA 2012-0004). One day rats were obtained to isolate primary RIMVECs and 1–2-months rats were used for the rat infection.



Ethics Statement

The experimental protocols involving rats were gained an approval by the Institutional Animal Care and Use Committee of the Academy of Military Medical Sciences (Beijing, China; approval no. SYXK2014-0002).



Rat Infection

Rats (1–2 month, about 500 g, 10 rats per group) were infected with 109 colony-forming units (CFUs) of E. coli (serotype O55:B5) orally. To simulate the situation of stress-induced LPS accumulation. We set up the group of additional LPS by adding 1 μg/g of LPS (from E. coli serotype O55:B5, Sigma-Aldrich) mixed with E. coli suspension. After 24 h infection, IL-1α, IL-1β, IL-6, intercellular adhesion molecule-1 (ICAM-1) and Tumor Necrosis Factor (TNF-α) from rat serums were detected by the ELISA kits (BD Biosciences) according to the instructions. For further investigating the survival of E. coli infected rats, simultaneous addition of IL-1α (rat recombinant, Sigma-Aldrich) with 10 ng/g for each infected group. Then the ratios of rat survival were recorded. Lastly the E. coli that survived in rat colons were detected by the colony count technique (colony-forming units, CFUs).



Primary Endothelial Cell Culture

Primary rat intestinal mucosal microvascular endothelial cells (RIMVECs) were separated from the colons of 1 day-rats and then cultured in complete Dulbecco’s modified eagle medium (DMEM, Gibco) containing 2 mM L-glutamic acid, 50 mg/l gentamycin, 100 U/mL penicillin/streptomycin and 20% heat-inactivated fetal bovine serum (FBS, Gibco). The identification of RIMVECs was obtained as previous protocol (Liu et al., 2016).



Isolation of Blood Neutrophils

Rat fresh neutrophils were isolated from heparinized whole blood of healthy rats by gradient centrifugation assay using Percoll reagent (GE Healthcare) as previous published methods (Liu et al., 2016). Then neutrophils were washed with HBSS and preserved in RPMI-1640 medium (Gibco) for later use after counting and viability assessment.



Detecting the Damage of LPS on RIMVECs

RIMVECs (1 × 104 cells/well) were seeded in a 96-well plate and treated with a final concentrations of 1 μg/mL LPS for different time points (0.5, 1, 2, 4, 8, 12, and 24 h) at 37°C in a 5% CO2 atmosphere. After treatment, the cytotoxicity of RIMVECs was detected by 10 μL of WST-1 reagents (Roche). After 1 h incubation at 37°C, the absorbance was detected by a fluorescence microplate reader (Life Science & Technology) at wavelength of 450 nm. The percentage of RIMVECs survival was calculated based on the ratio of absorbance compared to DMEM treated group. After RIMVECs treated with LPS, then cells were washed with PBS and incubated with PI (5 μg/mL, Sigma-Aldrich) for 30 min. The PI positive cells presented the membrane damaged cells and fluorescence intensity of PI was immediately detected with excitation wavelength at 535 nm and emission wavelength at 615 nm.



Flow Cytometry

To record the proportion of necrosis and apoptosis on RIMVECs leaded by LPS, we used an Annexin-V-FITC (Annexin-V-fluorescein isothiocyanate) and propidium iodide (PI) double staining kit (B&D system) to track the cytotoxicity of LPS. Annexin-V was employed to label membrane phosphatidylserine on the surface of early apoptotic cells, which displayed green fluorescence due to FITC. PI was used to sort the necrotic cells by further binding to cellular DNA and showing red fluorescence. Detection and analysis of necrosis were used BD FACSAriaTM flow cytometry and FACSDiva software (BD Biosciences) based as our previous publish method (Liu et al., 2017).



Infection of the Endothelial-Neutrophil Interaction

RIMVECs (1 × 104 cells/well) were seeded onto the 5.0 μm pore size polycarbonate resin transwell membranes to reach confluence and form a monolayer on the upper chamber of transwell system (Corning) and measured by TEER using the Millicell Electrical Resistance System (ERS)-2 (EMD Millipore, Billerica, United States). Then fresh neutrophils were added into the upper chambers and E. coli in the bottom chambers as illustrated in Figure 1E. All cells were cultured in a DMEM medium (Gibico) supplemented with 10% FBS at 37°C in a 5% CO2 atmosphere. Images of RIMVECs and neutrophils were captured by a confocal microscopy (Leica, SP8). Then E. coli were infected with transendothelial neutrophils at the bottom chambers of transwell for 4 h. IL-1α or LPS were added in the co-culture medium at the final concentration of 1 μg/mL or 10 ng/mL, respectively. Lastly, both the extracellular and intracellular E. coli (neutrophils, 5 × 108 cells) were collected to calculate using the colony count technique (CFUs) according to previous study (Liu et al., 2016).
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FIGURE 1. IL-1α facilitated the bacterial killing on the in vivo and in vitro model of E. coli infection. (A) E. coli infection in vivo rat model workflow. (B) IL-1α, IL-1β, IL-6, IL-8, ICAM-1, and TNF-α were detected by ELISA. Rats were infected by E. coli (109 CFU/g) with or without LPS (1 μg/mL) treatment. After 24 h infection, the serum of every rats including both dead or live rats were collected to detect the inflammation-associated cytokines by ELISA. (C) IL-1α increase the survival of LPS-induced rat death. A total of 109 CFU/g E. coli were infected with rats for 24 h. LPS (1 μg/g) or IL-1α (10 ng/g) were treated with the infected rats. The ratios of rat survival were determined from 10 days’ treatment. Gray line showed the percent survival of uninfected rats, red line represented the E. coli infection, blue line was the LPS treatment of E. coli infection, green line represented LPS plus IL-1α treated with E. coli infected rats. (D) IL-1α decreased the bacterial load in rat colon. The number of bacteria was counted by the colony count technique (CFU). Percentage of E. coli were compared to untreated group. Data are shown as means ± SD (*P < 0.05; **P < 0.01; ***P < 0.001, n = 10). (E) Scheme of co-culture system for RIMVECs-neutrophils interactions in vitro. RIMVECs were seeded on upper chambers for 24 h to form monolayer. Then neutrophils were added in the upper chambers. E. coli infected (F) IL-1α increased the transendothelial neutrophils killing. E. coli infected in bottom chambers treated for different time points (2, 4, and 8 h) and IL-1α (10 ng per well) was also treated in the upper chambers. Both the extracellular and intracellular bacteria in neutrophils (5 × 108 cells) were used to count the E. coli CFUs. The red lines represented E. coli infection and green lines showed the IL-1α treatment of E. coli infection. Values represent the mean ± SD (***P < 0.001, n = 6).




Western Blot

RIMVECs were collected from the transwell system. RIMVECs were lysed in 1 mL of RIPA lysis buffer with 10 μL phenylmethanesulfonyl fluoride (PMSF, 1 mmol/L, Beyotime) on the ice for 20 min. Then the cell lysates were used to gain the whole proteins by centrifugation at 15,000 rpm for 12 min and proteins were quantified by the BCA method (Pierce). Fifty microgram of proteins were used to detect the expression of IL-1α by Western Blot assay. Briefly, separation of proteins used SDS-PAGE with 15% polyacrylamide gels and transferred onto a PVDF membranes (Beyotime). The primary antibody of rabbit anti- IL-1α (a dilution of 1: 1000, Invitrogen) was incubated with membranes at 4°C overnight and secondary antibody of goat anti-rabbit antibody (a dilution of 1: 3000, Beyotime) covered the membranes for 1 h at room temperature. Gray values of protein bands were quantified by ImageJ software.



LPS Detection

Concentrations of LPS were determined by a LAL (Limulus Amebocyte Lysate, LONZA) assay. Briefly, the samples including LPS were diluted in the free endotoxin water and detected by LAL reagent (sensitivity 0.125 EU/mL) as previous published protocols (Mitra et al., 2014). 2.5 EU of LPS approximated 1 ng.



Immunostaining and Confocal Microscopy

RIMVECs were seeded on glass coverslips (15 mm, NEST) in a 24-well plate and incubated with LPS for 4 h. Then cells were fixed by 4% paraformaldehyde and incubated with the primary antibodies, rabbit anti-IL-1α (a dilution of 1: 500, Invitrogen) at 4°C overnight. After PBS washed twice, cells were incubated with the FITC-labeled goat anti-rabbit IgG (H + L) (a dilution of 1: 1000, Beyotime) at 4°C for 2 h, which was used to visualize the IL-1α protein. Images were captured by the LAS AF Lite software (Leica).



Protein Preparation and iTRAQ Labeling

RIMVECs were treated with IL-1α (final concentration of 10 ng/mL) at 37°C incubated in a 5% CO2 atmosphere for 0, 2, 4, and 8 h. The proteins of RIMVCEs were extracted by RIPA lysate buffer (Beyotime) and quantified by a BSA kit (Beyotime). The concentrations of sample proteins were detailed in Supplementary Table S1. Two hundred microgram proteins were incubated in iTRAQ-4-plex kit (AB Sciex, PN: 4352135) proteolysis. The iTRAQ labeled, LC-MS/MS analysis and MALDI-TOF-TOF identifications were conducted by BIOMS company. Labels of 114, 115, 116, and 117 are represented 2, 4, 6, and 0 h treatment, respectively (Supplementary Table S1).



LC-MS/MS Analysis Based on TripleTOFTM 5600

The iTRAQ labeled samples were run though Durashell-C18 column (4.6 mm × 250 mm, 5 μm 100 AÅ, Agela, Catalog Number: DC952505-0) and dissolved in mobile phase A, which was 2% acetonitrile in water and phase B was 98% acetonitrile in water. The gradient elution program was: 0–5 min, 5% B; 5–35 min, 8% B; 35–62 min, 32% B; 62–64 min, 95% B; 64–68 min, 95% B; 68–72 min, 5% B. The injection volume was 3 μL and the flow rate was 0.7 mL/min. The parameters of mass spectrometry were: Ion spray voltage:2.3 kv; GS1:4; Curtain gas:35; DP:100; Top MS, m/z:350-1250; accumulation time: 0.25 s; product ion scan: IDA mumber:30; m/z:100-1500; accumulation time:0.1 s; Dynamic exclusion time: 25 s; Rolling CE: enabled; Adjust CE when using iTRAQ reagent: enabled; CES:5. Analysis of iTRAQ mass spectrometry by TripleTOFTM 5600 system using the software of ProteinPilot 4.0 (AB Sciex) and the database come from http://www.uniprot.org.



Data Availability

iTRAQ-based quantitative mass spectrometry proteomics data had been deposited to the ProteomeXchange Consortium via the PRIDE (Perez-Riverol et al., 2019) partner repository with the dataset identifier PXD019561.



Statistical Analysis

The significant differences between two groups were calculated using unpaired t-test with between two groups or one-way ANOVA among multiple groups and performed by GraphPad Prism 8.0 software. Results were expressed as means ± SD. Values are represented as column diagram (∗P < 0.05; ∗∗P < 0.01; ∗∗∗P < 0.001). All animals were used to analyze including both live and dead rats.



RESULTS


IL-1α Prevented E. coli Infection in vivo and in vitro

To investigate whether IL-1α can impact on the innate immunity against bacterial infection, we firstly built the in vivo model of E. coli infected rats (Figure 1A) and the infection on co-culture system of neutrophils and endothelial cells in vitro (Figure 1E). We found that LPS of E. coli promoted the release of TNF-α, IL-6, and IL-1β in the serums of infected rats, while LPS suppressed IL-1α, IL-8, and ICAM-1 (Figure 1B). It suggested that LPS might damage endothelial-neutrophil interaction due to interrupt the inflammation. Since IL-1α can secrete from endothelial cells as well as the IL-8 and ICAM-1 are crucial for neutrophils recruitment (Gunther et al., 2017). Therefore, based on our previous study as well (Liu et al., 2016), we hypothesized that IL-1α acted as the important role on endothelial cells to activate the innate immunity. Next, results also confirmed IL-1α could increase the survival of LPS induced the E. coli infected rats (Figure 1C) and decrease the bacterial loading in rat colon (Figure 1D), suggesting that IL-1α could prevent the LPS induced bacterial expansion in vivo. For more clearing illustrated the function of IL-1α on endothelial-neutrophil interaction, we employed a Transwell system to co-culture of rat intestinal microvascular endothelial cells (RIMVECs) and neutrophils to evaluate the bacterial killing ability of transendothelial neutrophils. As Figure 1F showed, IL-1α treatment decreased both the intracellular and extracellular E. coli, suggesting that the bacterial killing activity of transendothelial neutrophils was enhanced by IL-1α.



Endothelial-Derived IL-1α Was Inhibited by LPS Though Damaging Endothelial Cells and Neutrophils

LPS from E. coli are frequently reported that impairs endothelial cells (Yang et al., 2016; Zhou et al., 2018; Huang et al., 2019). To investigate how LPS impacted RIMVECs, we utilized a double staining of PI and Annexin-V to sort the LPS treated RIMVECs by flow cytometry. As showed in Figure 2A, LPS induced RIMVECs necrosis in a dose dependent manner (4 h treatment) and further led cell death and impaired cellular membranes in a time dependent way (Figure 2B). It was consisted with previous reports that LPS injury tissue and led cell necroptosis (Li et al., 2016; Huang et al., 2019). In fact, LPS action on endothelial cells is intend to occur an inflammation within endothelial-neutrophil interactions (Al-Banna et al., 2013; Shi et al., 2014), and IL-1 family is closely related with inflammation (Dinarello, 2011; Liu et al., 2016; Gunther et al., 2017). In addition, we found that LPS damaged the transendothelial neutrophils and led the bacterial escape from cells (Figure 1C). Take it together, IL-1α prevented E. coli infection by enhancing the killing ability of transendothelial neutrophils, while LPS destroyed it. Therefore, we next detected the amount of LPS and IL-1α in the co-culture system to reveal the function of each other. We found that the expression of endothelial-derive IL-1α was inhibited by LPS (Figure 1D). Results also indicated that the release of LPS and IL-1α in co-culture transwell system was competitive (Figure 1E) and the addition of LPS did weaken the expression of IL-1α (Figure 1F). Altogether, IL-1α might be the key factor that impact bacterial killing during endothelial-neutrophil interaction.
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FIGURE 2. LPS damaged endothelial cells and neutrophils to suppress IL-1α. (A) LPS induced RIMVECs necrosis. Different concentrations of LPS (0–100 μg/mL) were treated RIMVECs for 4 h. Then cells were labeled by PI and Annexin-V staining. Apoptosis and necrosis of RIMVECs (at least 10,000 cells) were distinguished by flow cytometry assay. The percentage of Q1 and Q2 area were counted from A presented the necrotic RIMVECs. (B) LPS induced cytotoxicity of RIMVECs in a time dependent manner. LPS (1 μg/mL) treated RIMVECs for different time points (0.5–24 h). Then the survival of RIMVECs were determined by WST-1 assay. PI positive RIMVECs were recorded by a plate reader (SpectraMax M5) at the excitation wavelength of 535 nm and emission wavelength of 615 nm. The detached RIMVECs were also counted. (C) Transwell system were treated with 1 μg/mL LPS for 4 h. Transendothelial neutrophils were dyed with Switzerland staining. Images were captured by an optical microscope (Olympus). (D) The expression of IL-1α in co-culture system was decreased in a time dependent manner. (E) LPS suppressed the release of IL-1α. IL-1α release and concentrations of LPS were detected by ELISA or LAL (Limulus Amebocyte Lysate) assay, respectively. (F) The immunofluorescence of IL-1α in RIMVECs with or without LPS treatment. Values represent the mean ± SD (*P < 0.05; **P < 0.01; ***P < 0.001; ###P < 0.0001, #P < 0.05, n = 6 or three independent biological repetition).




IL-1α Facilitated Neutrophil Killing via Sustaining Oxidative Phosphorylation Activity

For deeply exploring the modulatory function of IL-1α, iTRAQ labeling technology combined with mass spectrometry proteomic analysis were used for investigating the differentially expressed proteins of RIMVECs from Transwell system (Figure 3A). We first analyzed the location of different proteins and found that most of them were disturbed on plasma membrane compared to 0 h (2 h about 33%, 4 h was 35% and 8 h was 40%, Figure 3B). Venn diagram showed that there had 31 proteins of upregulation and 29 proteins of downregulation at 2 h, for 4 h treatment, 14 upregulations, 19 downregulations and 31 upregulations, 26 downregulations at 8 h (Figure 3C). As showed in the heat map (Figure 2D), compared to untreated group, there are 63, 37, or 63 proteins significant regulation in 2, 4, or 8 h treatment, respectively (Supplementary Table S2). These data showed that IL-1α is a complex regulation in protein levels. Combating with our previous results that IL-1α enhanced both extracellular and intracellular bacterial killing of transendothelial neutrophils mainly focused on the long-time treatment (4–8 h, Figure 1F). Thus, we believe that the common regulated proteins in all time points is playing the key role. Therefore, we analyzed that 11 proteins were sustained to regulate significantly, among them 5 proteins upregulation and 5 proteins downregulation (Figure 3E). Interesting, one protein named Endoplasmin (ENPL) was upregulated at 2 h while downregulated at 4 and 8 h. All the information and analysis of the common regulated proteins were detailed in Table 1. Nevertheless, the function and location of ENPL still remained unclear. But it was worth noting that there were two proteins including ATPA and NDUS1 upregulated responded to oxidative phosphorylation.
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FIGURE 3. Oxidative phosphorylation was required for IL-1α activated-endothelial cells. (A) Scheme of the iTRAQ experimental set-ups. (B) The regulated proteins were mostly distributed on plasma membrane. RIMVECs were treated with IL-1α (10 ng/mL) for 2, 4, or 8 h and the proteins regulation of RIMVECs were analyzed by iTRAQ. (C) Venn diagram showed the percentage of upregulated and downregulated proteins, which were drawn by Venny 2.1.0 software online. (D) Heat map of the differential protein analyzed by iTRAQ. RIMVECs were treated with IL-1α (10 ng/mL) for 2, 4, or 8 h. At every time points, the proteins of RIMVECs were collected for iTRAQ assay. The image of heat map was made by Heml software. (E) The common expressed proteins of RIMVECs induced by IL-1α at all the treated times (n = 3, down-up regulated difference >1.5-fold change). (F) IL-1α upregulated the cell adhesion molecules (CAMs) of RIMVECs at 2 h treatment, while mainly triggers oxidative phosphorylation at 4 and 8 h. (G) Scheme of endothelial IL-1α facilitated transendothelial neutrophil killing.



TABLE 1. Functional analysis of common regulated proteins.

[image: Table 1]Next, we deduced that oxidative phosphorylation was required for IL-1α-dependent activation of endothelial cells. Therefore, in order to more detail the functional regulation, we analyzed that the pathway cascade in 2, 4, and 8 h. As showed in Figure 3F, cell adhesion molecules (CAMs) major responded to 2 h treatment of IL-1α. It was consisted with our previous results that LPS targeted ICAM-1 and IL-1α to affect the bacterial killing of transendothelial neutrophils. As we proposed that the accumulation of IL-1α is the importance factor that activates the transendothelial neutrophils, we found that in long time treatment of IL-1α, oxidative phosphorylation is mainly regulated pathways (4 h was 49% and 8 h was 52%). Oxidative phosphorylation is vital for physiological function regulations in most eukaryocyte, especially in endothelial cells (Papa et al., 2012; Montorfano et al., 2014; Nath and Villadsen, 2015). We further found that the oxidative phosphorylation induced by IL-1α occurred on mitochondrial envelope (Table 1). Take it together, it revealed that additional IL-1α treated in the E. coli infected co-culture system of endothelial cells and neutrophils was originally enhanced the adhesion of neutrophils and then promoted the migration of neutrophils by triggering oxidative phosphorylation to generates ROS. It consisted with the fact that neutrophil transmigration across endothelial cells was essential for ROS and sustaining the inflammatory response (Mittal et al., 2017). Combining with these researches, our data further revealed a new function that IL-1α induced the oxidative phosphorylation of endothelial cells to assist transendothelial neutrophils killing.



DISCUSSION

Endothelial cells not only form the physical barrier against pathogenic invasion (Sturtzel, 2017; He et al., 2020), but also have the regulation of transendothelial neutrophils. Indeed, endothelial cells turn into the activated form during the migration of neutrophils (Mittal et al., 2017; Folco et al., 2018). The action of transendothelial migration is a series of complex physical and biological processes (Kolaczkowska and Kubes, 2013; Mooren et al., 2014). In general, bacterial infection is connected with endothelial cell activation and neutrophil migration. Many bacterial pathogens utilize their toxins to disrupt endothelial integrity and inhibited immune cells as confirmed as our results (Figure 2) and further trigger the inflammation (Kim et al., 2010; Amedei and Morbidelli, 2019; Le Guennec et al., 2020). However, we do not know the role of endothelial cells act on the transendothelial migration during innate immunity. In this study, we focused on endothelial-derived IL-1α, because accumulation of IL-1α release from endothelial cells is the signaling for transendothelial migration of neutrophils (Burzynski et al., 2015). Our previous results also showed that IL-1α activated endothelial cells to promote neutrophil killing by improving the lysozyme activation (Liu et al., 2016). In this paper, we also found that IL-1α promoted bacterial killing of transendothelial neutrophils (Figure 1F). More interesting, LPS inhibited the release of IL-1α in vivo and in vitro (Figures 1, 2). It indicated that LPS damaged endothelial cells and interrupted the bacterial killing of transendothelial neutrophils was connected with IL-1α. Unlike other researches show that IL-1α has the ability to induce neutrophil-endothelial cell adhesion (Macmillan et al., 2010), these findings performed a novel link of IL-1α on the bacterial killing activity within transendothelial migration.

IL-1α modulates both endothelial cells and neutrophils, involving inflammation (Dinarello, 2011; Burzynski et al., 2015; Altmeier et al., 2016). Endothelial cells are the center role involved in neutrophils and inflammation (Sturtzel, 2017; Rohlenova et al., 2018). Therefore, we targeted on the different proteins of endothelial cells by IL-1α treatment. It worth to note that IL-1α have a specific time dependent function on protein regulations of endothelial cells. In the early state, IL-1α might promote neutrophil recruitment by upregulating ICAM, while oxidative phosphorylation was continuously required in the later stages (Figure 3F). These results had the important significance, it well explained that the generation of ROS was continuously required during endothelial-neutrophil interaction and inflammation (Papa et al., 2012; Montorfano et al., 2014; Mittal et al., 2017; Xu et al., 2019). More importantly, we also selected for specific functional proteins in detail (Figure 3D and Table 1), we believed these proteins would useful for further study of IL-1α on bactericidal activity of transendothelial neutrophils.



CONCLUSION

We demonstrated that endothelial-derived IL-1α was critical for neutrophil killing during endothelial-neutrophil interaction. As illustrated in Figure 3G, bacterial LPS inhibited the release of IL-1α from endothelial cells and further prevented the bacterial killing ability of transendothelial neutrophils. In turn, IL-1α was utilized as the signaling to trigger the transendothelial neutrophils killing. iTRAQ-based quantitative mass spectrometry proteomic analysis illustrated that IL-1α inhibited the hydrolase in the extracellular region, focal adhesion of plasma membrane and calcium signaling metabolism on endoplasmic reticulum. IL-1α promoted alanine aspartate and glutamate metabolism on plasma membrane, enhanced steroid hormone biosynthesis on endoplasmic reticulum and also increased the regulation of cellular stress responses and oxidative phosphorylation on mitochondrion.
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MicroRNA-138-5p Suppresses Non-small Cell Lung Cancer Cells by Targeting PD-L1/PD-1 to Regulate Tumor Microenvironment
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Non-small cell lung cancer (NSCLC) is still challenging for treatment owing to immune tolerance and evasion. MicroRNA-138 (miR-138) not only acts as a tumor suppressor to inhibit tumor cell proliferation and migration but also regulates immune response. The regulatory mechanism of miR-138 in NSCLC remains not very clear. Herein, we demonstrated that miR-138-5p treatment decreased the growth of tumor cells and increased the number of tumor-infiltrated DCs. miR-138-5p not only down-regulated the expression of cyclin D3 (CCND3), CCD20, Ki67, and MCM in A549/3LL cells, but also regulated the maturation of DCs in A549-bearing nude mice and the 3LL-bearing C57BL/6 mouse model, and DCs’ capability to enhance T cells to kill tumor cells. Furthermore, miR-138-5p was found to target PD-L1 to down-regulate PD-L1 on tumor cells to reduce the expression of Ki67 and MCM in tumor cells and decrease the tolerance effect on DCs. miR-138-5p also directly down-regulates the expression of PD-L1 and PD-1 on DCs and T cells. Similar results were obtained from isolated human non-small cell lung cancer (NSCLC) cells and DCs. Thus, miR-138-5p inhibits tumor growth and activates the immune system by down-regulating PD-1/PD-L1 and it is a promising therapeutic target for NSCLC.
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INTRODUCTION

Lung cancer is the leading cause of cancer-related death in humans (Chen et al., 2011; Saika and Machii, 2012). Non-small cell lung cancer (NSCLC) accounts for approximately 85% of all lung cancer cases (Siegel et al., 2013). Although much progress has been made in the diagnosis and treatment of NSCLC, the mortality of lung cancer remains high (Yang et al., 2013; Smith et al., 2014). Thus, developing molecular targeted treatment approaches for NSCLC is urgently needed.

MicroRNAs (miRs) represent a class short non-coding RNAs. They cause the degradation and/or translation inhibition of respective target mRNAs by directly binding to the 3′-untranslated region (UTR) (Ambros, 2004; Calin and Croce, 2006). A large number of miRs have been associated with various biological processes, including cell survival, apoptosis, proliferation, differentiation, cell cycle progression and migration (Bartel, 2004; Croce and Calin, 2005), participating in the progression of diseases, e.g., cancer (Wen et al., 2015; Mannavola et al., 2016). The effect of miRs on anti-cancer was usually played by directly inhibiting tumor cells growth and/or regulating immune cells to kill tumor cells. MiR-138 has been reported to play a suppressive role in certain common types of human cancer, including brain cancer, osteosarcoma, cervical cancer, larynx carcinoma, and lung cancer, and so on (Sha et al., 2017; Yeh et al., 2019), and is considered to be a promising therapeutic target for cancer. The suppressive function of miR-138 was found to target enhancer of zeste homolog 2 (EZH2) (Zhang et al., 2013; Si et al., 2017), pyruvate dehydrogenase kinase 1 and G protein-coupled receptor 124 (GPR124) (Gao et al., 2014; Ye et al., 2015), SP1 (Liu et al., 2018), SOX9 (Hu et al., 2017), and cyclin D3 (Huang et al., 2015) to inhibit tumor cell growth and migration. Although some studies showed that over-expression of miR-138 in CD4+ T cells from psoriasis patients decreased the amounts of Th1/Th2 cells (Fu et al., 2015), and miR-138 in T cells also targeted PD-1 and CTLA-4 to regulate T cell tolerance (Wei et al., 2016). The role and mechanism of miR-138 in the regulation of the tumor micro-environment remains not very clear.

The tumor microenvironment is well known to be immunosuppressive (Zou, 2005; Kim et al., 2006; Rabinovich et al., 2007). Tumor cells consistently release multiple immunosuppressive factors, including vascular endothelial growth factor (VEGF), TGF-β, IL-10, and PGE-2, to facilitate tumor growth and immune escape (Kusmartsev and Gabrilovich, 2006; Shurin et al., 2006; Lin and Karin, 2007). Immune cells in the tumor microenvironment usually are immunosuppressive or tolerant (Todryk et al., 1999; Liu et al., 2009). These immunosuppressive cells include myeloid-derived suppressor cells (MDSCs), Tregs, tumor-infiltrating DCs (TIDCs), and CD11bhigh Ialow regulatory DCs (Bell et al., 1999; Li et al., 2008; Liu et al., 2009; Cai et al., 2010). The 3LL lung cancer microenvironment could drive DCs to differentiate into CD11c lowCD11bhighIalow regulatory DCs to inhibit T cell response via TGF-β, PGE2, and NO, and so on (Tang et al., 2006; Li et al., 2008; Xia et al., 2008; Liu et al., 2009; Xue et al., 2017). Additionally, high expression of PD-L1 on tumor cells suppresses immune cells via cell-cell contact (Fife et al., 2009; Yokosuka et al., 2012; Chakrabarti et al., 2018; Pawelczyk et al., 2019; Schulz et al., 2019). Inhibiting PD-L1 expression on tumor cells could relieve immune tolerance induced by tumor cells, and blunts tumor cell proliferation (Fife et al., 2009; Topalian et al., 2015; Poggio et al., 2019). How to regulate immune balance in the tumor micro-environment remains a research hotspot.

Herein, the present study aimed to investigate the immune-regulatory mechanisms of miR-138-5p in the NSCLC micro-environment and tumor proliferation to reveal the multi-targeted immuno-modulatory effects of miR-138-5p in anti-cancer therapy.



MATERIALS AND METHODS


Lentivirus Production for miR-138-5p Overexpression

The sequences of human and murine miR-138 were obtained from the National Center for Biotechnology Information database using the Basic Local Alignment Search Tool1 and miRBase2. The sequence of mature murine miR-138-5p is identical to that of humans. The primer pair of pri-miR-138-5p (sense: 5′ -AG CUGGUGUUGUGAAUCAGGCCGU-3′, antisense: 5′ -GGCCUGAUU CACAACACCAGCUGC-3′) was synthesized by Hanyin Co. (Shanghai, China). The pri-miR-138-5p sequence was cloned into the lentiviral vector PHY-502 carrying green fluorescent protein (GFP) and puromycin sequences by Hanyin Co. (Shanghai, China). Lentivirus which over-express recombinant miR-138-5p (lent-miR-138)and the negative control lentivirus (NC-lentivirus; Hanyin Co., Shanghai, China) were prepared to be 109 TU/ml (transfection unit/ml). To obtain cell lines stably over-expressing miR-138-5p, cells were infected with lent- miR-138, and selected with puromycin (1 μg/ml) for 48 h.



Animals and Animal Model

Specific pathogen-free C57BL/6 mice and nude mice (approximately 8–10 weeks old, with an average weight of 25 g) were obtained from Beijing Vital River Laboratory Animal Technology Co., Ltd. (Beijing, China). The mice were acclimatized in our animal facility and maintained under specific pathogen-free barrier conditions. All animal experiments were approved by the Animal Care and Use Committee of the Shandong Academy of Medical Sciences.

At day 0, nude mice were inoculated subcutaneously in the right flank with A549 cells labeled with RFP-fluorescent protein (1 × 107 viable cells per mouse in 0.2 ml of DMEM), and randomly divided into three groups, including the tumor (Tumor), lent-NC treatment (Tumor + lent-N), and lent-miR-138-5p-GFP treatment (Tumor + lent-M) groups. After 2 weeks, these mice were administered 1 × 108 PFU/ml NC or miR-138-5p at the tumor location every 4 days. The curative effect was determined by the tumor size, which was measured every 4 days. For the C57BL/6 mouse model, 4–5 × 105 3LL viable cells/mouse in 0.2 ml of DMEM were subcutaneously injected into C57BL/6 mice. Primary tumor development was monitored by palpation. The largest perpendicular tumor diameters were measured with a caliper at 4-day intervals. Tumor volumes were calculated using the formula π/6 × length × width2. Animals were sacrificed by cervical dislocation at day 30 or with subcutaneous tumor volumes exceeding 3,000 mm3. When the tumors became palpable with maximum diameter greater than 3 cm at days 10–12, the mice received subcutaneous injections of lent-miR-138-5p-GFP or lent-NC at 4-day intervals for 2 weeks. Control animals received the saline vehicle. In vivo live animal imaging was performed on an IVIS (®) Lumina III Imaging System (Caliper Life Sciences, Hopkinton, MA, United States). Freshly resected tumor tissue samples were fixed in 4.5% buffered formalin (Th. Geyer, Renningen, Germany) at room temperature for 12–24 h. The fixed tissue was paraffin-embedded, and slides were prepared as previously reported (Zhang et al., 2011; Yang et al., 2017). After dewaxing, the samples were blocked and permeabilized overnight at 4°C in PBS with triton-X100 (1% (w/v) and BSA (10% (w/v). Anti-CD11c or PD-L1 antibodies (Abcam, Cambridge, MA, United States) were diluted in blocking buffer at 4°C for 4 h with gentle shaking. Tissue samples were washed and incubated with secondary antibodies for 2 h before further washing with PBS and incubation with DAPI (10 μM) for 2–3 h.



Cell Culture

The A549 human cell line was from the Cell Bank of the Chinese Academy of Sciences (Shanghai, China). 3LL Lewis lung carcinoma (clone D122) was a kind gift of professor Chu (Fudan University, Shanghai, China). Cells were cultured in Dulbecco’s Modified Eagle Medium (DMEM) (Gibco BRL, Carlsbad, CA, United States) with 10% fetal bovine serum (Thermo Fisher Scientific Inc., Waltham, MA, United States) at 37°C in a humidified atmosphere containing 5% CO2.

Human lung cancer cells were obtained from the tumor tissues of five NSCLC patients undergoing surgery in Cancer Hospital of Shandong Academy of Medical Sciences, after providing signed informed consent. The experiments were approved by the local ethics committee (Cancer Hospital of Shandong Academy of Medical Sciences, Jinan, China). The tumor tissue was homogenized and digested into a single cell suspension with DMEM containing 0.2% collagenase, 0.01% hyaluronidase, and 0.002% DNase at 37°C for 30 min. Then, the tumor cells were isolated with the tumor dissociation kit (Miltenyi Biotec GmbH, Bergisch Gladbach, Germany), according to the manufacturer’s protocol. Human DCs, CD4+T cells or CD8+ T cells were isolated by Blood dendritic cells isolated Kit II, CD4+ T cells or CD8+ T cells isolated Kit II (Miltenyi Biotec GmbH, Bergisch Gladbach, Germany).



Cell Transfection and siRNA Interference

Cells were transfected with adenovirus loaded miR mimics (miR-NC), miR-138 (Genomeditech, Shanghai, China) according to the manufacturer’s instructions.

The PD-L1-specific siRNA sequence (GenBank Accession No. NM_014143) (Zhao et al., 2016) was 5′-GATATTTGCTGTCTTTATA-3′. PD-L1 siRNA and scramble sequences were synthesized and purified by Shanghai Gene-Pharma Co. (Shanghai, China), and transfected into cells with Lipofectamine 2000 (Thermo Fisher Scientific, Inc., Waltham, MA, United States) according to the manufacturer’s instructions.



Reverse Transcription-Quantitative Polymerase Chain Reaction (RT-qPCR)

Total RNA was extracted using TRIzol reagent (Thermo Fisher Scientific, Inc., Waltham, MA, United States), and reverse transcribed into complementary cDNA with a PrimeScript 1st Strand cDNA Synthesis kit (Takara, Otsu, Japan) according to the manufacturer’s instructions. For mRNA quantitation, qPCR was performed with a SYBR-Green I Real-Time PCR kit (Biomics, Nantong, China) according to the manufacturer’s instructions, with GAPDH as an internal control. The specific primer pairs were as follows: human CCND3 forward, 5′-GAGGTGCAATCCTCTCCTCG-3′ and reverse, 5′-GCTGCTCCTCACATACCTCC -3′; human CDC20 forward, 5′-TGTCAAGGCCGTAGCATGG-3′ and reverse, 5′-AGCACACATTCCAGATGCGA-3′; human MCM2 forward, 5′-ATCTACGCCAAGGAGAGGGT-3′ and reverse, 5′-GCTG CCTGTCGCCATAGATT-3′; human Ki67 forward, 5′-GTTC CAAAAGAAGAAGTGGTGCT-3′ and reverse, 5′-CACAGGCT TCTTTGGAGTAGCAG-3′; GAPDH forward, 5′-CTGGGCTA CACTGAGCACC-3′ and reverse, 5′-AAGTGGTCGTTGAGG GCAATG-3′. Mouse CCND3 forward, 5′- GTGCCCAGGAA ACGGAGTG-3′ and reverse, 5′-CAGCTCCATCCACTGCCAT CAT-3′; mouse CDC20 forward, 5′-CAAATGGAGCAGC CTGGAGA-3′ and reverse, 5′-GACCGTGAACCACTGGATA GG-3′; mouse MCM2 forward, 5′-GGATCTGATGGACAAG GCCAG-3′ and reverse, 5′-AGAGGGTCTGGCCAAGAAGA-3′; mouse Ki67 forward, 5′-AGAGCTAACTTGCGCTGACTG-3′ and reverse, 5′-TTCAATACTCCTTCCAAACAGGC-3′; iNOs forward, 5′-CAATGGCAACATCAGGTCGG-3′ and reverse, 5′-CGTACCGGATGAGCTGTGAA-3′; mVEGF forward, 5′-AGCTACTGCCGTCCAATT-3′ and reverse, 5′-TCTCCGCTCT GAACAAGG-3′; mTGF-β forward, 5′-AAATCAACGGG ATCAGC-3′ and reverse, 5′-TTGGTTGTAGAGGGCAAG-3′; GAPDH forward, 5′-CTGGGCTACACTGAGCACC-3′ and reverse, 5′-AAGTGGTCGTTGAGGGCAATG-3′. The reaction conditions were 95°C for 5 min, followed by 40 cycles of denudation at 95°C for 15 s and annealing/elongation at 60°C for 30 s. The data were analyzed by the 2–ΔΔCq method.



Dual-Luciferase Reporter Assay

The human complementary DNA (cDNA) library was used for PD-L1 sequencing and amplification by PCR. The 3′-UTRs of wild-type PD-L1 (PD-L1WT), and wild-type PD-1 (PD-1WT), comprising the predicted has-miR-138 binding site, respectively, were cloned into the PHY-811-basic firefly luciferase plasmid (Promega, Madison, WI, United States). Mutant PD-L1 (PD-L1mut), and PD-1 (PD-1mut), 3′-UTRs, respectively, were generated with the QuickchangeXL mutagenesis kit (Stratagene, United States) to null the binding of has-miR-138 and cloned into the pGL3-basic plasmid. Then, HEK293T cells were co-transfected with PD-L1WT 3′-UTR or PD-L1mut 3′-UTR, and Lent-NC or Lent-miR138-5p. Twenty-four hours after transfection, relative firefly luciferase activities were measured with the Dual-Luciferase Reporter Assay System (Promega, Madison, WI, United States) according to the manufacturer’s protocol, normalized to the control with Lent-NC transfection. The interactions of miR138-5p with PD-1, PD-1mut were assessed.



Western Blot

Cells were lysed with ice-cold lysis buffer (Thermo Fisher Scientific, Inc., Waltham, MA, United States), and protein amounts were determined with a Pierce BCA Protein Assay kit (Thermo Fisher Scientific, Inc., Waltham, MA, United States), according to the manufacturer’s protocol. Proteins (50 μg per lane) were separated by 10% SDS-PAGE, followed by transfer onto a polyvinylidene difluoride membrane (Thermo Fisher Scientific, Inc., Waltham, MA, United States). The membrane was then incubated with PBS containing 5% milk at room temperature for 3 h, followed by incubation with rabbit anti-CCND3, CDC20, MCM2, Ki67, PD-1, and PD-L1 primary antibodies (Cell Signaling Technology Inc., Danvers, MA, United States) at room temperature for 3 h. After washing with PBS for 3 times, the membrane was incubated with goat anti-rabbit secondary antibodies (1:5,000, Abcam, Cambridge, MA, United States) at room temperature for 40 min. The samples were then washed three times with PBS, and a Super Signal West Pico Chemiluminescent Substrate kit (Thermo Fisher Scientific, Inc., Waltham, MA, United States) was used to detect signals on an X-ray film according to the manufacturer’s instructions. The relative protein expression was presented as the density ratio vs. GAPDH.



MTT Assay

3LL or A549 cells (5 × 104 cells/well) were seeded in 96-well plates, and Lent-miR-138 or lent-NC was added for co-culture for 0, 24, 48, and 72 h, respectively. MTT (10 μl, 5 mg/ml, Thermo Fisher Scientific, Inc., Waltham, MA, United States) was added to each well, followed by incubation at 37°C for 4 h. The supernatant was removed, and 100 μl of dimethyl sulfoxide was added per well. Absorbance at 570 nm was determined on a Model 680 Microplate Reader (Bio-Rad Laboratories, Inc., Hercules, CA, United States).



Flow Cytometry and Antibodies

The tumors were weighed, minced into small fragments, and digested in medium containing 0.1 mg/ml DNase (Sigma-Aldrich) and 1 mg/ml collagenase IV (Sigma-Aldrich) at 37°C for 1 h (Zhang et al., 2011; Yang et al., 2017). The dissociated cells were then prepared for analysis by flow cytometry.

Antibodies targeting CD3ε, CD4, CD8, CD11b, CD80, CD86, CD54, I-a, CD11c conjugated to the corresponding fluorescent dyes were purchased from eBioscience (San Diego, CA, United States). Single-cell suspensions (1 × 106 cells) were stained with different monoclonal antibodies, according to the manufacturer’s instructions. Then, samples were analyzed on a FACSuite using the CellQuest data acquisition and analysis software (BD Biosciences, CA, United States).



Phenotypic and Functional Identification of DCregs in the Tumor Tissue

Tumor-infiltrating mononuclear cells were isolated from the tumor tissue by Percoll density gradient centrifugation (Zhang et al., 2011; Yang et al., 2017). The obtained cells were labeled with anti-CD11b-PE-cy7, anti-CD11c-FITC, and anti-Ia-PE to analyze the percentage of DCs subsets. DCs was sorted by anti-mouse CD11c Kit (Miltenyi Biotec, Bergisch Gladbach, Germany), CD4+ T cells or CD8+ T cells was isolated by mouse CD4/CD8 (TIL) microBeads (Miltenyi Biotec, Bergisch Gladbach, Germany) The cells coculture of DC-CD4+T cells (1:10), DC-CD8+T cells (1:10), or CD8+T cells-tumor cells (5:1,10:1, 50:1, or 100:1), DC-tumor cells (10:1) were performed for 72 h, respectively. The effect of DC cells on CD4+T proliferation, CTL activation for tumor cell inhibition, and the inhibition on tumors cells were analyzed by flow cytometry with Ki67 and apoptosis detection kit (BD Biosciences, CA, United States).



Statistical Analysis

Data analysis was performed with GraphPad Prism 5 (GraphPad Software, San Diego, CA, United States). Values are mean ± standard deviation (SD) of three independent experiments. Two-tailed Student’s t-test and one-way ANOVA were used as parametric tests. The Mann–Whitney U-test and Kruskal-Wallis test were used as non-parametric tests. P < 0.05 (∗), 0.01 (∗∗), and 0.001 (∗∗∗) were considered statistically significant.



RESULTS


MiR-138 Treatment Inhibits Tumor Growth

To assess the anti-tumor effect of miR-138 in lung cancer, lent-miR-138-5p or lent-N was used to treat the nude mice bearing A549 cells. At 12 days after lent-miR-138-5p treatment, in vivo imaging showed lent-miR-138-5p-GFP was accumulated in the area of the tumor expressing red fluorescent proteins. However, lent-NC-GFP did not accumulate in tumor cells (Figure 1A, left upper panel). Similar results were found in mice bearing 3LL tumor cells (Figure 1A, left bottom panel). With lent-miR-138-5p treatment, the tumor volume was decreased (Figure 1A, right upper panel). However, NC treatment did not affect tumor volume (Figure 1A, right upper panel). Similar results were found in C57BL/6 mice bearing 3LL tumor cells (Figure 1A, right bottom panel). Furthermore, Ki67 expression in tumors from miR138-treated-mice was reduced compared with lent-NC-treated- and non-treated mice (Figure 1B). In vitro studies showed that Ki67 expression in lent-miR-138-5p-treated-A549 cells was lower compared with lent-NC-treated- and untreated A549 cells (Figure 1C). Meanwhile, the MTT assay confirmed that A549 cell growth was inhibited by lent-miR-138-5p, but not by lent-NC (Figure 1D). Similar results were obtained in 3LL cells (Supplementary Figure S1).


[image: image]

FIGURE 1. MiR-138 treatment decreases the proliferation of lung tumor cells. (A) lent-NC (lent-N, green)/lent-miR-138 (lent-M, green) were administered to nude (left upper panel) or C57BL/6 mice (left bottom panel) bearing corresponding tumor cells (red). After Lent-M treatment, the mean of tumor volume was measured and analyzed (right panel). (B) The expression of Ki67 (green) in tumor tissues from lent-M/lent-N treated A549 tumor bearing mice or non-treated animals. (A,B, eight mice per group were assessed; ***P < 0.001). (C) Flow cytometry detection Ki67 expression on A549 cells, with or without lent-M/lent-N treatment. (D) With, lent-M or lent-N treatment or not, the inhibit ratio of the proliferation of A549 cells were measured by MTT. (E) The amounts of DCs were elevated in tumors from lent-M treated mice compared with the lent-N-treated and untreated groups. (F) Immunofluorescence was used to detect CD11c + cells (green) in tumor tissues from mice treated with lent-M and lent-N, respectively, as well as from untreated animals. The nucleus is blue, Bar = 100 μm. (C–F, three independent assays were performed; ***P < 0.001).


In this study, we found that lent-miR-138-5p treatment increased the amounts of tumor-infiltrating DCs in A549 tumors (Figure 1E). Immunofluorescence showed that there were more CD11c + tumor-infiltrating DCs in the tumor tissue (Figure 1F). The amounts of tumor-infiltrating DCs, CD4+ T cells, and CD8+ T cells in lent-miR-138-5p-treated 3LL-bearing C57BL/6 mice were also increased compared with these in the other groups (Supplementary Figure S2A). Above all data indicated that miR-138-5p treatment inhibited the proliferation of tumor cells and could alter the immune microenvironment of tumors.



MiR-138 Treatment Direct Down-Regulates Cell Cycle Related Proteins in Tumor Cells

Furthermore, to analyze the direct effect of miR-138-5p on tumor cells, we detected the mRNA gene expression levels related to growth and immune regulation in tumor tissues by cancer pathway Finder PCR array (Supplementary Table S1). There were four down-regulated proliferation-related genes, which were further detected (Supplementary Table S1). The gene expression levels of Ki67, MCM2, CDC20, and CCND3 in tumor tissues from lent-miR-138-5p treated A549 lung adenocarcinoma tumor-bearing mice were lower than those of the other groups (Figure 2A). The expression levels of Ki67, MCM2, CDC20, and CCND3 were also lower in lent-miR-138-5p treated A549 cells compared with the other groups (Figure 2B). Western blot showed that the expression levels of all these molecules were lower in both lent-miR-138-5p treated A549 tumors and A549 cells compared with the other groups (Figures 2C,D). Lent-miR-138-5p also down-regulated the gene and protein levels of Ki67, MCM2, CDC20, and CCND3 in both lent-miR-138-5p treated 3LL tumors and 3LL cells (Supplementary Figure S3). These data indicated that miR-138-5p had a direct function in inhibiting the proliferation of tumor cells.


[image: image]

FIGURE 2. MiR-138 treatment decreases the mRNA and protein expression levels of CCND3, CDC20, MCM2, and Ki67 in A549 tumors and A549 cells. (A) Lent-miR-138 treatment (lent-M) decreased the gene expression levels of CCND3, CDC20, MCM2, and Ki67 in tumors from A549 bearing mice, compared with the Lent-NC treated (lent-N) and non-treated tumors. (B) Decreased gene expression levels of CCND3, CDC20, MCM2, and Ki67 in lent-miR-138-5p treated A549 cells, lent-NC treated cells and untreated cells. (C) Lent-miR-138- treatment decreased the protein expression levels of CCND3, CDC20, MCM2, and Ki67 in A549 tumors or (D) A549 cells. (Three independent assays were performed; **P < 0.01, ***P < 0.001).




MiR-138-5p Treatment Promotes the Maturation of Tumor-Infiltrating DCs

Additionally, the immune micro-environment activated by microRNA-138-5p might be another factor for inhibiting the growth of tumors. The statuses of tumor-infiltrating DCs from lent-miR-138-5p treated A549-bearing mice, lent-NC-treated A549-bearing mice, and tumors without treatment were further analyzed. The percentage of I-ahighCD11blow (mature DCs, DCm) in tumor-infiltrating DCs in the microRNA-138 treatment group was higher than those of the other groups (Figure 3A). However, the percentage of I-alowCD11bhigh (regulatory DCs, DCreg) in tumor-infiltrating DCs from microRNA-138-5p treatment mice was lower than those of other groups (Figure 3A). The ratio of I-alowCD11bhigh/I-ahighCD11blow (regulatory DCs/mature DCs) was decreased in tumor-infiltrating DCs from microRNA-138-5p treatment mice, compared with other groups (Figure 3A and Supplementary Figure S2B). Furthermore, the expression levels of co-stimulatory molecules, including CD80, CD86, and I-ab, were higher on tumor-infiltrating DCs from lent-miR-138-5p treated mice compared with other groups (Figure 3B and Supplementary Figure S2C), indicating enhanced maturity of tumor-infiltrating DCs from lent-miR-138-5p treated A549 bearing mice. The effect of tumor-infiltrating DCs on tumor cells was measured to show that isolated tumor-infiltrating DCs from miR-138-5p-treated nude mice has a higher capability to kill A549 tumor cells/3LL cells (Figure 3C and Supplementary Figure S2D). DCs co-cultured with miR-138-5p-treated 3LL cells has a higher capability to kill miR-138-5p-treated 3LL cells (Supplementary Figure S2E) and promote the killing function of CD8+ T cells and the proliferation of CD4+ T cell (Supplementary Figures S2F,G).
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FIGURE 3. MiR-138-5p treatment changed the statues of DCs in tumor. (A) The percentage of mature DCs (DCm), regulatory DCs (DCreg) and the ratios of regulator DCs to mature DCs (DCreg/DCm) in tumors from A549 bearing mice, which were treated with lent-miR-138 (Tumor + lent-M) or lent-NC (Tumor + lent-N) or not (Tumor). (B) The expression levels of CD80, CD86 and I-Ab on tumor infiltrating DCs from lent-M, lent-N treated A549 bearing mice or not. (C) The inhibit ration of tumor infiltrating DCs from lent-M, lent-N treated A549 bearing mice or not (mock). Tumor infiltrating DCs were isolated from every group and incubated with A549 cells for 24 h, and the apoptosis ratio of A549 cells was analyzed by flow cytometry. (D) With lent-M/lent-N treatment or not, the expression of CD80, CD86, and I-ab on isolated DCs cells. There are no significantly different between every group. (E) With lent-M, lent-N treatment, the inhibit ration of DCs on A549 cells were analyzed. There are no significantly different between every group. (**P < 0.01, ***P < 0.001).


However, lent-miR-138-5p could not influence the expression of CD80, CD86, and I-ab on isolated DCs in in vitro experiments (Figure 3D and Supplementary Figure S4) and could not influence the capability of DCs on A549 cells (Figure 3E), indicating that miR-138-5p could not influence the maturation of DC directly.



MiR-138-5p Treatment Down-Regulates the Expression of PD-L1 in Tumor Cells, and the Expression of PD-1 on DCs

The maturation of invasive DCs is influenced by many factors, including the secretion of VEGF, TGF-beta, PGE2, eNOS, and IL-10 by tumor cells (Todryk et al., 1999; Kim et al., 2006; Rabinovich et al., 2007; Li et al., 2008; Liu et al., 2009; Cai et al., 2010). The gene expression levels of VEGF, TGF-β, PGE2, and IL-10 in tumor cells from untreated, lent-miR-138-5p treated, and lent-NC treated A549 bearing mice were determined by RT-QPCR. As shown in Supplementary Figure S5A, the gene level of VEGF, TGF-β, PGE2, and IL-10 amounts in the tumors of lent-miR-138-5p-treated mice were similar to those of the lent-NC treated and untreated groups. Similar results were found in lent-miR-138-5p-treated, lent-NC-treated 3LL tumors (Supplementary Figure S5B). Although lent-miR-138-5p treated A549 and 3LL cells decreased the transcription levels of eNOS in vitro, the gene level of VEGF, TGF-β, PGE2, and IL-10 in lent-miR-138-5p-treated A549/3LL, lent-NC-treated A549/3LL, and A549 cells/3LL cells were not significantly different (Supplementary Figures S5C,D). This indicated that miR-138-5p may not affect the maturation of dendritic cells through these inhibitory cytokines.

PD-L1 is up-regulated in tumor cells and can regulate immune response (Fife et al., 2009; Topalian et al., 2015; Chakrabarti et al., 2018; Pawelczyk et al., 2019; Schulz et al., 2019). Thus, PD-L1 expression in tumor cells was detected. Upon miR-138-5p treatment, the gene and protein expression levels of PD-L1 in the lent-miR-138-5p-treated A549 or 3LL tumor tissue were decreased compared with the other groups (Figures 4A,B and Supplementary Figures S6A,B). Flow cytometry showed that PD-L1 expression decreased on lent-miR-138-5p-treated A549 cells compared with the other groups (Figure 4C). Immunofluorescence of the tumor tissue further proved that PD-L1 expression decreased on lent-miR-138-5p-treated A549 tumor tissue compared with the other groups (Figure 4D). Furthermore, after lent-miR-138-5p treatment, the gene and protein expression levels of PD-L1 on A549 cells were also decreased (Figures 4E–G). Similar results were obtained in 3LL cells (Supplementary Figures S6C,D). Additionally, miR-138-5p treatment decreased the expression of PD-L1 and PD-1 on tumor-infiltrating DCs from lent-miR-138-5p treated mice (Figure 4H), and that on lent-miR-138-5p-treated DCs (Supplementary Figure S7).
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FIGURE 4. MiR-138 treatment results in decreased expression of PD-L1 in tumor cells. (A) The gene expression levels of PD-L1 in tumors from lent-miR-138 (lent-M) treated mice were lower than those of the lent-NC (lent-N) treatment and untreated groups. (B) PD-L1 protein expression levels in tumors from microRNA-138 treated mice were lower than those of the NC treatment and untreated groups. (C) Flow cytometry analyzed showed that the level of PD-L1 expression on the CD133 + tumor cells from lent-M treated mice was lower than those of the lent-N treatment and untreated groups. (D) Immunofluorescence showed that the level of PD-L1 expression on tumors from lent-M treated mice was lower than those with lent-N treatment and untreated groups. Bar = 100 μm (**P < 0.01). (E,F) After miR-138 treatment, the gene and protein levels of PD-L1 were decreased in A549 cells. A549 cells were transfected with miR-138 mimic lentivirus (lent-M) or the corresponding negative control (lent-N). Twenty-four hours after lentiviral transfection, RT-qPCR (E) or Western-blot (F) was performed to examine the gene expression levels of miR-138 in A549 cells (***P < 0.001). (G) Flow cytometry analyzed showed that the expression of PD-L1 on the surface of untreated A549 cells, and A549 cells treated with lent-M and lent-N, respectively (***P < 0.001). (H) The expression of PD-L1 and PD-1 on the surface of tumor infiltrating DCs from lent-M, lent-N treated A549 bearing mice or not (mock), respectively (***P < 0.001).




MiR-138 Targets PD-L1/PD-1 to Down-Regulate PD-L1 in Tumor Cells and PD-1 in DCs

Further, the interactions of miR-138 and the PD-L1, PD-1, eNOS, CDC20, CCND3, Ki67, and MCM2 genes were analyzed by miRBase3 and Targetscan4. Besides 3 binding sites were found between human/mouse CCND3 and miR-138-5p as previous reports (Wang et al., 2012; Han et al., 2016), there are two binding sites between human/mouse PD-L1 and miR-138-5p (Figure 5A), one binding site between human/mouse PD-1 and miR-138-5p (Figure 6A). However, there were no direct interactions between miR-138 and CDC20, Ki67, or MCM. A dual-luciferase reporter assay confirmed that human/mouse PD-L1 was targeted by miR-138-5p in 293T cells (Figure 5B). To this end, A549 cells were transfected with NC and mimic-miR138-5p, respectively, for 24 h. The gene expression levels of PD-L1 in A549 cells were not significantly different between those groups, but the protein expression levels of PD-L1 in A549 cells/3LL cells were lower than those of other groups (Figures 5C,D). These results demonstrated that miR-138-5p down-regulated the expression of PD-L1 in A549 cells and 3LL cells.
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FIGURE 5. MiR-138-5p targets PD-L1 to decrease proliferation A549 cells. (A) Diagram of the has-miR-138-5p binding site in wild-type (WT) human or mouse PD-L1 3′UTR. The mutation was generated at the binding site (Mut). (B) In a dual-luciferase reporter assay, a luciferase reporter gene containing the WT or Mut human or mouse PD-L1 3′UTR was co-transfected with NC or miR-138-5p mimic into HEK293T cells, and relative luciferase activities were assessed. The gene (C) and protein expression (D) of PD-L1 on A549 cells/3LL cells, which were transfected with NC or miR138 mimic or not. (E) Upon NC, shRNA PD-L1 treatment, the expression levels of CCND3, CDC20, MCM2, and Ki67 were assessed by RT-QPCR. After NC or shRNA PD-L1 silencing in A549 cells, cell proliferation was analyzed by flow cytometry detection of Ki67 (F) or the MTT assay (G). (H) Percentages of apoptotic A549 tumor cells co-cultured with DCs, which were pretreated or not with shRNA PD-L1 or NC. (*P < 0.05, **P < 0.01, ***P < 0.001).
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FIGURE 6. MiR-138-5p targets PD-1 on DCs and T cells. (A) Diagram of the has-miR-138-5p binding site on wild-type (WT) human or mouse PD-1 3′UTR. A mutation was generated at the binding site (Mut). (B) In a dual-luciferase reporter assay, the firefly luciferase reporter containing the WT or Mut PD-1 3′UTR was co-transfected with NC or miR-138-5p mimic into HEK293T cells, and relative luciferase activities were assessed. After lent-miR-138-5p or lent-NC treatment, the expression levels of PD-1 on human or mouse DCs (C) and CD4+ T cells (D) were determined. (Three independent assays were performed; ***P < 0.001).


To assess whether PD-L1 affects the proliferation of A549 cells, the PD-L1 gene was suppressed by shRNA PD-L1. PD-L1 silencing did not alter the expression of CDC20 but decreased the gene expression levels of CCND3, MCM, and Ki67 in A549 cells (Figure 5E). This was similar to the effect of miR-138 on 3LL cells (Supplementary Figure S8A). Moreover, PD-L1 silencing resulted in reduced expression of Ki67 in A549 cells/3LL cells and decreased cell proliferation (Figures 5F,G and Supplementary Figures S8B,C). The killing capability of DC on shRNA PD-L1 treated-A549 cells/3LL was higher than those of the no-treatment and NC groups (Figure 5H and Supplementary Figure S8D).

Furthermore, a dual-luciferase reporter assay was performed to confirm that PD-1 was targeted by miR-138-5p in 293 T cells (Figures 6A,B). After lent-miR-138-5p treatment, PD-1 expression levels in human/mouse DCs were lower than those of other groups (Figure 6C). After lent-miR-138-5p treatment, PD-1 expression levels in human/mouse T cells were also lower compared with the other groups (Figure 6D).



MiR-138-5p Downregulates the Expression of PD-L1 in Human Lung Cancer Cells

To further analyze the effects of microRNA-138 in human lung cancer cells, human lung cancer cells from NSCLC patients were isolated. After lent-miR-138-5p treatment, PD-L1 mRNA, and protein expression levels in human lung cancer cells were decreased (Figures 7A,B). Upon miR-138-5p treatment, the expression of Ki67 in human lung cancer cells was decreased as well as cell proliferation (Figures 7C,D). In addition, lent-miR-138-5p-treated-human lung cancer cells increased the killing capability of DC on tumor cells, compared with the non-treatment group (Figure 7E). Meanwhile, human DCs co-cultured with lent-miR-138-5p-treated-human lung cancer cells had a stronger ability to induce CD8+ T cell killing of human lung cancer cells and promote CD4+ T cells proliferation (Figures 7F,G).
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FIGURE 7. Effects of lent-miR-138-5p on human NSCLC. After treatment with lent-miR-138-5p (Lent-M) or the corresponding negative control lentivirus (lent-N), PD-L1 expression on isolated human lung cancer cells was analyzed by qRT-PCR (A) or Western blot (B). Upon lent-miR-138-5p (lent-M) or lent-N treatment, the proliferation of human NSCLC cells was analyzed by flow cytometry detection of Ki67 (C) and the inhibition rate of the proliferation of human NSCLC cells was analyzed by MTT assay (D). (E) With lent-M, lent-N treatment, the inhibit ration of human DCs on isolated human lung cancer cells were analyzed. (F) Percentages of apoptotic tumor cells co-cultured with CD3+CD8+ human T cells (CTL) activated by human DCs pretreated or not with lent- miR138-5p or lent-N treated A549 cells. (G) The proliferation of human CD4+ T cocultured with human DCs pretreated or not with lent- miR138 or lent-N treated A549 cells (Three independent assays were performed; **P < 0.01, ***P < 0.001).




DISCUSSION

The expression of miR-138 is reduced in various cancers, including anaplastic thyroid carcinoma (ATC), NSCLC, gallbladder carcinoma, and oral squamous cell carcinoma (OSCC) (Xu et al., 2015; Ye et al., 2015; Li et al., 2016; Hu et al., 2017; Si et al., 2017; Liu et al., 2018). In agreement, miR-138 overexpression can significantly inhibit tumor cell proliferation (Zhang et al., 2013; Li et al., 2015; Ye et al., 2015; Han et al., 2016). Moreover, miR-138 inhibits proliferation, induces apoptosis, restrains both metastasis and invasion, and enhances the chemosensitivity of tumor cells through the suppression of multiple targets (Zhang et al., 2013; Gao et al., 2014; Huang et al., 2015; Ye et al., 2015; Hu et al., 2017; Si et al., 2017; Liu et al., 2018). Thus, miR-138 can play various roles by targeting multiple genes in the biological processes of different cancers and is considered to be a promising molecular target for cancer treatment. MiR-138 also inhibits the proliferation and migration of NSCLC (Zhang et al., 2013; Gao et al., 2014; Ye et al., 2015; Han et al., 2016). However, the mechanism and the regulatory role of miR-138 in the tumor growth and tumor micro-environment remain undefined. Herein, we reported that miR-138-5p could decrease the expression levels of CDC20, CCND3, Ki67, and MCM in tumor cells. However, it only targets CCND3 to inhibit NSCLC, as previously reported (Wang et al., 2012; Han et al., 2016). In our studying, we found that miR-138-5p targets PD-L1 to down-regulate PD-L1 in NSCLC. Silencing PD-L1 reduced the mRNA levels of CCND3, Ki67, and MCM in A549 cells. Thus, miR-138-5p might influence the expression of CCND3, Ki67, and MCM in A549 cells by down-regulating PD-L1. Tumor-intrinsic PD-L1 signaling regulates the distinct tumor cell growth, pathogenesis and autophagy (Chakrabarti et al., 2018; Pawelczyk et al., 2019; Schulz et al., 2019). PD-L1 expression has a positive correlation with Ki-67 expression in glioma (Xue et al., 2017), and its suppression inhibits the proliferation of tumor cells (Topalian et al., 2015; Poggio et al., 2019). Although silencing PD-L1 can not reduce the gene expression of CCD2, lent-miR-138 treatment can decrease the gene expression of CCD2 directly. Thus, the effect of miR-138-5p on the growth of tumors may be through many pathways. Additionally, miR-138-5p treatment decreased the protein expression of PD-L1 in A549/3LL cells, but not the gene expression of PD-L1 in these cells in vitro. However, miR-138-5p treatment decreased the gene and protein expression of PD-L1 in vivo experiment. It suggested the multiple mechanisms of miR-138-5p on NSCLC, which needs further studying.

Different from previous studies (Song et al., 2011; Wang et al., 2011, 2012; Zhang et al., 2013; Li et al., 2015, 2016; Ma et al., 2015; Xu et al., 2015; Ye et al., 2015; Han et al., 2016; Jiang et al., 2016), assessing the effects of microRNA-138 on tumor cells, our studying showed that miR-138-5p not only inhibits the proliferation of tumor cells but also regulates the tumor immune micro-environment. Lent-miR-138-5p treatment increased the number of tumor-infiltrated DCs and regulated the maturation of DCs in the A549/3LL-bearing mice model, and promoted DCs’ capability to inhibit tumor cells and enhance T cells to kill tumor cells. But lent-miR-138-5p could not induce DC maturation and influence its function directly. Thus, the effect of lent-miR-138-5p on DCs might be through suppress the inhibition of tumor cells or regulate the tumor micro-environment.

The tumor micro-environment is well known to be immune-suppressive. Tumor cells consistently release many immuno-suppressive and pro-inflammatory factors such as vascular endothelial growth factor (VEGF), TGF-β, IL-10, PGE2, eNOS, which induce tumor-infiltrating immune cells to be tolerance (Zhang et al., 2004; Zou, 2005; Kim et al., 2006; Tang et al., 2006; Rabinovich et al., 2007; Xia et al., 2008). Additionally, tumor cells can induce tumor-infiltrating immune cells to be tolerance by PD-L1. In this study, miR-138-5p did not affect the expression of VEGF, TGF-β, IL-10, eNOS and PGE2 in NSCLC cells, while targeting and down-regulating PD-L1, indicating that miR-138-5p could affect the function of DCs by decreasing the expression of PD-L1 on tumor cells. Moreover, down-regulating PD-L1 can reduce the inhibitory effects of tumor cells on DCs to promote CTL–mediated killing of tumor cells and increase the proliferation of T cells. Therefore, miR-138-5p regulates the function of DC by targeting PD-L1. Whether miR-138-5p can regulate the tumor immune micro-environment by targeting other inhibitors need to be further studied.

In cancer patients, miR-138 expression is negatively correlated with the expression of PD-L1 (Huang et al., 2019). PD-L1 is an essential inhibitory molecule in tumor cells that induces tolerance of the tumor micro-environment and immunosuppression. PD-L1 over-expression has been described in different cancers (Topalian et al., 2015; Clark et al., 2016; Chakrabarti et al., 2018; Pawelczyk et al., 2019; Schulz et al., 2019). It promotes immune tolerance in tumors by binding to PD-1 on T cells or DCs to trigger suppressive signaling pathways (Fife et al., 2009; Topalian et al., 2015; Xue et al., 2017; Poggio et al., 2019). Antibody blockade of PD-L1 activates an anti-tumor immune response leading to durable remission in a subset of cancer patients. Blocking PD-L1 expression on tumor cells could be better for tumor therapy and immune activation (Zhao et al., 2016; Poggio et al., 2019). Our studying showed that miR-138-5p targeted PD-L1 to down-regulate PD-L1 in NSCLC and reduce the inhibitory effects on DCs, promote CTL–mediated killing of tumor cells, and increase the proliferation of T cells. Additionally, miR-138-5p also targeted PD-L1 to down-regulate PD-L1 in DCs to relieve the inhibition of tumor-infiltrating DC on T cells. Thus, miR-138 functions not only in inhibiting tumor cell proliferation but also in regulating immune cells by down-regulating PD-L1 on tumor cells.

Similar to previous reports (Wei et al., 2016), miR-138-5p also significantly down-regulated PD-1 in T cells and DCs. PD-1, a receptor of PD-L1, is activated by PD-L1 to induce TCR stopping signals to suppress T cell activation (Parry et al., 2005; Hui et al., 2017). Down-regulating PD-1 can relieve the inhibition of tumor cells by immune cells. Thus, miR-138-5p could regulate immune tolerance by targeting multiple immune checkpoint molecules to inhibit the suppressive cell-cell contact for removing immune-suppression in NSCLC.

Based on these results, our studying showed that the immune-regulatory role of miR-138-5p in the NSCLC micro-environment. This effects of miR-138-5p in anti-cancer therapy were due to miR-138-5p targeting PD-L1/PD-1 to down-regulate the expression of PD-L1/PD-1 (Supplementary Figures S9, S10): (1) miR-138-5p regulated the immune response in the tumor micro-environment by reliving the inhibition of tumor cells on DCs; (2) miR-138-5p inhibited the proliferation of NSCLC cells by decreasing the expression levels of CCND3, Ki67, and MCM2 in tumor cells.
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FIGURE S3 | MiR-138-5p treatment decreases the mRNA and protein expression levels of CCND3, CDC20, MCM2 and Ki67 in 3LL cells bearing mice and 3LL cells.

FIGURE S4 | The transduction efficiency of lent-miR-138-5p-GFP in DCs and T cells.

FIGURE S5 | MiR-138-5p treatment decreases the mRNA expression levels of VEGF, TGF-β, eNOS, PGE2 and IL-10 in A549 tumor (A), 3LL tumor (B), A549 (C) and 3LL cells (D).

FIGURE S6 | MiR-138-5p treatment decreases the mRNA and protein expression levels of PD-L1 in 3LL cells.

FIGURE S7 | With lent-miR-138-5p treatment, or lent-N treatment, or not, the level of PD-1 and PD-L1 expression on isolated DCs.

FIGURE S8 | shRNA PD-L1 influence proliferation of 3LL cell.

FIGURE S9 | The design map of our manuscript.

FIGURE S10 | The diagram of the effect of miR-138 on tumor cells and DCs.

TABLE S1 | With lent-miR138-5p treatment or not, the mRNA expression levels of molecules related to growth and immune regulation in A549 tumor cells by cancer pathway Finder PCR array and showed in table.
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Stroke is a debilitating illness facing healthcare today, affecting over 800,000 people and causing over 140,000 deaths each year in the United States. Despite being the third-leading cause of death, very few treatments currently exist for stroke. Often, during an ischemic attack, the blood-brain barrier (BBB) is significantly damaged, which can lead to altered interactions with the immune system, and greatly worsen the damage from a stroke. The impaired, BBB promotes the infiltration of peripheral inflammatory cells into the brain, secreting deleterious mediators (cytokines/chemokines) and resulting in permanent barrier injury. let-7 microRNAs (miRs) are critical for regulating immune responses within the BBB, particularly after ischemic stroke. We have previously shown how transient stroke decreases expression of multiple let-7 miRs, and that restoration of expression confers significant neuroprotection, reduction in brain infiltration by neutrophils, monocytes and T cells. However, the specific mechanisms of action of let-7 miRs remain unexplored, though emerging evidence implicates a range of impacts on cytokines. In the current study, we evaluate the impacts of miR-98 and let-7g* on targeting of cytokine mRNAs, cytokine release following ischemic stroke, and cell-specific changes to the neurovascular space. We determined that miR-98 specifically targets IP-10, while let-7g* specifically aims IL-8, and attenuates their levels. Both produce strong impacts on CCL2 and CCL5. Further, let-7g* strongly improves neurovascular perfusion following ischemic stroke. Together, the results of the study indicate that let-7 miRs are critical for mediating endothelial-immune reactions and improving recovery following ischemic stroke.
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INTRODUCTION

Stroke exerts a tremendous burden in lives, financial costs, and healthcare. Over 800,000 people have strokes each year in the United States and over 140,000 of them will die as a result, representing roughly one death out of every 20. Stroke is also a very expensive disease; the cost per hospitalization was ∼$20,000 in 2003–06 (Wang et al., 2014) and the total financial burden is estimated at 219 billion dollars each year (Yang et al., 2017). Despite such prevalence, very few treatments currently exist for stroke, and the ones that are available (namely tPA and mechanical thrombectomy), contain significant side effects and contraindications. Further, neither offers protection from reperfusion injury, which arises from inflammation originating in the damaged blood vessels where the stroke occurred (Nour et al., 2013; Ahnstedt et al., 2016). This is a critical issue; inflammatory disease processes are a central element of the pathophysiology of stroke (Lambertsen et al., 2012). Inflammatory machinery is very important in the pathophysiologic processes following the onset of ischemic stroke, and cytokines are key players in the inflammatory mechanism and contribute to ischemia-reperfusion damage progression. As such, vascular-immune interactions represent a critical avenue for potential future stroke therapeutics. The let-7 family of microRNAs (miRs) is integral for vascular function, and considered strongly neuroprotective (Sen et al., 2009; Jolana and Kamil, 2017). let-7 miRs are critical for mediating the cellular response to inflammation. Low or impaired expression is associated with greater cellular damage (Rom et al., 2015; Li et al., 2019), while increased expression of let-7 miRs is associated with improved cellular function (Zhang et al., 2016), and resistance to oxidative stress (Hou et al., 2012). Within this family, two miRs appear to be particularly important for the vascular response to ischemic stroke: miR-98 and let-7g*. These are critical mediators of brain endothelial cells and are strongly downregulated during inflammatory events (Rom et al., 2015).

let-7 miRs may be particularly important in the progression of stroke. Following ischemic or hemorrhagic stroke, cytokine expression is significantly altered (Lambertsen et al., 2012), often lasting for many days (Tarkowski et al., 1997; Nayak et al., 2012). These changes to cytokine levels can profoundly alter the interactions between the endothelial cells comprising the vasculature and activated leukocytes and lymphocytes of the immune system (Pawluk et al., 2020), leading to changes in barrier permeability, and worsening the size of the stroke penumbra. Cytokines such as CCL2, CCL3, CCL5, and CXCL-1 have been particularly implicated in such processes (Dimitrijevic et al., 2006; Yang et al., 2019). let-7 miRs may be critical for regulating such processes, as they can strongly alter the expression of stroke-impacted cytokines (Rom et al., 2015; Jickling et al., 2016).

Restoration of endogenous expression of miR-98 (Bernstein et al., 2019) or let-7g*(Bernstein et al., 2020) can prevent a significant degree of damage following ischemia. However, the mechanisms through which this occurs may be widely different. Although both miRs can reduce the size of the ischemic penumbra, as well as the number of immune cells which extravasate into the infarcted region (Bernstein et al., 2019, 2020), there are important differences. miR-98 is associated with the integrity of tight junction proteins such as ZO-1 and claudin-5 (Zhuang et al., 2016), and protection against Cas-3-dependant apoptotic pathways (Li et al., 2015), while let-7g* modulates interactions with low density lipoproteins (Liu et al., 2017), and impedes apoptosis through Akt-dependent mechanisms (Joshi et al., 2016). The differences in gene targets is particularly important with regards to inflammation. miR-98 is associated with expression of IL-10 (Liu et al., 2011; Li et al., 2018, 2019), while let-7g is associated with the response to IGF-B signaling (Zhou et al., 2015; Huang et al., 2017), and with IL-6 (Huang et al., 2017). Such differences are critical for mediating the type of immune cells recruited following stroke, as well as the nature of their interactions with the endothelial cells of the BBB. However, such interactions do not fully explain the nature of the vascular changes.

In our previous investigations into the role of let-7 miRs in regulating post-stroke recovery, we determined that miR-98 overexpression reduces the infiltration of monocytes into the ischemic brain, and appears to attenuate the activation of microglia into a proinflammatory state (Bernstein et al., 2019). Conversely, let-7g* was more effective at limiting the infiltration of neutrophils, and other forms of T-cells (Bernstein et al., 2020). These results, combined with the diversity of other mRNA targets of the two let-7 miRs, indicate that let-7 miRs are capable of conferring neuroprotection from stroke through a wide range of cellular mechanisms. In addition, as let-7 miRs can produce pro- and anti-inflammatory effects, it is critical to better understand the specific actions of its constituent members, in order to guide future therapeutics for stroke. For this report, we characterized the specific mechanisms through which let-7g* and miR-98 promote recovery from ischemic stroke. We correlate sequence binding with the differing nature of cytokine release, as well as with structural changes to the neurovasculature. Both miRs are important for maintaining BBB integrity, and managing inflammation. With this study, we investigate the specific pathways through which this occurs.



MATERIALS AND METHODS


Animals

All animal experiments were approved by the Temple University Institutional Animal Care and Use Committee and were conducted in accordance with Temple University guidelines, which are based on the National Institutes of Health (NIH) guide for care and use of laboratory animals and in the ARRIVE (Animal Research: Reporting in vivo Experiments) guidelines (study design, experimental procedures, housing and husbandry, and statistical methods)1. 10-week old male C57BL/6 mice were purchased from the Jackson Laboratory (Bar Harbor, ME, United States) and given ad libitum access to food and water. Animals were kept in a 12 h light/12 h dark cycle for the duration of experiments. Animals were group-housed prior to surgery, and single-housed thereafter.



Transient Middle Cerebral Artery Occlusion (tMCAO) and miR Delivery

Mice were subjected to 60 min focal cerebral ischemia produced by transient intraluminal occlusion with a monofilament made of 6–0 nylon with a rounded tip (Doccol Corp., Sharon, MA, United States, cat# 602312PK10) into the middle cerebral artery (MCAO) as described previously (Jin et al., 2010a, b; Engel et al., 2011). Sham-operated mice were subjected to the same surgical procedure, but the filament was not advanced far enough to occlude the MCA. We then used a protocol recently developed in our laboratory (Rom et al., 2015; Bernstein et al., 2019) to mix 5 nmol synthetic miRNA with Lipofectamine 2000 (Life Technologies, Carlsbad, CA, United States) in RNase and DNase-free water (Life Technologies) prior to retroorbital injection in 100 uL sterile PBS (Bernstein et al., 2019, 2020).



Enzyme-Linked Immunosorbent Assay (ELISA)

Animals were sacrificed via intracardiac perfusion at 72 h following tMCAO, and brain hemispheres were extracted and dissolved in 400 uL lysis buffer (RayBiotech, Norcross, GA, United States). Following centrifuging at 10,000 × g for 10 min, supernatant was collected, and analyzed for cytokine level via multi-plex ELISA, in accordance with standard methods (Weng and Zhao, 2015). A sample titration curve was performed prior to all assays in order to determine the optimal dilution factor. Homogenate was measured for 29 common cytokines with MSD 29-plex ELISA kit (K15267G, Meso Scale Development, Rockville, MD, United States). Data were read on the MSD QuickPlex 120.



MicroCT

A harvest technique optimized for MicroCT was utilized in order to ensure maximal perfusion of the vascular space (Ghanavati et al., 2014). Animals were terminally anesthetized with 5% isoflurane, and transcardially perfused with 20 ml warm heparinized PBS, followed by 20 ml microfill solution MV-122 (MicroCT, San Francisco, CA, United States), mixed immediately before infusion. Fluids were infused at a rate of 2 ml/min. Brains were collected and fixed in 10% formalin solution for a minimum of 24 h, prior to scanning. Fixed brains were then scanned using the Skyscan 1172, 12-megapixel, high-resolution cone-beam microCT scanner (Bruker, Kontich, Belgium). Scan parameters involved using an isotropic voxel size of 3.0 μm, a source voltage of 100 kV, and a current of 100 μA. Following scanning, 3D reconstruction was performed using Skyscan N-recon software (Micro Photonics, Inc., Allentown, PA, United States). The vascular spaces were reconstructed at a resolution of 0.5 uM/pixel (Quintana et al., 2019) and analyzed for mean vessel thickness, overall perfusion, and number of vascular leakages (Quintana et al., 2019). All procedures were conducted in accordance with standardized methods for rodent tissue (Dyer et al., 2017; Karreman et al., 2017; Quintana et al., 2019).



miRNA Functional Analysis

The mature sequences of the miRNAs were retrieved using miRBase database: mu-mir-98 no. MIMAT0000096:UGAGGUAGUAAGUUGUAUUGUU and mu-let-7g* no. MIMAT0004584:CUGUACAGGCCACUGCCU- UGC and were synthetized by Integrated DNA Technologies, Inc. (IDT, Coralville, IA, United States). The IP-10 3′UTR and CXCL1 3′UTR sequences, cloned downstream to the firefly luciferase sequence in the pMirTarget reporter vector (further pMir), were purchased from OriGene (OriGene Technologies, Inc., Rockville, MD, United States). For the perfect match sequence, the mature sequence of mu-miR-98 or mu-let-7g* synthetic oligos was transfected together with pMir reporter plasmids, containing the corresponding 3′UTRs.

To confirm specificity of miR-mRNA binding to target 3′UTR, the miR’s seed-binding sequence was mutated in each of the 3′ UTRs (marked in bold and underlined in Figure 2, the nucleotides were changed for complementary one). The IP-10 3′UTR mutated in the mir-98 or let-7g* seeding sequence was generated by site directed mutagenesis (Agilent Technologies, Santa Clara, CA, United States) using the pMir/IP-10 3′UTR as a template. The oligonucleotides for the mutagenesis were as follows: forward, 5′-GGACCACACAGAGGCACGGTCT (mutated bases in the mir-98 seeding sequence are in bold and underlined) and 5′-CCCAAATTCTTTCAGTCCGAACCTAC (mutated bases in the let-7g* seeding sequence are in bold and underlined). The CXCL1 3′UTR mutated in the mir-98 or let-7g* seeding sequence was generated by site directed mutagenesis (Agilent) using the pMir/CXCL1 3′UTR as a template. The oligonucleotides for the mutagenesis were as follows: forward, 5′-GATGGGTAGGCTTAAAATAAAAGAT (mutated bases in the mir-98 seeding sequence are in bold and underlined) and 5′-GGAGGCTGTGTAACAATG (mutated bases in the let-7g* seeding sequence are in bold and underlined). The reverse primers were complementary to the forward for all mentioned above sequences. All primers were synthetized by IDT. Caenorhabditis elegans miR-39 (cel-39), MIMAT0020306:AGCUGAUUUCGUCUUGGUAAUA was synthetized by IDT and was used as a non-specific/non-targeting control (Rom et al., 2015; Bernstein et al., 2019, 2020).



Luciferase Assay

For miR target validation, HEK 293 cells were plated at a concentration of 8 × 104 cells/well in a 12-well plate in DMEM with 10% FBS medium. The following day, a total amount of 0.5 μg DNA/well was transfected utilizing Lipofectamine (Life Technologies) at a DNA:Lipofectamine ratio of 1:3. pcDNA3 was added to keep the total amount of DNA constant. Samples were harvested 48 h post-transfection and subjected to the luciferase assay system (Promega, Madison, WI, United States) following the manufacturer’s instructions using a Infinity M200PRO chemiluminometer (Tecan Group Ltd., Mannedof, Switzerland). Relative units represent the ratio between luciferase values of the sample and the non-targeting control. The experiments were performed in duplicate and repeated at least three times (Rom et al., 2015), averaged and each mean shown in the graph as one point.



Statistical Analysis

Data are expressed as the mean ± SD of experiments conducted multiple times. Data were tested for normality using the Shapiro–Wilk test, and, if data were normally distributed, for multiple group comparisons. Multiple group comparisons were performed by one-way ANOVA with Tukey post hoc test with significance at p < 0.05. A paired two-tailed Student’s test was used to compare before and after effects. Significant differences were considered to be at p < 0.05. Statistical analyses were performed utilizing Prism v8 software (GraphPad Software Inc., San Diego, CA, United States). To determine the number of samples used for quantitative assays, a power calculation was performed based on the expected variability between testing conditions using the following equation: n = 1 + 2C[image: image], where C is a constant equal to 10.51 for a power of 90% and a confidence interval of 95%, s is the variance, and d is the difference between conditions. We determined optimal sample sizes by calculating the number of animals required to produce an N of sufficient size to perform one-way ANOVA analysis of a standard distribution, which we determined to be 4, and 3 animals analyzed in duplicates would provide at least six data points for each experiment. For ELISA and microCT, all samples were run in duplicate and combined to produce a weighted average value. Each calculation is represented by one data point. For reporter assays, experiments were repeated twice in triplicate with average value of both replicates used as a single data point.



RESULTS


Let-7g* and miR-98 Reduce Stroke-Induced Production of Proinflammatory Cytokines in Mouse Brain

In recent studies, we have shown that both let-7g* and miR-98 exert anti-inflammatory impacts on endothelial cells within the BBB (Rom et al., 2015; Bernstein et al., 2019, 2020) and reduce the damage caused by ischemic stroke. However, these miRs may produce differing effects on the specific nature of immune cell infiltration into the brain parenchyma following stroke. To determine which inflammatory signals were reduced by let-7 miRs, we measured the expression of 29 different cytokines from the homogenate of the stroke-infarcted hemisphere. We determined that tMCAO significantly increased the expression of IP-10 (p < 0.01), CXCL1 (p < 0.005), CXCL2 (p < 0.01), CCL2 (p < 0.01), CCL3 (p < 0.05), and CCL5 (p < 0.05) compared with baseline (Figures 1A–F). Both miRs significantly reduced the stroke-induced increase in CCL2 (p < 0.05) and CCL5 (p < 0.01; Figures 1B,D). However, only let-7g* was effective in reducing the stroke-driven increases in CCL3 (p < 0.05) and CXCL1 (p < 0.005; Figures 1C,F), while miR-98 attenuated the increase in IP-10 (p < 0.05) only (Figure 1A).
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FIGURE 1. Let-7 miRs differentially reduce cytokine release following stroke. ELISA analysis of IP-10 (A), CCL2 (B), CCL3 (C), CCL5 (D), CXCL2 (E), and KC/GRO (CXCL-1 mouse analog) (F) expression. Mice were subjected to 60 min ischemia and 72 h reperfusion performed as described in section “Materials and Methods.” Brains were harvested following anesthesia, homogenized, and were used to run all assays. Results are presented as mean ± SD from at least two independent experiments (n = 4). #p < 0.05 (SCRM); *p < 0.05 (let-7g*, miR-98). ##p < 0.01 (SCRM); ns is not significant.




miR-98 Specifically Targets IP-10 mRNA, While Let-7g* Targets IL-8-Mouse Homolog KC/GRO (CXCL1)

Sequence complementarity is the most critical measure in the relative power of miRNAs to silence their mRNA targets. Despite the importance of strong seed binding, extensive downstream (toward the 3′ end) pairing can sometimes compensate for imperfect seed binding (Shin et al., 2010). To estimate binding affinity of the let-7 miRs of interest, we used the RNAhybrid sequence tool (Bibiserv, Bielefeld, Germany; Rehmsmeier et al., 2004) to predict the miRNA-mRNA hybridization of let-7g* and miR-98 with the 3′ UTR sequences of several cytokines, identified in our ELISA screen (Figure 1). We found substantial complementarity between let-7g* seed with IL-8-mouse homolog KC/GRO (CXCL1)′ 3′ UTR, yielding a minimum free energy of -23.5 kcal/mol. By contrast, miR-98 showed a lower binding affinity, resulting in a minimum free energy of 17.2 kcal/mol (Figure 2D). In addition, miR-98 was shown to have higher binding affinity with IP-10 3′ UTR, with a minimum free energy of −29.7 kcal/mol (Figure 2A). let-7g* also showed some degree of bonding affinity (mfe = −23.9 kcal/mol) with IP-10 3′ UTR sequence, but the complementarity was not significant (Figure 2B), due to imperfect binding in the seed region.
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FIGURE 2. Let-7g* and miR-98 selectively target different cytokine mRNAs. Prediction analysis for miR-98 and let-7g* for the ability to create miR-mRNA hybrid with IP-10 (A) and CXCL1 (D) 3′ UTRs, with minimum free energy recorded. Luciferase activity for IP-10′s 3′ UTR reporter in HEK-293 cells transfected with mimic oligos of miR-98 (B) or let-7g* (C). Luciferase activity for CXCL1’s 3′ UTR reporter with mimic oligos of miR-98 (E) or let-7g* (F). 3′ UTR sequences of IP-10 and CXCL1 were mutated in the seed-binding site (underlined and bolded). Data are shown as mean ± SD. *p < 0.05.


To confirm this binding affinity, we performed the dual-luciferase assay in 293 HEK cells following a standard transfection protocol8. Cells were transfected with plasmids containing wild-type (WT) or mutated 3′UTR of IP-10 or IL-8-mouse homolog CXCL1′ fused with luciferase reporter and co-transfected with miR-98 and let-7g* mimic miRNA sequences. Mutated 3′ UTRs contained four nucleotides switched within the miR-seed binding region (Figures 2A,D, in bold). miR-98 downregulated the activity of WT IP-10 3′UTR-reporter by nearly 3.1-fold (p < 0.05; Figure 2B), while in the mutated 3′UTR-reporter, miR-98 co-transfection induced almost no effect. By contrast, let-7g* produced a much more modest, statistically insignificant decline in WT IP-10 3′UTR-reporter activity, a luciferase levels of mutated IP-10 3′UTR-reporter activity was not much different from that produced in WT (Figure 2C). With WT IL-8 3′UTR, the impacts of the miRNAs were inverted. let-7g* reduced activity by 1.5-fold (p < 0.05) in WT IL-8 3′UTR, while in the mutated IL-8 3′UTR reporter, let-7g* did not alter activity significantly. Similar results were obtained when cells containing cloned IP-10 or IL-8-mouse homolog CXCL1′ 3′UTR fused with luciferase reporter were transfected with normal or mutated forms of miR-98 and let-7g* mimic miRNA sequences (Supplementary Figure 1). Mutated forms of miRs contained four nucleotides switched within the seed region (Supplementary Figures 1A,B, in bold). Normal miR-98 downregulated the activity of IP-10 3′UTR-reporter by nearly 77% ± 14% (p < 0.05; Supplementary Figure 1C), while the mutated form induced almost no effect. With IL-8 (CXCL1) 3′UTR, wild type let-7g* oligo reduced activity by 48% ± 7.5% (p < 0.05), while the mutated form did not alter activity significantly (Supplementary Figure 1D). This research expands significantly upon existing research regarding the regulation of cytokines by let-7 miRs. We have previously shown how let-7g* and miR-98 demonstrate strong seed binding to and inhibition of both CCL2 and CCL5 (Rom et al., 2015). In the same paper, we show that such impacts can strongly influence the degree of leukocyte adhesion to endothelial cells during inflammation. Together, our findings illustrate the importance of let-7 miRs in regulating the immune response to neurovascular insult.



Let-7g* Significantly Reduces Leakage and Improves Vascular Function After Stroke

Recent studies have denoted that restoration of let-7 miRNA levels may be strongly neuroprotective, particularly after significant inflammatory insults that occur following ischemic stroke (Li et al., 2019; Bernstein et al., 2020). We have previously shown that such treatments reduce the permeability toward both large (>10 kD) molecules, and multiple types of immune cells (Bernstein et al., 2019, 2020). To fully assess the impact upon the BBB, post-MCAO animals were perfused with Microfil, and the neurovasculature was mapped using X-ray tomography, with an enhanced focus on the MCA (Figure 3A). We determined that tMCAO reduced the average diameter of the MCA to ∼50% the size in control animals (p < 0.01), while treatment with let-7g* attenuated this decrease by nearly 60% (Figures 3A,B; p < 0.05). Further, injection of let-7g* prevented a significant degree of the stroke-induced reduction of perfused vascular volume (Figure 3C), restored vessel volume-surface ratio to nearly baseline levels (p = 0.69) (Figure 3D), and prevented the loss of seven of nine major arterial branches on the MCA (Figure 3E).


[image: image]

FIGURE 3. let-7g* attenuates vascular damage after tMCAO. Cerebral neurovasculature following sham control or stroke was imaged with MicroCT, as detailed in section “Materials and Methods” (A). In right (tMCAO) hemisphere, the mean perfused vessel thickness was measured relative to control hemisphere (B), total volume of vascularized brain tissue (C), vascular surface area relative to perfused volume (D), and the number of patent branches originating from the right middle cerebral artery (E). Data are shown as mean ± SD. ∗p < 0.05. Scale bar = 1 mm.


Taken together with our previously published data, we conclude that let-7g* and miR-98 diminish stroke-induced increase in CXCL1 and IP-10 protein levels, respectively, by direct targeting their 3′ UTR sequence. Both miRs, let-7g* and miR-98 directly target CCL2 and CCL5 cytokines and regulate their expression (Rom et al., 2015). These effects on cytokine expression allow let-7 miRs to preserve the cerebral vasculature following tMCAO, exhibited by attenuating the stroke-induced reduction of vessel thickness, perfused brain volume, and number of patent arteries originating at the MCA, and by lessening the stroke-induced spike in vascular surface/volume ratio. These findings underscore the role of let-7g* overexpression in maintaining vascular homeostasis following inflammatory insult.



DISCUSSION

We have previously demonstrated how let-7 miRs preserve the integrity of the BBB, reduce cytokine release in vitro, and inhibit recruitment of pro-inflammatory immune cells from both sides of the BBB, leading to better functional recovery. In this study, we show how miR-98 and let-7g* confer such neuroprotection through slightly different mechanisms. The current research denotes that let-7g* attenuates CXCL1 (IL-8-mouse homolog), which can lower CXCR2 activity, which is critical for recruiting neutrophils (Easton, 2013; Giles et al., 2018; Bernstein et al., 2020). This mechanism is likely responsible for a significant degree of let-7g*-induced neuroprotection; IL-8 is directly linked to endothelial activation and leukocyte recruitment (Wu et al., 2015), and silencing its activity in endothelial cells strongly decreases inflammation-induced permeability (Chen et al., 2018). Increased IL-8 binding to CXCR2 has been shown to reduce vascular wall thickness (Varney et al., 2006), which can worsen hypertension decrease in the area covered by the vasculature (Wang et al., 2016). As MicroCT scanning illustrated how let-7g* increases vascular thickness, vessel volume, and patent arterial branches, and previous work that indicated that let-7g* reduces the number of IL-8-recruited cells into the penumbra (Bernstein et al., 2020), we find it highly plausible that let-7g*-induced neuroprotection involves IL-8 mediated changes within the neurovasculature. The let-7g*-induced neuroprotection may stem from binding to the 3′ UTR of CXCR2 mRNA through targeting of its transcriptional regulators such as NF-kB and CREB (Amiri and Richmond, 2003), or a combination.

Conversely, the let-7 miR family member, miR-98, was shown to bind to and strongly reduce IP-10, which corresponds to the let-7-specific reduction of brain-infiltrating T-cells (Bernstein et al., 2019). These findings are in line with current research which indicates let-7s are critical for mediating endothelial-T cell interactions, and may exert a different effect on the neurovasculature, though some elements are common to both miRs. miRs from the let-7 family directly diminish the expression of MCP-1/CCL2 and RANTES/CCL5 cytokines (Rom et al., 2015), which are complicated in the progression of BBB inflammation that happens during traumatic brain injury (Lumpkins et al., 2008; Albert et al., 2017), various forms of encephalitis (Chowdhury and Khan, 2017) and diabetes (Zhang, 2008; Teler et al., 2017; Lee et al., 2019). Although there are numerous triggers for neuroinflammation, most of them include amplified levels of these particular cytokines, which can cause leukocyte adhesion (Schober, 2008) and rearrangement of tight junction proteins on endothelial cells (Stamatovic et al., 2005), leading to BBB compromise. BBB disruption, upregulation of cell adhesion molecules, and activation of resident microglia develop the post-stroke neuro-immune interactions. This report found that only let-7g* was effective in reducing the stroke-driven increases in CCL3, whereas miR-98 did not affect its expression. CCL3 cytokine has been implicated in the enhancement of BBB permeability and the reduction of TJ protein expression (Chai et al., 2014). Whether CCL3 reduction was due to direct or indirect let-7g* miR targeting should be investigated in future studies.

Previous research has shown how let-7g* and miR-98 can both activate the innate immune response, and this is corroborated by current findings, which indicate pronounced effects on CCL5 and CCL2 release (Rom et al., 2015), corresponding to reduced monocyte brain infiltration, macrophage, and microglial activation (Bernstein et al., 2019, 2020). This research adds to the growing pool of evidence on the diverse neurovascular impacts of the let-7 family (Figure 4). For instance, let-7a can inhibit the proinflammatory response in microglia, by lowering nitric oxide signaling and altering the pattern of cytokine release (Cho et al., 2015), and let-7 derived from exosomes can strongly inhibit atherosclerotic inflammation via the PTEN pathway (Li et al., 2019). However, not all miRs from the let-7 family produce beneficial effects to the vascular space. For instance, let-7f is capable of worsening the effects of stroke, by inhibiting insulin-like growth factor 1 (IGF-1) signaling (Selvamani et al., 2012). Further, let-7a, b, e, and f have been postulated to exacerbate neuronal damage following inflammation through actions on toll-like receptor 7 (Mueller et al., 2014). With such varied results, it is critical to understand the mechanisms through which let-7 miRs influence the vascular space and when their use might be contraindicated. The BBB can respond to inflammatory stimuli in multiple ways, and understanding the role of miRs in mediating such responses are critical for developing effective treatments for stroke. Combinatorial approaches have been suggested, which utilize multiple miRs from the same family (Khoshnam et al., 2017). This is an interesting approach, and one well-supported by current siRNA research, which suggests that multiple combinations of similar siRNAs can be more effective than a higher concentration of a single miRNA (Bahi et al., 2005). While further experiments are needed to fully elucidate the nature of let-7 impacts on ischemic stroke, studies such as this one are critical for understanding the role of miRs in mediating inflammatory damage, and will be critical for developing more effective treatments.
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FIGURE 4. Schematic of stroke induced let-7 miRNAs changes and immune response.


We found that changes in miRNA expression seen in primary human BMVEC in vitro occur in vivo in an animal model of neuroinflammation (Rom et al., 2015) and in a stroke tMCAO model (Bernstein et al., 2019, 2020). Overexpression of miR-98 and let-7g* in brain endothelium attenuated leukocyte adhesion/migration and diminished BBB permeability pointing to functional reproducibility of miRNA effects in vitro systems. We have previously established that let-7 miRs preserve the integrity of the BBB, diminish cytokine release in vitro (Rom et al., 2015), and reduce recruitment of pro-inflammatory immune cells from blood to CNS in vivo, leading to better functional recovery (Bernstein et al., 2019, 2020), corroborating that let-7 miRNAs have remedial potential in neuroinflammation. In the current study, we focused our analysis on the mechanisms by which miR-98 and let-7g* overexpression impacts cytokine expression following ischemic stroke and evaluated their impacts upon the neurovascular structure.

In summary, using a functional approach, we have identified a mechanism implicated in the negative regulation of inflammation in endothelium and brain after stroke. It involves the stroke-mediated decrease of miR-98 and let-7g*, which in turn, triggers expression of pro-inflammatory mediators, such as CCL2, CCL5, CXCL1, and IP-10. Our data support a role for let-7 miRNAs in modulation of inflammatory processes in stroke-induced inflammation and preserve the cerebral vasculature following tMCAO.
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Extracellular cold-inducible RNA-binding protein (eCIRP) induces acute lung injury (ALI) in sepsis. Triggering receptor expressed on myeloid cells-1 (TREM-1) serves as a receptor for eCIRP to induce inflammation in macrophages and neutrophils. The effect of eCIRP on alveolar epithelial cells (AECs) remains unknown. We hypothesize that eCIRP induces inflammation in AECs through TREM-1. AECs were isolated from C57BL/6 mice and freshly isolated AECs were characterized as alveolar type II (ATII) cells by staining AECs with EpCAM, surfactant protein-C (SP-C), and T1 alpha (T1α) antibodies. AECs were stimulated with recombinant murine (rm) CIRP and assessed for TREM-1 by flow cytometry. ATII cells from WT and TREM-1–/– mice were stimulated with rmCIRP and assessed for interleukin-6 (IL-6) and chemokine (C-X-C motif) ligand 2 (CXCL2) in the culture supernatants. ATII cells from WT mice were pretreated with vehicle (PBS), M3 (TREM-1 antagonist), and LP17 (TREM-1 antagonist) and then after stimulating the cells with rmCIRP, IL-6 and CXCL2 levels in the culture supernatants were assessed. All of the freshly isolated AECs were ATII cells as they expressed EpCAM and SP-C, but not T1α (ATI cells marker). Treatment of ATII cells with rmCIRP significantly increased TREM-1 expression by 56% compared to PBS-treated ATII cells. Stimulation of WT ATII cells with rmCIRP increased IL-6 and CXCL2 expression, while the expression of IL-6 and CXCL2 in TREM-1–/– ATII cells were reduced by 14 and 23%, respectively. Pretreatment of ATII cells with M3 and LP17 significantly decreased the expression of IL-6 by 30 and 47%, respectively, and CXCL2 by 27 and 34%, respectively, compared to vehicle treated ATII cells after stimulation with rmCIRP. Thus, eCIRP induces inflammation in ATII cells via TREM-1 which implicates a novel pathophysiology of eCIRP-induced ALI and directs a possible therapeutic approach targeting eCIRP-TREM-1 interaction to attenuate ALI.
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INTRODUCTION

Acute lung injury (ALI) and acute respiratory distress syndrome (ARDS) are life-threatening complications of critically ill patients. They are characterized by severe inflammation, injury to the lungs, acute non-cardiogenic pulmonary edema, and hypoxemia (Ranieri et al., 2012). Pneumonia, sepsis, trauma, hemorrhage, and intestinal ischemia-reperfusion (I/R) often cause ALI (Matthay et al., 2019). The therapies of ALI are largely supportive and are often ineffective, leading to increased morbidity and mortality related to ALI (Bellani et al., 2016; Pham and Rubenfeld, 2017). Therefore, efforts focused on understanding the pathophysiology of ALI are important for finding new treatments.

Pathological specimens from patients with ALI and laboratory studies have demonstrated diffuse alveolar capillary barrier injury, increased permeability to liquids and proteins, and subsequent respiratory failure (Matthay et al., 2019). The alveolar capillary barrier is composed of squamous type I cells (ATI), cuboidal type II cells (ATII), interstitial space, and endothelium (Johnson and Matthay, 2010). The ATII cells secrete surfactant, a critical factor that reduces alveolar surface tension, allowing the alveoli to remain open, facilitating gas exchange (Ward and Nicholas, 1984). Injury to ATII cells results in decreased production of surfactant, which causes reduced lung compliance, leading to respiratory failure. The lung epithelium can be injured by pathogen-associated molecular patterns (PAMPs) such as bacterial products, viruses, and nucleic acids as well as damage-associated molecular patterns (DAMPs) which are endogenous danger molecules released by cells in states of stress such as hypoxia, mechanical force, sepsis, pancreatitis and other diseases (Saffarzadeh et al., 2012; Short et al., 2016; Matthay et al., 2019).

Cold-inducible RNA-binding protein (CIRP) is a glycine-rich RNA chaperone that facilitates RNA translation (Nishiyama et al., 1997). Upon release into the circulation, extracellular CIRP (eCIRP) serves as a DAMP which has a pro-inflammatory role in macrophages, neutrophils, lymphocytes, and endothelial cells (Aziz et al., 2019). In addition, increased expression of CIRP has been shown in the alveolar epithelium of lungs from chronic obstructive pulmonary disease (COPD) patients (Ran et al., 2016). The expression of CIRP in AECs was increased in mice treated with cold air (Chen et al., 2016). eCIRP’s role in activating lung macrophages and neutrophils has been identified, but its effects on alveolar epithelial cells remains unknown.

Triggering receptor expressed on myeloid cells-1 (TREM-1), an amplifier of inflammatory responses, is expressed on myeloid cells, such as neutrophils and monocytes (Colonna, 2003). The mRNA expression of TREM-1 is elevated in lung tissue of mice with ALI. This increased expression is related to the severity of the inflammatory response in ALI (Liu et al., 2010). Blocking TREM-1 has been shown to exhibit protective effects in lipopolysaccharide (LPS)-induced ALI via inhibiting the activation of the NLR family pyrin domain containing 3 (NLRP3) inflammasome (Liu et al., 2016). Although the pro-inflammatory effect of TREM-1 and its implication in the pathogenesis of ALI are emerging, the mechanisms remain poorly understood.

We have recently discovered that eCIRP is a new endogenous ligand of TREM-1 and that the binding of eCIRP to TREM-1 induces the production of cytokines in macrophages (Denning et al., 2020). TREM-1 expression in AECs at base line and after exposure to eCIRP remains unknown. Similarly, the direct effect of eCIRP on AECs is also unknown. Here, we hypothesize that eCIRP induces TREM-1 expression on AECs, leading to increased cytokine and chemokine release. In this study, we report that eCIRP induced the production of interleukin-6 (IL-6), chemokine (C-X-C motif) ligand 2 (CXCL2), and the expression of TREM-1 in ATII cells. Genetic depletion or pharmacological inhibition of TREM-1 decreased the production of IL-6 and CXCL2 in ATII cells. Thus, eCIRP activates AECs in a TREM-1-dependent manner and is a potential target for anti-inflammatory therapies.



MATERIALS AND METHODS


Mice

C57BL/6 male mice were purchased from Charles River Laboratories (Wilmington, MA). TREM-1–/– mice [Trem1tm1(KOMP)Vlcg] were generated by the trans-National Institutes of Health Knock-Out Mouse Project (KOMP) and obtained from the KOMP Repository University of California, Davis, CA. Age (8–12 weeks) matched healthy mice were used in all experiments. All mice were housed and kept at room temperature with normal chow and drinking water and housed individually with free access to food and water throughout the experiment. The mice were kept on a 12 h light/dark cycle. All animal experimental protocols were performed according to the guidelines on the use of experimental animals by The National Institutes of Health (Bethesda, MD). The protocol was approved by our Institutional Animal Care and Use Committees.



Isolation of AECs

AECs were isolated from mice lungs as described previously (Chakraborty et al., 2017). In brief, mice were sacrificed by CO2 asphyxiation. Exsanguinated mice were made aseptic with ethanol spray, and a long ventral incision was made to expose the abdomen and chest cavity. The inferior vena cava was severed and the right heart was then perfused with cold PBS in order to flush the pulmonary vasculature. We then exposed the trachea, inserted a 22G shielded catheter into the lumen, and injected 2 ml of Dispase II (Sigma-Aldrich, St Louis, MO) through the trachea into the lungs. We instilled 0.5 ml of 1% liquefied agarose (Sigma-Aldrich) into the lungs. We then removed the lungs and placed them into 2 ml Dispase for 20 min at 37°C with constant rotation. After removing the lungs from the Dispase solution, we dissected the lung parenchyma using forceps in petri-dishes containing 7 ml of DMEM media supplemented with 1% glutamine, 1% penicillin/streptomycin, and 0.01% DNase I (Sigma-Aldrich). We filtered the cell suspension through 100, 70, 40, and 30 μm strainers (Corning Biosciences, Corning, NY). The filtrate was centrifuged for 15 min at 160 × g and treated with erythrocyte lysis buffer to eliminate the erythrocytes. The cell pellet was resuspended in 500 μl DMEM and incubated with biotinylated CD45 and CD16/32 antibodies (Biolegend, San Diego, CA) for 30 min. The cells were then incubated with streptavidin-coated magnetic beads for 30 min, and sorted by magnetic separation. The cells were then platted on petri-dishes for 4 h to remove adherent mesenchymal cells.



Cell Culture

Freshly isolated AECs were plated in fibronectin-coated 48 well plates at a density of 1 × 105 cells/well and cultured in airway epithelial cell growth medium along with the following supplements: bovine pituitary extract (0.004 ml/ml), epidermal growth factor (10 ng/ml), insulin (5 μg/ml), hydrocortisone (0.5 μg/ml), epinephrine (0.5 μg/ml), tri-iodo-l-thyronine (6.7 ng/ml), transferrin (10 μg/ml), and retinoic acid (0.1 ng/ml) all purchased from Promocell GmbH (Heidelberg, Germany). The cells were divided into two different treatment groups: AECs pre-treated with the TREM-1-eCIRP binding antagonist peptide M3 (RGFFRGG; GenScript USA Inc., Piscataway, NJ) (10 μg/ml) (Denning et al., 2020) or the TREM-1 decoy peptide LP17 (LQVTDSGLYRCVIYHPP; GenScript USA Inc.) (100 μg/ml) (Gibot et al., 2004). Both groups were pre-treated for 30 min, and then stimulated with recombinant mouse (rm) CIRP (1 μg/ml) for 24 h. The cells were not washed prior to the addition of rmCIRP. Then the supernatants were collected and stored at −20°C for cytokine and chemokine assays. rmCIRP was prepared in-house (Qiang et al., 2013). Briefly, rmCIRP was expressed in E.coli, and purified by using Ni2+-NTA column (Novagen, Madison, Wisconsin). The quality of the purified protein was assessed by Western blotting. The level of LPS in the purified protein was measured by a limulus amebocyte lysate (LAL) assay (Cambrex, East Rutherford, New Jersey). Only the purified protein lots that were endotoxin free were considered for in vitro and in vivo experiments.



Assessment of TREM-1 Expression in AECs by Flow Cytometry

To detect TREM-1 expression in AECs, a total of 1 × 106 AECs were plated in 6-well plates and then stimulated with PBS or rmCIRP (1 μg/ml) for 24 h. After the stimulation, the cells were washed with FACS buffer and stained with PE anti-mouse EpCAM antibody (clone: G8.8, Biolegend, San Diego, CA) and BV421 anti-mouse TREM-1 antibody (clone: 174031, BD Biosciences, San Jose, CA) for 30 min at 4°C. BV421 rat IgG2 antibody (clone: RTK2758, Biolegend) was used as an isotype Ab. Unstained cells were used to control flow cytometry’s voltage setting. Acquisition was performed on 30,000 events using a BD LSR Fortessa flow cytometer (BD Biosciences) and data were analyzed with FlowJo software (Tree Star, Ashland, OR).



Immunofluorescent Staining

Immunofluorescent staining of freshly isolated AECs to determine their types was performed according to a protocol previously described (Chakraborty et al., 2017). In brief, AECs were platted on fibronectin-coated 8-well LabTek chambers for 1 or 7 days. The cells were washed once with cold PBS and fixed with 4% paraformaldehyde for 10 min at room temperature. The fixed cells were washed three times with PBS, followed by permeabilization by 0.1% Triton X-100 for 10 min. After washing the cells with PBS, they were blocked with 1% BSA for 1 h. Immunofluorescent staining was performed using primary antibodies against surfactant protein-C (SP-C) (Abcam, Cambridge, MA) and T1 alpha (T1α) (R&D Systems, Minneapolis, MN) and fluorescently tagged secondary antibodies. Primary antibodies were diluted in 1% BSA and incubated with the cells overnight at 4°C. After washing with PBS, cells were incubated with the second antibodies in 1% BSA for 1 h at room temperature in the dark. After an additional washing, slides were mounted immediately on Vectashield mounting medium with DAPI. The cells were visualized using fluorescent microscopy (Nikon BR, Tokyo, Japan).



Enzyme-Linked Immunosorbent Assay

IL-6 and CXCL2 were measured in the culture supernatants of ATII cells following stimulation with rmCIRP by immunoreactivity in a double-sandwich enzyme-linked immunosorbent assay (ELISA) format using commercially available kits by following manufacturer’s instructions. The IL-6 ELISA kit was purchased from BD Biosciences and the CXCL2 ELISA kit was purchased from R&D Systems.



Statistical Analysis

All statistical analyses were performed and the figures were prepared with GraphPad Prism version 7.0 software (GraphPad Software, La Jolla, CA). Comparisons between two groups were performed with a two-tailed Student’s t-test (parametric). Comparisons between multiple groups were analyzed using a one-way analysis of variance (ANOVA), followed by Student–Newman–Keuls (SNK) or Tukey’s multiple comparison test. The statistical significance was set at p < 0.05.



RESULTS


Identification of Isolated Murine Alveolar Epithelial Cells

A previously described protocol for isolation and culture of AECs was adopted to achieve the desired purification of AECs (Chakraborty et al., 2017). AECs were stained with antibodies against epithelial cell adhesion molecule (EpCAM), an epithelial cell-specific marker and analyzed by flow cytometry, which revealed the purity of sorted AECs to be 83% (Figure 1A). Our results were in agreement with the previous results of sorted AECs, which showed a purity of approximately 90% (Chakraborty et al., 2017). After isolation of primary murine AECs, all of the AECs were ATII cells, as characterized by their expression of SP-C, an ATII marker, but not T1α, an ATI marker (Figure 1B). To evaluate whether these cells were functionally active and capable of differentiation into ATI cells, the freshly isolated AECs (ATII) were cultured on fibronectin-coated culture plates for 7 days (Chakraborty et al., 2017). We found that after 7 days of culture of freshly isolated ATII cells, these cells differentiated into type I phenotype (ATI) as determined by their increased expression of T1α, but not SP-C (Figure 1C). Experiments were repeated at least two times, which generated reproducible findings. These data demonstrate that the freshly isolated AECs are mainly the ATII cells, which are viable and undergo differentiation into ATI cells.
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FIGURE 1. Identification of isolated murine alveolar epithelial cells. (A) AECs were isolated from C57BL/6 mice and stained with PE-EpCAM Ab, followed by fixing the cells and assessment by flow cytometry. (A) Representative dot blots and the histogram of the frequencies of EpCAM expressing cells are shown. Black histogram depicts isotype control, red histogram depicts EpCAM stained population. EpCAM, epithelial cell adhesion molecule. (B,C) AECs were isolated from C57BL/6 mice and cultured on fibronectin-coated culture plates for (B) 1 or (C) 7 days, then the cells were washed with PBS and stained with ATII cell specific marker SP-C (green) and ATI cell specific marker T1α (red) Abs. Nuclei were stained with DAPI (blue). Imaging was performed by fluorescent microscopy. Scale bars are 100 μm. Experiments were repeated at least two times, which generated reproducible findings.




Stimulation of AECs With rmCIRP Induces the Production of IL-6 and CXCL2

To determine the role of eCIRP on ATII cells, freshly isolated ATII cells were stimulated with increasing concentrations of rmCIRP. We found that ATII cells stimulated with rmCIRP significantly increased IL-6 production at doses of 1, 5, and 10 μg/ml, respectively, compared to PBS-treated cells (Figure 2A). Similarly, rmCIRP significantly increased the release of CXCL2 by AECII cells at doses of 1, 5, and 10 μg/ml, respectively, compared to PBS-treated cells (Figure 2B). The highest increase in the production of IL-6 and CXCL2 was found to occur at a dose of 10 μg/ml of rmCIRP. According to our previous studies (Denning et al., 2020; Murao et al., 2020), we chose 1 μg/ml of rmCIRP as an optimal stimulation concentration for the subsequent experiments. Therefore, eCIRP stimulation results in the release of pro-inflammatory cytokines and chemokines by alveolar epithelial type II cells in a dose-dependent manner.
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FIGURE 2. rmCIRP induces the production of IL-6 and CXCL2 in ATII cells. A total of 2 × 106 AECs isolated from C57BL/6 mice were stimulated with PBS or rmCIRP (1, 5, 10 μg/ml) for 24 h. After stimulation, the supernatants of the cells were collected. The levels of (A) IL-6 and (B) CXCL2 in the supernatants were assessed by ELISA. Experiments were repeated at least three times using 3–4 samples/group each time. The figures represent the results of two experimental iterations combined together. We used 3–4 mice to isolate AECs, which usually gave rise to a total of 1.5–2 × 106 AECs. Data are expressed as means ± SE (n = 7 samples/group). The groups were compared by one-way ANOVA and Tukey’s multiple comparison test (*p < 0.05 vs. PBS-treated group).




eCIRP Stimulation Increases the Expression of TREM-1 in ATII Cells

We previously identified eCIRP as a new ligand of TREM-1 in macrophages and neutrophils (Denning et al., 2020; Murao et al., 2020). The expression of TREM-1 and its role in eCIRP-mediated inflammation in AECs remain unknown. We assessed the expression of TREM-1 at the surface of AECs by flow cytometry after stimulation with rmCIRP. We found that under normal conditions, the TREM-1 expressing AEC population was minimal. However, after stimulation of AEC cells with rmCIRP, the frequency of TREM-1 expressing AECs was significantly increased by a mean value of 56% compared to PBS-treated AECs (Figures 3A,C). Akin to this result, we also found that after stimulation with rmCIRP the expression of TREM-1, in terms of MFI, was significantly increased by 39% compared to PBS-treated AEC cells (Figures 3B,D). Since all the freshly isolated pneumocytes were ATII (Figure 1), it suggests that following rmCIRP stimulation, TREM-1 expression was upregulated in ATII cells.
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FIGURE 3. rmCIRP increases the expression of TREM-1 in ATII cells. (A–D) AECs (5 × 105 cells) were isolated from C57BL/6 mice and were stimulated with PBS or rmCIRP (1 μg/ml) for 24 h. After stimulation, the cells were washed with PBS and stained with PE-EpCAM and BV421-TREM-1 Abs, followed by fixing the cells and assessment by flow cytometry. Representative (A) dot blots showing the gating strategy and (C) frequencies of TREM-1 expression and (B) histogram and (D) bar diagram showing mean immunofluorescence intensity (MFI) of TREM-1 expressing cells in EpCAM gated population are shown. Experiments were repeated at least three times, using 3–4 samples/group each time. The figures represent the results of two experimental iterations combined together. We used 3–4 mice to isolate AECs, which usually gave rise to a total of 1.5–2 × 106 AECs. Data are expressed as means ± SE (n = 8 samples/group). The groups were compared by a two-tailed Student’s t-test (*p < 0.05 vs. PBS-treated group).




TREM-1 Deficiency Results in Decreased Expression of IL-6 and CXCL2 in ATII Cells

We isolated AECs from WT and TREM-1–/– mice, stimulated them with rmCIRP, and then assessed IL-6 and CXCL2 in the culture supernatant. We found that in both WT and TREM-1–/– mice AECs, stimulation with rmCIRP significantly increased the expression of IL-6 and CXCL2 compared to PBS-treated cells isolated from WT and TREM-1–/– mice (Figures 4A,B). We noticed that the production of IL-6 and CXCL2 were significantly decreased in rmCIRP-treated AECs isolated from TREM-1–/– mice by 14 and 23%, respectively, compared to WT mice AECs (Figures 4A,B). Since TREM-1 acts as an amplifier of Toll-like receptor 4 (TLR4), we also focused on the effect of LPS induced expression of IL-6 and CXCL2 by AECs isolated from WT and TREM-1–/– mice. We found that LPS stimulation of AECs from both WT and TREM-1–/– mice significantly increased the expression of IL-6 and CXCL2. Nonetheless, we found significantly decreased expression of IL-6 and CXCL2 by 15 and 16% in AECs from TREM-1–/– mice, compared to WT mice in response to LPS stimulation (Figures 4A,B). These data indicate that TREM-1 contributes to rmCIRP- and LPS-induced inflammation in AECs.
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FIGURE 4. TREM-1 deficiency results in decreased expression of IL-6 and CXCL2 in ATII cells. A total of 2 × 106 AECs isolated from WT or TREM-1–/– mice were stimulated with PBS or rmCIRP (1 μg/ml) or LPS (100 ng/ml) for 24 h. After stimulation, the supernatants of the cells were collected. The levels of (A) IL-6 and (B) CXCL2 in the supernatants were assessed by ELISA. Experiments were repeated at least three times, using 3–4 samples/group each time. The figures represent the results of two experimental iterations combined together. We used 3–4 mice to isolate AECs, which usually gave rise to a total of 1.5–2 × 106 AECs. Data are expressed as means ± SE (n = 7 samples/group). The groups were compared by one-way ANOVA and SNK method (*p < 0.05 vs. PBS-treated group, #p < 0.05 vs. WT group).




Pharmacologic Inhibition of TREM-1 Attenuates IL-6 and CXCL2 Expression in ATII Cells

To explore the role of TREM-1 in the activation of ATII cells, ATII cells were isolated from WT mice and cultured for 1 day. AECs were pre-treated with M3, an eCIRP-derived TREM-1 antagonist (Denning et al., 2020), and LP17, a TREM-1 decoy peptide (Gibot et al., 2004), for 30 min before stimulation with rmCIRP for 24 h. The supernatants were subsequently analyzed for IL-6 and CXCL2 contents by ELISA. We found that stimulation of AECs with rmCIRP significantly increased the expression of IL-6 and CXCL2 compared to PBS-treated cells (Figures 5A,B). On the other hand, the cells pre-treated with M3, and LP17 significantly decreased IL-6 expression by 30 and 47%, respectively, and CXCL2 expression by 27 and 34%, respectively, compared to vehicle (PBS) treatment in response to rmCIRP stimulation (Figures 5A,B). These data suggest that the pharmacologic inhibition of TREM-1 by M3 or LP-17 attenuates eCIRP-induced IL-6 and CXCL2 release in AEC cells.
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FIGURE 5. Pharmacologic inhibition of TREM-1 attenuates IL-6 and CXCL2 expression in ATII cells. A total of 2 × 106 AECs isolated from C57BL/6 mice were treated with PBS, M3 (10 μg/ml), and LP17 (100 μg/ml). After 30 min of the pre-treatment the cells were then stimulated with rmCIRP at a dose of 1 μg/ml for 24 h. After stimulation, the culture supernatants were collected. The levels of (A) IL-6 and (B) CXCL2 in the cell culture supernatants were assessed by ELISA. Experiments were repeated at least three times, using 3–4 samples/group each time. The figures represent the results of two experimental iterations combined together. We used 3–4 mice to isolate AECs, which usually gave rise to a total of 1.5–2 × 106 AECs. Data are expressed as means ± SE (n = 7 samples/group). The groups were compared by one-way ANOVA and SNK method (*p < 0.05 vs. PBS-treated group, #p < 0.05 vs. rmCIRP-treated group).




DISCUSSION

eCIRP, a new DAMP, fuels inflammation by activating immune cells and parenchymal cells to produce pro-inflammatory cytokines, reactive oxygen species (ROS), and proteases. eCIRP subsequently promotes systemic inflammation and organ injury in various inflammatory diseases such as sepsis, hemorrhagic shock, ALI, and ischemia-reperfusion (I/R) injury (Qiang et al., 2013; Liu et al., 2016; Aziz et al., 2019). A recent study showed that eCIRP levels were up-regulated in the airway and alveolar epithelium of lungs from COPD patients (Ran et al., 2016). Intravenous injection of rmCIRP in healthy mice causes lung injury with evidence of increased leukocyte infiltration, enhanced production of pro-inflammatory cytokines, and vascular leakage and edema in the lung tissue (Yang et al., 2016). eCIRP induces lung injury by directly activating endothelial cells (ECs) and inducing EC pyroptosis (Yang et al., 2016). In addition, eCIRP causes sepsis-induced ALI by inducing endoplasmic reticulum (ER) stress and promoting downstream responses like apoptosis, NF-KB activation, and iNOS and pro-inflammatory cytokine production (Khan et al., 2017), while CIRP–/– mice are protected from sepsis-induced ALI (Khan et al., 2017). Thus, eCIRP plays a critical role in the development of ALI.

Under infectious conditions, PAMPs, like LPS, are released into the alveoli and activate alveolar macrophages to release cytokines/chemokines and DAMPs, like eCIRP (Meduri et al., 1995; Qiang et al., 2013). DAMPs further cause alveolar capillary barrier injury, finally resulting in uncontrolled neutrophil infiltration and lung injury. AECs are an important part of the alveolar capillary barrier, which helps with gas exchange and protects the lungs from pathogens (Johnson and Matthay, 2010). Along with alveolar macrophages, alveolar epithelial cells are also the first cells to respond to PAMPs and DAMPs. Regulation of AECs response to these PAMPs and DAMPs is crucial to preserving the normal physiologic function of the alveolar-capillary barrier.

To study the effects of eCIRP on AECs, we isolated primary AECs from murine lungs, and stimulated the cells with rmCIRP. The freshly isolated AECs were mostly AEC type II cells. This is consistent with the previous study (Chakraborty et al., 2017). We found eCIRP significantly induced cytokine IL-6 and chemokine CXCL2 production in a dose dependent manner in ATII cells. These data indicate that eCIRP induces a pro-inflammatory phenotype in ATII cells. Some of the hallmark features of ALI are the increased infiltration of neutrophils in the lung tissues and elevated production of pro-inflammatory cytokines (Matthay et al., 2019). The migration of neutrophils requires the binding of chemokines to chemokine receptors. Interaction between CXCL2 and CXCR2 plays an important role in the recruitment of neutrophils into infection sites (Alves-Filho et al., 2009). In the present study, we found that eCIRP significantly increased chemokine CXCL2 expression in ATII cells. Our previous study showed that CIRP–/– mice exhibited reduced lung injury with reduced infiltration of neutrophils in sepsis (Khan et al., 2017). This could be explained by the fact that sepsis induces eCIRP release into the lungs, which activates ATII cells to release cytokines and chemokines, such as IL-6 and CXCL2, resulting in a subsequent infiltration of neutrophils into the lung tissue causing ALI.

TREM-1 is predominantly expressed on myeloid cells such as macrophages and granulocytes (Bouchon et al., 2000). Prior studies have shown that during inflammation, TREM-1 is also detected on parenchymal cell types such as bronchial, gastric epithelial cells, and hepatic endothelial cells (Chen et al., 2008; Schmausser et al., 2008; Rigo et al., 2012; Tammaro et al., 2017). A previous study reported the mRNA and protein expression of TREM-1 in A549 cells, a human lung epithelial cell line (Liu et al., 2018). In the present study, our results show that murine resting alveolar epithelial cells have a low basal level of TREM-1 expression. TREM-1 is a potent amplifier of the inflammatory response and is associated with infectious diseases (Colonna, 2003). Recent evidence demonstrates that TREM-1 has a crucial role in the development of ALI and may be a potential therapeutic target for ALI and ARDS. The mRNA expression of TREM-1 was elevated in the lung tissue of mice with ALI. The elevated expression of TREM-1 was related to the severity of the inflammatory response in ALI (Liu et al., 2010). Blocking TREM-1 with LR12, a TREM-1 antagonist peptide, has shown a significant protective effect on LPS-induced acute lung injury via inhibiting the activation of the NLRP3 inflammasome (Liu et al., 2016).

We recently showed TREM-1 is a novel endogenous ligand of eCIRP and this interaction promotes an inflammatory response in sepsis (Denning et al., 2020). M3, a novel antagonist peptide of TREM-1, decreased eCIRP-induced systemic inflammation and tissue injury (Denning et al., 2020). This discovery led us to investigate the role of this receptor on the molecular mechanism underlying the activation of alveolar epithelial cells by eCIRP. In our current study, the results of flow cytometry showed that the expression of TREM-1 increased markedly in AECs after stimulation with eCIRP. M3 and LP17 are antagonists of TREM-1. M3 and LP17 suppressed the production of IL-6 and CXCL2 from eCIRP stimulated ATII cells, compared to PBS treated cells. In addition, IL-6 and CXCL2 release from LPS and eCIRP stimulated TREM-1–/– ATII cells were lower than the ATII cells isolated from WT mice. The effect of inhibitors and gene knockout of TREM-1 results in an approximately 20% decrease in pro-inflammatory cytokine production by AECs. This can be explained by the fact that there are other signaling pathways involved in this effect. Toll-like receptor 4-myeloid differentiation factor 2 (TLR4-MD2) was expressed in low amounts on the resting respiratory epithelial cells, and LPS-induced activation of respiratory epithelial cells is dependent on the TLR4 signaling pathway (Guillot et al., 2004). Our previous study proved that eCIRP activates macrophages via its direct binding to the TLR4-MD2 complex (Qiang et al., 2013). In line with this finding, a recent study has revealed that S100A8, an alarmin activates alveolar epithelial cells in the context of acute lung injury in a TLR4-dependent manner (Chakraborty et al., 2017).



CONCLUSION

In conclusion, our study revealed that resting respiratory epithelial cells express TREM-1 and that secretion of pro-inflammatory cytokine/chemokine upon exposure to eCIRP is a result of the TREM-1 signaling pathway. The discovery of the eCIRP/TREM-1 interaction involved in the activation of ATII cells will support the development of novel therapeutic targets for ALI or other lung diseases.
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Integrins are transmembrane proteins that mediate cellular adhesion and migration to neighboring cells or the extracellular matrix, which is essential for cells to undertake diverse physiological and pathological pathways. For integrin activation and ligand binding, bidirectional signaling across the cell membrane is needed. Integrins aberrantly activated under pathologic conditions facilitate cellular infiltration into tissues, thereby causing inflammatory or tumorigenic progressions. Thus, integrins have emerged to the forefront as promising targets for developing therapeutics to treat autoimmune and cancer diseases. In contrast, it remains a fact that integrin-ligand interactions are beneficial for improving the health status of different tissues. Among these ligands, irisin, a myokine produced mainly by skeletal muscles in an exercise-dependent manner, has been shown to bind to integrin αVβ5, alleviating symptoms under unfavorable conditions. These findings may provide insights into some of the underlying mechanisms by which exercise improves quality of life. This review will discuss the current understanding of integrin-ligand interactions in both health and disease. Likewise, we not only explain how diverse ligands play different roles in mediating cellular functions under both conditions via their interactions with integrins, but also specifically highlight the potential roles of the emerging ligand irisin in inflammation, cancer, and metabolic disease.
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INTRODUCTION (INTEGRIN BIOLOGY)

Integrins represent a large family of transmembrane cell-adhesion molecules that consist of non-covalently associated α/β heterodimers (Luo et al., 2007). Eighteen types of α chain and eight types of β chain associate with each other to form 24 different heterodimers (Takada et al., 2007). These can be classified into several groups including arginine-glycine-aspartate (RGD)-binding receptors, leukocyte-specific receptors, laminin receptors, and collagen receptors, depending on the traits of their ligands (Barczyk et al., 2010). By forging a molecular link between cells and their milieu [e.g., the extracellular matrix (ECM) or other cells], integrins advance cellular dynamic processes such as adhesion, migration, and extravasation (Geiger et al., 2001; Kechagia et al., 2019). Integrin-triggered intracellular signaling leads to cell division, survival, differentiation, and/or death, which are pivotal for vital phenomena (Meredith et al., 1993; Leone et al., 2005; Livshits et al., 2012). The activation of integrins before their adherence to cognate ligands, constitutes a variety of global, reversible, and cooperative conformational changes involving multiple structural domains (Shimaoka et al., 2002; Calderwood, 2004). An integrin’s ligand-binding affinity is enhanced in response to inside-out signals derived from activated G-protein or via coupling with other receptors (Takagi et al., 2002; Carman and Springer, 2003; Gahmberg et al., 2009; Springer and Dustin, 2012). Adhesion to ligands further stabilizes the high-affinity conformation of integrins for transmitting outside-in signaling, thereby achieving integrin clustering and strengthening adhesiveness (Takagi et al., 2002; Carman and Springer, 2003; Chen et al., 2006; Gahmberg et al., 2009). Specifically, their extracellular domains (e.g., the α-I domain for αLβ2 or the β-I domain for αVβ5) bind cognate ligands [e.g., intercellular adhesion molecule 1 (ICAM-1) for αLβ2 or fibronectin for αVβ5] to consequently signal bi-directionally across the cell membrane, which is called a hallmark of integrin activation (Takagi et al., 2002; Kim et al., 2003; Chen et al., 2006). Figure 1 depicts the structures and domains of two kinds of integrins, α I domain-containing αLβ2 (A) and α I-domain-lacking αVβ (B).
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FIGURE 1. Integrin domains and structures. Illustrations depict the extended conformation of integrins bearing the headpieces with high-affinity domains. Representative structures of α I domain-containing integrins (e.g., αLβ2) and -deficient integrins (e.g., αVβ5) are shown at left (A) and right (B), respectively. The integrin α/β heterodimer is composed of multiple functional domains in extracellular (headpiece plus legpiece), transmembrane, and cytoplasmic portions. I-EGF, integrin-epidermal growth factor; and PSI, plexin/semaphorin/integrin.


Integrin-mediated cell adhesion and migration are the integrated and controlled events required for physiologic and pathologic pathways (Gumbiner, 1996; Cox and Huttenlocher, 1998; Collins and Nelson, 2015; McMillen and Holley, 2015). In the case of leukocytes, during their migration to the tissue from bloodstream they undergo dynamic and sequential processes including tethering, rolling, firm adhesion, trans-endothelial migration (TEM), and extravascular migration (Ley et al., 2007). Molecularly, the selectins and integrins of leukocytes play roles in tethering and rolling on contact with the vascular endothelium. Thus, integrins are involved in such processes as slow rolling, firm adhesion, vascular crawling, TEM, and interstitial locomotion depending upon their activation states (Alon et al., 1995; Lawrence et al., 1995; Li et al., 1996; Chesnutt et al., 2006; Shulman et al., 2009; Walling and Kim, 2018).

The interaction of leukocyte integrins (e.g., αLβ2) with their cognate ligands (e.g., ICAM-1) expressed on endothelial cells is crucial to the entire process of homing to tissues (Ley et al., 2007). Leukocytes are recruited from the bloodstream to inflamed sites under pathologic conditions, an event that is also initiated by the interaction between selectins and their ligands, which leads to the aberrant activation of integrins (Zarbock et al., 2011). Understanding the structural and molecular mechanisms underlying integrin-mediated adhesion and migration has advanced the basic science required to apply this knowledge in clinical settings (Horwitz, 2012). Integrin-targeted therapeutics have mostly been designed to modulate integrin functions and thereby either suppress or promote cellular infiltration to the tissues. This has led to the development of effective inhibitory or agonistic drugs to counter the effects of pro- or anti-inflammations, respectively, although in some instances there have been side effects and/or problems of inefficacy (Lu et al., 2008; Baiula et al., 2019).

The majority of integrin heterodimers containing αV chain are known to correlate with cancer (Brooks et al., 1994; Weis and Cheresh, 2011). Specifically, the binding of αV integrins to the RGD motif within ECM proteins is a critical event for angiogenesis in cancer (Koistinen and Heino, 2002; Kaido et al., 2004; Pedchenko et al., 2004; Weis and Cheresh, 2011). Thus, RGD-binding αV integrins have garnered considerable attention as a target of cancer therapeutics. Below, we discuss in detail the implication of integrins and their ligands in inflammation, cancer, and metabolic disease.



INTEGRIN LIGANDS ON THE CELL SURFACE AND IN THE ECM

Most integrins exhibit an ability to bind a wide range of ligands (Humphries et al., 2006). Located on the surfaces of cells are various sets of adhesion proteins involved in cell-cell interactions, as well as cell-ECM binding and interactions involving integrin receptors (Van Der Flier and Sonnenberg, 2001). These are collectively known as cell adhesion molecules (CAMs). CAMs function as ligands of integrins, facilitating the trafficking and homing of migratory cells such as leukocytes. Here, we briefly introduce several representative ligands for integrins.

ICAM-1 (CD54), the most biologically relevant member of the superfamily of immunoglobulin-like transmembrane glycoproteins, is a well-characterized molecule that has been implicated in pro-inflammatory immune responses (Muller, 2019). It is also known well as a receptor for rhinovirus in common colds, and as part of several receptors employed by Plasmodium falciparum in the infection of erythrocytes and vascular endothelium in Malaria (Berendt et al., 1989). ICAM-1 is natively expressed on endothelial cells, and its overexpression on endothelial, as well as antigen-presenting cells, is induced by surges of pro-inflammatory cytokines in several pathological states (Chirathaworn et al., 2002; Shaw et al., 2004). ICAM-1 on endothelial cells serves as a ligand for β2 integrins such as αLβ2 andαMβ2 expressed on leukocytes. Figure 2A illustrates the structure of ICAM-1. Interaction with ICAM-1 promotes the firm arrest and transmigration of leukocytes from the circulation into tissues (Muller, 2019; Figure 3A). The binding of αLβ2 on T cells to ICAM-1 on antigen-presenting cells, such as dendritic cells (DCs), forms the immune synapse that leads to full activation and polarization of T cells (Figure 3B; Wernimont et al., 2011; Morrison et al., 2015). Another member of β2 integrins, αDβ2, is expressed on macrophages, monocytes, neutrophils, eosinophils, basophils and a subset of lymphocytes. In addition, it is known to selectively bind to ICAM-3, though not to ICAM-1 (Van Der Vieren et al., 1995).
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FIGURE 2. ICAM-1, TM, and FNDC5 domains and structures. (A) ICAM-1 consists of 5 immunoglobulin (Ig)-like domains (D1∼D5), a transmembrane domain, and a cytoplasmic domain and contains 8 N-linked glycosylation sites. The disulfide bonds in the Ig-like domains are formed between cysteine residues that stabilize the structure. (B) Thrombomodulin (TM) contains a lectin-like domain (D1), 6 epidermal growth factor (EGF)-like domains (D2), an O-glycosylation-rich domain (D3), a transmembrane domain (D4), and a cytoplasmic domain (D5). (C) Fibronectin type III domain-containing protein 5 (FNDC5) is composed of a fibronectin III domain (irisin), a transmembrane domain, and a cytosolic C-terminal domain. Irisin is produced by the proteolytic cleavage of FNDC5.
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FIGURE 3. Biological interactions mediated by integrins with ICAM-1 and TM. (A) During leukocyte homing to normal or inflamed tissues, integrin αLβ2 plays a key role by interacting with its cognate ligand ICAM-1 on EC, in mediating slow rolling, firm adhesion and trans-endothelial migration, or extravascular movement. (B) When T cells migrate to the extravascular space in tissue, they probe cognate antigen-presenting DCs and subsequently form stable and mature immunological synapses. In the immunological synapse, the interaction of αLβ2 with ICAM-1 builds up a distinct marginal region called the pSMAC; TCR and auxiliary molecules are enriched in cSMAC, which may empower T cells to become fully activated. (C) The β2 integrin on leukocytes (e.g., neutrophils) binds to the O-glycosylation-rich domain (D3) of TM on EC. This interaction may help counter-balancing inflammation by shifting adhesion from ICAM-1 to TM. EC, endothelial cell; DC, dendritic cell; TCR, T-cell receptor; pSMAC, peripheral supramolecular activation cluster; and cSMAC, central supramolecular activation cluster.


Vascular cell adhesion molecule 1 (VCAM-1; CD106) is expressed on activated endothelium and serves as a ligand for integrins, α4β1 (very late antigen-4; VLA-4) and α4β7. The activation of VCAM-1 is induced by factors such as pro-inflammatory cytokines (e.g., tumor necrosis factor-α; TNF-α), shear stress, high glucose concentrations and reactive oxygen species (ROS) (Cook-Mills et al., 2011). Initial encounters between the post-capillary endothelium and circulating leukocytes in the vascular bed are partly mediated by the binding of α4 integrins to membrane-bound VCAM-1 expressed on endothelium (Berlin et al., 1995). Such interactions not only aid rolling adhesion, but also extend the contact duration between leukocytes and the endothelium before extravasation. Integrin αDβ2 expressed on eosinophils has been shown to be a functional alternative binder to VCAM-1 involved in the static adhesion of eosinophils during chronic inflammation (Grayson et al., 1998). During leukocyte extravasation, the opening of tight junctions involves the signaling of VCAM-1 to VE-cadherin. Integrin α4β1 on the surface of leukocytes interacts with VCAM-1 and induces Rac-1 activation and the production of ROS, which subsequently leads to the phosphorylation of VE-cadherin by activated proline-rich tyrosine kinase (Pyk2). The result is a local loss of VE-cadherin function and the opening of junctions to facilitate TEM (Cain et al., 2010; Wessel et al., 2014). In relation to lymphocytes, the interaction of VCAM-1 on follicular dendritic cells and integrin α4β1 on B cells is necessary for their localization to lymphoid germinal centers and their subsequent differentiation (Freedman et al., 1990). Integrin α9β1 constitutively expressed in neutrophils binds to VCAM-1. The direct binding of α9β1 integrin to VCAM-1 has been implicated in the mechanism underlying survival and/or delayed neutrophil apoptosis and the maintenance of their physiologic function (Ross et al., 2006).

The recruitment of lymphocytes to the gut mucosa is mediated by the interaction between integrin α4β7 with mucosal addressin cell adhesion molecule 1 (MAdCAM-1) (Hamann et al., 1994). Expression of MAdCAM-1 is not only highly upregulated on inflamed venules in chronic inflammation such as colitis (McDonald et al., 1997), but also constitutively on the sinus-lining cells of the spleen, lactating mammary glands, post-capillary venules of the intestinal lamina propria, and the high endothelial venules of Peyer’s patches and mesenteric lymph nodes (Nakache et al., 1989; Kraal et al., 1995). In addition, the interaction between α4β1 and MAdCAM-1 plays a role in an alternative response to the recruitment of inflammatory T cells to the gut during chronic intestinal inflammation (Rivera-Nieves et al., 2005).

E-cadherin is a type-1 homophilic transmembrane protein that functions as a cell adhesion molecule on epithelial cells, serving an important function in the maintenance of epithelial integrity (Vleminckx and Kemler, 1999). E-cadherin acts as a ligand for integrin αEβ7 expressed on mucosal T cells. The binding of αEβ7 integrin to E-cadherin is believed to be vital to the retention of lymphocytes in mucosal epithelial regions (Schon et al., 1999). Studies have also demonstrated the heterotypic binding of non-leukocytic integrin, α2β1 and E-cadherin (Whittard et al., 2002).

Platelet endothelial cell adhesion molecule 1 (PECAM-1; CD31) expressed on platelets, endothelial cells, monocytes and neutrophils has been shown to bind to integrin αVβ3 in order to mediate the interaction of leukocytes with endothelial cells, which might be involved in angiogenesis (Piali et al., 1995). Recombinant human activated protein C (APC) was the first Food and Drug Administration–approved drug for the treatment of hyper-coagulation and excessive inflammation in severe cases of sepsis (Marti-Carvajal et al., 2012). This drug and further studies related to it were discontinued due to the excessive bleeding it induced in sepsis patients. However, the fact that APC regulates leukocyte migration and adhesion was the first major finding suggesting that coagulation factors are involved in regulating inflammation in vascular endothelial cells.

Endothelial cell protein C receptor (EPCR) was the first identified protein C receptor expressed on vascular endothelial cells (Fukudome and Esmon, 1994). When bound to an EPCR, this protein C changes to an APC with the help of the thrombin- thrombomodulin complex. APC plays an important role in coagulation homeostasis by inactivating the pro-coagulation factors Va and VIIIa (Bretschneider et al., 2007). In addition, soluble EPCR released from vascular endothelial cells binds to neutrophils through leukocyte-specific β2 integrin, contributing to anti-inflammatory effects (Kurosawa et al., 2000; Fink et al., 2013). Therefore, EPCRs on endothelial cells may be an important link between vascular inflammation and coagulation during sepsis. In fact, blood samples from patients with sepsis show elevated levels of soluble EPCR, indicating the pathological exacerbation of sepsis (Kurosawa et al., 1998). Increases in soluble EPCR may be involved in the homeostatic suppression of excessive inflammation during sepsis. Thus, soluble EPCR should be considered an option for sepsis treatment.

Thrombomodulin (TM), which is expressed largely on the luminal area of vascular endothelium, also possesses anti-coagulant and anti-inflammatory properties (Martin et al., 2013). It thus contributes to coagulation and inflammation crosstalk on vascular endothelial cells (Okamoto et al., 2012). Figure 2B shows TM domains and structures. The EGF-like domain (D2) in TM has an anticoagulant effect, while the lectin-like domain in TM has an anti-inflammatory effect. Leukocyte β2 integrins bind to the O-glycosylation-rich extracellular domain in TM (Figure 3C; Kawamoto et al., 2016); in fact, in vivo and in vitro experiments have shown that inhibiting adhesion between vascular endothelial cells and leukocytes produces an anti-inflammatory effect (Iba et al., 2013; Kawamoto et al., 2019). Because anticoagulant factors expressed on vascular endothelial cells function as integrin ligands, it is thought that they have a potential as novel drugs for the treatment of inflammation and hyper-coagulation in patients with sepsis.

Fibronectin (FN) is an abundant ECM protein containing three kinds of repeated modules and several binding sites that facilitate concurrent interactions with diverse extracellular components including integrins (Schwarzbauer and Desimone, 2011). Through the RGD motif, FN binds to integrins including α5β1 and αV-classes to participate in many biological functions (Johansson et al., 1997; Schwarzbauer and Desimone, 2011). αV-class integrins bound to FN mediate α5β1 binding to FN at different sites and α5β1 clustering, via eliciting intracellular signaling and mechano-sensing (Bharadwaj et al., 2017). Thus, while both integrins (αV and α5β1) compete for the binding of FN, ultimately they engage in cooperative crosstalk with each other to assemble cellular focal adhesion to ECM (Bharadwaj et al., 2017). Such integrin crosstalk is also mediated by an FN synergy site adjacent to the RGD motif (Benito-Jardon et al., 2017). In addition, lymphocyte interaction with FN via αV integrins (αVβ1/αVβ3) is pivotal for interstitial migration in dense tissues such as the skin, where they are upregulated under inflammatory conditions (Overstreet et al., 2013; Fernandes et al., 2020).

Collagen, another ample ECM component, functions as a coagulation factor. Collagen plays an important structural role in the extracellular matrix of many different tissues. It is also capable of interacting with the following integrins: α1β1, α2β1, α10β1, and α11β1 (Langholz et al., 1995; Zhang et al., 2003; Hamaia et al., 2017). Furthermore, collagen can efficiently attract platelets to damaged blood vessels to prevent extravascular bleeding. When blood vessels are damaged and the collagen fibers under vascular endothelial cells are exposed, α2β1 and αIIbβ3 integrins on the surfaces of platelets become activated. The α2β1 integrin binds to the collagen fibers and strengthens the adhesion of platelets to sites of damage (Morton et al., 1995). Additionally, αIIbβ3 integrin binds to fibrinogen, which contains an RGD sequence, in order to cross-link platelets. By this manner it promotes the formation of a platelet mass and modulates hemostatic functionality (Lefkovits et al., 1995).

Irisin, named after the Greek Goddess Iris, is an adipomyokine first discovered by Bostrom et al. (2012). It is an exercise-inducible peptide with 112 amino acids and a molecular weight of 12 kDa (Bostrom et al., 2012). It is a proteolytic-cleavage product of fibronectin type III domain-containing protein 5 (FNDC5), which is a glycosylated type I membrane protein containing a fibronectin III domain (Figure 2C; Ferrer-Martinez et al., 2002; Bostrom et al., 2012). The latter is regulated by the transcriptional regulator peroxisome proliferator-activated receptor-γ (PPAR-γ) co-activator 1α (PGC-1α) in skeletal muscles. In previous biochemical and X-ray crystallographic studies, irisin has been shown to be a homodimer structurally, with a beta sheet located between the monomers (Schumacher et al., 2013). Irisin, containing two sites for N-glycosylation at the Asn-7 and Asn-52 positions, can have a molecular weight of 22 or 25 kDa, depending on the addition of either one or two sugar chains (Zhang et al., 2014; Jedrychowski et al., 2015). Unlike other secreted molecules, both the structure and function of irisin are well preserved during the evolutionary process; for instance, mouse and human irisin are 100% identical (Bostrom et al., 2012; Aydin, 2014). Irisin is primarily secreted from skeletal muscles and adipose tissues. However, studies have shown that smaller quantities of irisin are produced from other organs such as the liver, pancreas, stomach, brain, heart, and spleen (Aydin et al., 2014; Martinez Munoz et al., 2018).

Many studies have suggested that serum irisin increases with physical activity, while the relationship between muscle FNDC5 (the precursor of irisin) mRNA and exercise remains debatable. The increment in serum irisin levels is accompanied by an increase in FNDC5 mRNA levels in skeletal muscles (Bostrom et al., 2012). A pilot study reported a 35% rise in plasma irisin levels in young healthy subjects, with the greatest increase following maximal workload (Daskalopoulou et al., 2014). Similarly, serum irisin levels rose after acute strenuous exercise (cycle ergometry) in both children and young adults (Loffler et al., 2015). In contrast, longer (6 weeks) or chronic (1 year) increases in physical activity did not affect irisin levels in school children (Loffler et al., 2015).

A randomized control trial revealed that a 3-times/week 26-week training program did not change pre-to-post training serum irisin levels (Hecksteden et al., 2013). Moreover, 8 weeks of endurance training by non-diabetic obese male subjects did not affect FNDC5 mRNA level in skeletal muscle (Besse-Patin et al., 2014). A cohort study demonstrated that only high-performance aerobic training caused an increase in FNDC5 mRNA in skeletal muscle (Lecker et al., 2012). These data heightened the speculation that serum irisin levels may be affected by the type of physical activity undertaken, the duration of training sessions, sample collection time and the time of sample analysis (Hecksteden et al., 2013; Tsuchiya et al., 2014; Loffler et al., 2015; Tsuchiya et al., 2015). A mass spectrometry analysis revealed that serum irisin levels averaged 3.6 ng/ml in sedentary young healthy adults, whereas they increased to 4.3 ng/ml in individuals who partook in aerobic training (Jedrychowski et al., 2015), though it varied with age, gender, and/or body mass index (BMI) (Al-Daghri et al., 2014; Yan et al., 2014; Loffler et al., 2015; Fukushima et al., 2016).

A growing number of studies on the association of irisin with different subunits of integrin have drawn attention to the possibility that irisin may act as a new ligand for the integrin. Differential hydrogen-deuterium exchange linked to mass spectrometry (HDX/MS) data revealed that irisin has a putative integrin-binding region at amino acids 60–76 and 101–108 (Kim et al., 2018). The motif proximal to that region (amino acid 55–57) showed a close structural similarity to the RGD motif in fibronectin, an established ligand for integrin αV (Kim et al., 2018). Although irisin lacked a key amino acid sequence (RGD), except for aspartic acid (Schumacher et al., 2013), blockage of the RGD motif by commercially available RGD-containing peptides showed a significant reduction of irisin-induced signaling pathways in bone cells (Kim et al., 2018). In addition, irisin treatment promoted the invasion and induced the extravillous differentiation of trophoblast cells by switching integrin α6 to integrin α1 (Drewlo et al., 2020). Irisin treatment in rats was shown to improve endometrial receptivity by inducing integrin αVβ3 (Li et al., 2019). However, the molecular mechanisms that underlie these effects and benefits are not well understood, partly due to the lack of knowledge regarding the irisin receptor.

Bostrom et al. (2012) hypothesized that irisin binds to as yet unidentified receptors. The irisin receptors were postulated to exist in the membrane of cardiomyoblasts (Xie et al., 2015), preadipocytes (Zhang et al., 2014), gastrointestinal cancers (Aydin et al., 2016), and pancreatic cancer cell lines (Liu et al., 2018). However, these studies were unable to identify the receptor upon which irisin acts and exerts its pleiotropic effects. Kim et al. (2018) demonstrated that treating osteocytes with doses of irisin as low as 10 pM induced the phosphorylation of focal adhesion kinase (FAK), the major intracellular molecule responsible for integrin signaling. Irisin treatment also increased the phosphorylation of zyxin, another downstream molecule of the integrin-signaling pathway, confirming that irisin acts on the integrin-signaling pathway (Kim et al., 2018). In fact, irisin was revealed to bind to several integrins in adipocytes and osteocytes, with integrin αV classes, including αVβ5 and αVβ1, exhibiting the strongest binding affinity (Kim et al., 2018). Treatment with cyclo RGDyK, a specific αVβ5 antagonist, abolished all irisin-induced signaling responses (Kim et al., 2018). This is the very first finding in which the irisin receptor was identified, and the authors suggested that αV integrin family members are probably the functional irisin receptors in other tissues as well (Kim et al., 2018).

Several studies have identified both the co-receptors and the integrins engaged in irisin binding. The integrins αVβ5 and αVβ1 were found to be involved in irisin-mediated FAK signaling in CD81+ adipocyte progenitor cells (Oguri et al., 2020). In this study, CD81 was found to form complexes with αVβ5 and αVβ1 and mediate irisin-induced FAK signaling (Oguri et al., 2020). Complete knockout or antibody-based blockage of either integrin β5 or β1 abolished the effect of irisin-induced FAK phosphorylation in adipocyte progenitor cells, suggesting that irisin plays a role as a ligand for αVβ5 and αVβ1 (Oguri et al., 2020). Moreover, irisin was proven to bind to the integrin αVβ5 receptor on gut epithelial cells both in vitro and in vivo (Bi et al., 2020a). Immunofluorescence analysis showed the co-localization of irisin and αVβ5, while the co-immunoprecipitation of both molecules revealed this integrin to be a receptor for irisin (Bi et al., 2020a). Treatment with cilengitide trifluoroacetate, an integrin αVβ5 inhibitor, reversed irisin’s protective effects against intestinal ischemia reperfusion (IR) injury both in vitro and in vivo (Bi et al., 2020a). Irisin-dependent restoration of gut barrier function following IR injury was shown to occur via the integrin αVβ5-AMPK-UCP2 pathway (Bi et al., 2020a). The same group demonstrated that irisin binding of αVβ5 exerted ameliorating effects on endothelial and microvascular damage, which was dependent on integrin-triggered signaling to AMPK-Cdc/Rac1 (Bi et al., 2020b). Furthermore, irisin binding to αVβ5 was shown to directly promote osteoclast generation and bone resorption (Estell et al., 2020). Thus, it has been proven that irisin is an authentic ligand for integrin αVβ5 (and/or αVβ1) and exerts beneficial effects on various tissues, presumably by interacting with this integrin. However, the possibility that irisin acts on other membrane receptors cannot be ruled out, and further research is needed to validate these findings.



INTEGRINS IN HEALTH AND DISEASE I: INFLAMMATION

As mentioned earlier, upon being activated integrins interact with their ligands and mediate rolling, adhesion, crawling, and transendothelial migration of leukocytes in order to undergo tissue homing and inflammation. Proper regulation of integrin function is essential for controlling inflammatory responses (Herter and Zarbock, 2013). In order to home to a site of inflammation, leukocytes roll on the endothelium of blood vessels via interactions with selectins and chemokines on the endothelial surface. These interactions trigger inside-out and outside-in signaling cascades that result in the activation of integrins on the leukocytes into high-affinity conformations that facilitate the binding of integrins to their coordinate ligands (e.g., αLβ2/ICAM-1; α4β1/VCAM-1) and firm adhesion of leukocytes to the endothelial wall (Campbell et al., 1998; Herter and Zarbock, 2013). Thereafter, leukocytes move slowly along the surface of the endothelium in a process termed crawling, which ensures the location of an appropriate extravasation site for said leukocytes (Schenkel et al., 2004; Phillipson et al., 2006). Crawling is predominantly mediated by the integrin αLβ2 or αMβ2 depending on the leukocyte subtype (Sumagin et al., 2010). Subsequently, integrins αLβ2, αMβ2, and α3β1 interact with various ligands, including ICAM-1/2 and junctional adhesion molecules, to facilitate transendothelial migration and detachment of leukocytes (Williams et al., 2011; Subramanian et al., 2016). Figure 3A depicts the interaction of integrin (e.g., αLβ2) and ligand (e.g., ICAM-1) during leukocyte homing to normal or inflamed tissues.

Integrins play a significant role in adaptive immunity. As aforementioned, successful antigen presentation and T-cell activation by antigen-presenting cells at the specialized cell-cell interface known as the immunological synapse require firm adhesion of the cells (Makgoba et al., 1988), as well as co-stimulation in addition to the classical interactions between the T cell receptor (TCR) and the peptide-MHC complex (Van Seventer et al., 1990). The binding of integrin αLβ2 to ICAM-1 not only provides sustained contact between the T cells and antigen-presenting cells, but also induces the outside-in signaling cascade needed for full T-cell activation, proliferation, and differentiation (Makgoba et al., 1988; Van Seventer et al., 1990; Morgan et al., 2001). Figure 3B illustrates the immunological synapse formed by the αLβ2-ICAM-1 interaction required for full T-cell activation.

Resolution of an acute inflammatory response is pivotal to maintaining tissue homeostasis and serves to prevent the onset of an aberrant chronic inflammatory state. This is achieved largely through the removal of apoptotic cells (mainly neutrophils) by phagocytes in a process termed efferocytosis, in which integrins have been shown to be key player (Greenlee-Wacker, 2016). Additionally, the clearance of apoptotic immune cells re-programs phagocytic cells to a pro-resolving phenotype (Ortega-Gomez et al., 2013).

The expression of integrins αVβ3 and αVβ5 on myeloid cells (macrophages and dendritic cells, respectively) boosts the clearance of apoptotic cells, whereas αVβ8 induces the expansion of regulatory T (Treg) cells in a transforming growth factor β1 (TGF-β1)-dependent manner (Albert et al., 1998; Hanayama et al., 2002; Paidassi et al., 2011). This occurs in tandem with the loss of αV, thereby triggering the development of inflammatory bowel disease (IBD) and autoimmunity (Lacy-Hulbert et al., 2007; Travis et al., 2007). In a lipopolysaccharide (LPS)-induced lung inflammation model, intra-tracheal instillation of apoptotic cells was shown to elicit phagocytosis of these cells by CD11c+CD103+ DCs, which prime the expansion of Treg cells and mitigate lung inflammation (Zhang et al., 2020). Loss of integrin αV by these DCs results in impaired phagocytosis of apoptotic cells, suppression of TGF-β1 production and Treg-cell expansion, and consequently exacerbation of lung inflammation. Although αV integrin has been reported to be a major player in the onset of fibrosis in several organs (Conroy et al., 2016), it has emerged that fibroblast-specific loss of αV integrin may modulate localized inflammatory responses. In fact, it has been demonstrated that fibroblast-specific deletion of αV integrin decreases type 17-driven (but not type-2 driven) liver and lung fibroses. These fibrosis models further revealed not only a concurrent increase in type 2 inflammation markers such as interleukin-13 (IL-13), but also an accumulation of eosinophils in the lungs and livers of mice lacking αV on their fibroblasts. This suggests that blockade of αV integrin in the quest to ameliorate fibrosis may trigger pathologic type 2 inflammatory responses (Sciurba et al., 2019).

ECM stiffening and perpetual sedimentation are characteristics of fibrosis, which involves the stimulation of integrin signaling and dysregulation of matrix metalloprotease (MMP)-mediated ECM degradation (Bonnans et al., 2014). Under conditions of chronic inflammation, interstitial cytokines such as TGF-β1 and IL-13 induce fibroblasts to upregulate ECM production, resulting in fibrotic progression of the inflamed tissues (Biancheri et al., 2014; Bonnans et al., 2014). Thus, ECM remodeling and deposition are critical to building up the integrated process of fibrosis (Herrera et al., 2018).

Integrin β1 has also been shown to modulate lung inflammation, since deletion of β1 from type 2 alveolar epithelial cells (AECs) causes emphysema and a surge of macrophages in the lungs of adult mice. Furthermore, in younger mice, β1-loss results in defects in tight junctions and decreases in claudin-3 and claudin-4 in type 2 AECs. In addition to increased proliferation of type 2 AECs, a feature of lung injury, β1-deficient type 2 AECs showed an increased release of NF-κB-dependent cytokines and other inflammatory mediators, including those involved in macrophage chemotaxis both in vivo and in ex vivo cultures (Plosa et al., 2020). Blockade of integrin α4β7 has shown therapeutic benefits in IBD (Feagan et al., 2013; Sandborn et al., 2013). However, 36–54% of patients were refractory to this treatment (Peyrin-Biroulet et al., 2019). Sun et al. (2020) has reported that deficiency of integrin β7 in IL-10 null IBD mice exacerbates both spontaneous and induced colitis by inhibiting the homing of Treg cells to the gut and its associated lymphoid tissues. This suggests that although therapeutic blockade of β7 integrin limits the homing of conventional T cells to the gut, it may in turn abrogate the recruitment of Treg cells to the gut where they ameliorate inflammation.

Dysregulation of integrin αVβ3 and the integrin-associated glycoprotein CD47 have been shown to contribute to the development of osteoarthritis. Transcriptomic and proteomic analyses of osteoarthritic joint tissues from both humans and mice showed elevated levels of integrin αVβ3, as well as CD47 and multiple ligands of αVβ3 including cartilage oligomeric matrix protein, fibronectin, and vitronectin. Genetic deletion or pharmacological blockade of αVβ3 and CD47 and other downstream targets of integrin activation, such as FAK, protected mice against synovitis and cartilage degradation. For example, macrophages from integrin and CD47-deficient mice expressed lower levels of inflammatory and degradative mediators (Wang et al., 2019). Similarly, in a mouse sepsis model, deficiency in integrin β3 was shown to mitigate lung, kidney, and liver damage and enhance survival (Chen et al., 2016, 2020). In vitro treatment of β3-null, β3 neutralizing antibody or inhibitor pre-exposed peritoneal macrophages with LPS significantly reduced the secretion of TNF-α and IL-6, suggesting that integrin β3 may regulate the production of cytokines by these innate immune cells. Mechanistically, β3 was shown to upregulate CD14, a key factor that enhances toll-like receptor 4 (TLR4)-LPS interactions during the inflammatory response to sepsis. Thus, β3 may serve as a putative therapeutic target in ameliorating sepsis (Chen et al., 2020). In an ovalbumin-induced asthma murine model, administration of recombinant milk fat globule epidermal growth factor 8 (MFG-E8) suppressed both lung inflammation and airway remodeling by binding with its receptor integrin β3 (Zhi et al., 2018). It has been shown that integrin αMβ2 is essential for the adherence of neutrophils to endothelial cells as well as for transmigration (Hahm et al., 2013). In models of sterile vascular and hepatic inflammations, neutrophil myeloperoxidase was shown to downregulate the expression of integrin αMβ2 on activated neutrophils and, moreover, negatively regulate the transmigration of neutrophils as well as their interaction with inflamed endothelium (Tseng et al., 2018).



INTEGRINS IN HEALTH AND DISEASE II: CANCERS

Integrins are involved in almost every step of cancer progression, including cancer initiation and proliferation, local invasion and intravasation into the vasculature, survival of circulating tumor cells, priming of the metastatic niche, extravasation into secondary sites and metastatic colonization of new tissues (Hamidi and Ivaska, 2018). Until now, a vast literature has documented altered integrin expression in different cancer types. Indeed, the expression of α3β1, α4β1, α5β1, α6β4, αVβ3, αVβ5, αVβ6, and αVβ8 are thought to correlate with metastasis and poor patient prognosis (Nieberler et al., 2017; Hamidi and Ivaska, 2018). Although the integrin regulation between cancer cells and the microenvironment is quite complicated, some key contributions to cancer progression, in particular to metastasis, have been established. Here, we will discuss selected known and emerging roles of integrins, and their relevance, to events critical for cancer progression and metastasis.

Epithelial-mesenchymal transition (EMT) is the first step of cancer invasion and metastasis. EMT involves the loss of epithelial characteristics via the down-regulation of proteins such as E-cadherin and a shift toward a fibroblast-like phenotype via the expression of mesenchymal proteins such as α-smooth muscle protein (α-SMA), MMPs, and enhanced motility (Brabletz et al., 2018). In this context, integrins play an important role in the induction of EMT and in mediating some of its effects. One of the major EMT inducers is TGF-β, which is a cytokine capable of exerting immunosuppressive, anti-inflammatory, and pro-fibrotic activities. TGF-β is produced and secreted to the extracellular space as an inactivate precursor in which mature TGF-β is caged in latency-associated protein (LAP), thereby confining its bioactivities (Travis and Sheppard, 2014). LAP contains an integrin-binding RGD motif, which allows αV integrins to bind and impose a mechanical force to open the LAP cage (Travis and Sheppard, 2014). Upon binding to the receptor, mature TGF-β induces the downregulation of epithelial proteins, such as E-cadherin, and the upregulation of mesenchymal proteins such as N-cadherin. In addition, integrin α3β1 expression is required for TGF-β-stimulated small mothers against decapentaplegic (SMAD) signaling, which leads to EMT (Kim et al., 2009; Alday-Parejo et al., 2019). On the other hand, epithelial cell stimulation with TGF-β leads to a down-regulation of β4 integrin, which is a typical epithelial integrin essential for epithelial integrity and stability, thus facilitating migration (Yang et al., 2009; Alday-Parejo et al., 2019). Cancer-cell invasion occurs preferentially along pre-existing ECM tracks followed by tissue remodeling.

Collagen crosslinks and ECM solidification strengthen β1-integrin clustering and signaling and focal adhesions, which comprise the dynamic and integrated processes that are prerequisite for breast cancer cell invasion (Levental et al., 2009). In addition, laminin chains increased by tumor-associated fibroblasts provide the altered ECM deposition favorable for α6β4-mediated migration of cervical cancer cells (Fullar et al., 2015). This study demonstrates the roles played by interstitial ECM remodeling and the cross-talk that occurs between tumor and stromal cells in invasive cancers. Therefore, ECM remodeling and degradation, in concert with integrin function, are critical for invasion. MMPs are the proteolytic enzyme of collagen, fibronectin, and laminin—the main components of ECM. In a cervical cancer-cell line, integrin α5β1-fibronectin interaction was found to induce the expression and activation of pro-MMP9 and moderate changes to pro-MMP2 activity involving the FAK, integrin-linked protein kinase, ERK, phosphoinositide 3-kinase (PI3K), and NF-κB signaling cascades (Ganguly et al., 2013). Interaction of integrin α5β1 with laminin also induced MMP-9 expression and activated the signaling cascade (Ganguly et al., 2013). This ligand-integrin interaction was also found to accelerate cell migration. In addition, not only integrin α5β1 but also integrin αVβ3 has been linked to MMP activity. For instance, integrin αVβ3 expression is a major determinant of breast cancer cell bone metastasis (Takayama et al., 2005; Ganguly et al., 2013). Moreover, integrin αVβ3 is found as a modulator of MMP-2 activation and lymph-node metastasis (Hosotani et al., 2002; Ganguly et al., 2013).

Angiogenesis is another important factor in cancer progression and metastasis. In general, tumors lacking blood circulation grow to 1–2 mm3 in diameter and then stop; however, when placed in an area where angiogenesis has arisen they can grow > 2 mm3 (Folkman, 1986). In the absence of vascular support, tumors may become necrotic or even apoptotic due to insufficient supplies of oxygen and nutrition. Furthermore, angiogenesis not only provides nutrients for the tumor to grow, but also supports an escape route for tumor cells to enter the circulation. The mechanism underlying angiogenesis is mostly modulated by chemical stimuli such as vascular endothelial growth factor (VEGF), fibroblast growth factor (FGF), angiopoietins, epidermal growth factor (EGF), etc., all of which are plentiful at tumor sites (Teleanu et al., 2019). In particular, VEGF and FGF and their receptors are the most potent activators of angiogenesis. In this context, three endothelial integrins play crucial roles: αVβ3, αVβ5, and α5β1. VEGF-mediated angiogenesis occurs via αVβ5, while FGF-mediated angiogenesis occurs via αVβ3 and α5β1 (Foubert and Varner, 2012; Bianconi et al., 2016). In preclinical studies, the inhibition of angiogenesis with αVβ3 antagonists suppressed tumor progression, raising high expectations that an αVβ3 blockade may represent a valuable anti-cancer strategy (Liu et al., 2008). However, while integrin αVβ3-deficient mice show normal developmental angiogenesis, there is an increase in pathological angiogenesis. One hypothesis to explain this disparity is that animals lacking integrin αV develop compensatory pathways for VEGF signaling to permit the onset of angiogenesis during embryogenesis (Foubert and Varner, 2012). In clinical settings, administration of αVβ3 inhibitor “cilengitide” was unable to exert a potent therapeutic effect due to the induction of enhanced angiogenesis in the tumor environment (Bianconi et al., 2016; Wick et al., 2016). These reports demonstrate the functional complexity of integrins in regulating angiogenesis.

In addition to EMT and angiogenesis, a specialized microenvironment called the metastatic niche is important for disseminated cancer cells to adapt and survive in new tissues. Metastatic niches can be induced by primary tumors even before disseminated cancer cells reach the peripheral tissues to promote their survival and outgrowth. This implies some cross-talk between the primary tumor and peripheral tissues. In regards to the aforementioned mechanism, exosomes released by cancer cells play a vital role in cancer metastasis, contributing to the formation of metastatic niches, influencing cancer cells and the microenvironment, and determining specific organotropic metastasis (Hoshino et al., 2015). Breast cancer exosomes expressing high levels of αVβ5 were shown to disseminate to liver tissue containing a fibronectin-enriched ECM, whereas those expressing high levels of α6β4 disseminated to lung tissues containing laminin-enriched ECM (Hoshino et al., 2015; Shimaoka et al., 2019; Myint et al., 2020). The proposed mechanism underlying pre-metastatic niche formation involves the activation of the pro-inflammatory S100 genes found in lung and liver tissues (Hoshino et al., 2015). While exosomal transfer of the intact integrin-signaling complex has yet to be demonstrated, exosomally transferred integrin proteins could trigger the signals that lead to S100 activation by using Src Kinases derived from either exosomes or target cells (Hoshino et al., 2015). In this way, cancer-associated exosomes establish the organotropic pre-metastatic niche. These findings suggest that the interruption of integrin functions and ligand-dependent signaling could be a promising approach for developing therapeutics to combat various cancers.



IRISIN BIOGENESIS AND BIOLOGICAL ASPECTS

A collective number of molecules seems to co-operate in the synthesis and secretion of irisin, a cleaved fragment of FNDC5 protein, via the AMPK-PGC-1α-FNDC5 axis (Bostrom et al., 2012; Shan et al., 2013; Gamas et al., 2015). Skeletal muscle contractions due to exercise increase levels of cytoplasmic calcium, which in turn activates AMP-activated protein kinase (AMPK). Moreover, the rise in the AMP/ATP ratio also phosphorylates AMPK (Mu et al., 2001; Jessen and Goodyear, 2005), which subsequently upregulates PGC-1α. The latter is known to interact with and coactivate several transcription factors and nuclear receptors, among which FNDC5 is one of the downstream molecules (Lira et al., 2010; Bostrom et al., 2012; Gholamnezhad et al., 2020). Consequently, FNDC5 expression is upregulated (Bostrom et al., 2012). Moreover, muscle contractions initiate the cleavage of FNDC5 with the help of an unknown protease (Figure 4). Although the cleavage and release of irisin is believed to occur in a manner similar to those of transmembrane polypeptides, such as EGF and TGF-α (Bostrom et al., 2012), the molecular mechanism underlying proteolytic cleavage and the enzyme(s) involved remains unknown. After proteolytic cleavage, the C-terminal tail of FNDC5 is anchored in the cytoplasm, whereas the extracellular N-terminal part is released into the circulation as irisin (Ferrer-Martinez et al., 2002; Teufel et al., 2002; Bostrom et al., 2012; Wrann et al., 2013).
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FIGURE 4. Biological interactions mediated by integrins with irisin. Exercise-induced production and release of irisin from the myocytes of skeletal muscle through activation of the AMPK-PGC1α-FNDC5 axis alters biological pathways via interaction with integrin (Bostrom et al., 2012; Shan et al., 2013; Gamas et al., 2015). Under physiologic conditions, irisin migrated to the bone via blood circulation preferentially, compared to FN, interacts with integrin αVβ5 acting on osteocytes to induce sclerostin expression and bone resorption. Moreover, irisin binding to Vβ5 on adipocytes is believed to facilitate adipocyte browning through the activation of p38 or ERK followed by increases in UCP1 (Zhang et al., 2014; Kim et al., 2018). Under oncogenic conditions, irisin binding to cancer cells is thought to have different impacts, although irisin receptors specific to cancer cells exist remains an open question. Specifically, irisin plays a role in inhibiting the growth or invasiveness of lung- and pancreatic-cancer cells (Shao et al., 2017; Liu et al., 2018), whereas it stimulates liver-cancer cells to promote tumor progression (Shi et al., 2017). In addition, the levels of irisin in blood (serum or plasma) of cancer patients appear to vary depending on which organ is primarily cancerous. For example, increased levels of irisin were found in liver- and renal-cancer patients (Gaggini et al., 2017; Altay et al., 2018), while decreased levels were detected in colorectal-cancer patients (Zhu et al., 2018). This suggests irisin levels may serve as a diagnostic marker for different cancers. AMPK, adenosine monophosphate (AMP)-activated protein kinase; PGC1α, peroxisome proliferator-activated receptor coactivator 1α; FNDC5, fibronectin type III domain-containing protein 5; FN, fibronectin; ERK, extracellular signal-regulated kinase; and UCP1, uncoupling protein 1.


Irisin has been shown to exert its pleiotropic effects on different tissues and signaling pathways. Many studies have linked irisin’s diverse effects with the AMPK pathway. In fact, via this pathway irisin has been shown to decrease inflammation and insulin resistance (Xiong et al., 2018), induce the browning of fat (Shan et al., 2013), lower blood pressure (Fu et al., 2016), promote differentiation and improve trophoblast functions in human placenta (Drewlo et al., 2020). Irisin treatment increased the expression of sclerostin in osteocytes to induce bone resorption (Kim et al., 2018). Irisin induces the browning of fat via the upregulation of UCP1 mRNA in subcutaneous adipose tissue (Kim et al., 2018). In addition, it reduces obesity and improves glucose tolerance in mice fed a high-fat diet (HFD) (Bostrom et al., 2012). Irisin’s browning effect is exerted via p38 and ERK signaling (Zhang et al., 2014; Figure 4). Treatment with recombinant irisin significantly increases phosphorylated p38 and phosphorylated ERK in both primary rat and 3T3-L1 adipocytes, while cotreatment with an inhibitor of either p38 or ERK or both abolishes the irisin-induced upregulation of UCP1 expression (Zhang et al., 2014). Irisin has been shown to promote Nkx2.5-positive cardiac progenitor cell-induced cardiac regeneration, neovascularization and functional improvements in the ischemic heart (Zhao et al., 2019). Moreover, administration of irisin promotes the proliferation of human umbilical vein endothelial cells and cord formation via the ERK pathway (Wu et al., 2015), suggesting that irisin plays a role in guarding against cardiovascular diseases.

In the context of the brain, FNDC5/irisin is expressed in the hippocampus, cortex and cerebrospinal fluid of wild-type C57BL/6 mice (Lourenco et al., 2019). An Alzheimer’s disease (AD) model of mice revealed a lower level of irisin in the brain, while conditional knockout of brain irisin resulted in impaired long-term potentiation and novel object recognition memory in mice. Boosting of brain irisin by intracerebroventricular infusion rescues memory impairment and provides protection against synaptic plasticity in AD mice (Lourenco et al., 2019). Another group showed that irisin binds with amyloid precursor protein at the N-terminal and that overexpression of FNDC5 in cells significantly decreased the secretion of amyloid-β protein into the media in vitro (Noda et al., 2018). In addition, pharmacological, but not physiological, concentrations of irisin (50–100 nM) increase the proliferation of a mouse hippocampal cell line, H19-7 HN, without influencing markers of neurite outgrowth or synaptogenesis in vitro. The proliferation of H19-7 HN cells occurs through the activation of the signal transducer and activator of transcription 3 (STAT3), but not the AMPK and/or ERK, signaling pathway (Moon et al., 2013).



ROLES OF IRISIN IN INFLAMMATION, CANCER, AND METABOLIC DISEASE

Irisin has been shown to exhibit anti-inflammatory properties in adipocytes and in immune cells. A cohort study showed that irisin levels were negatively associated with TNF-α levels in adipocytes (Moreno-Navarrete et al., 2013). Irisin has been shown to stimulate the proliferation and phagocytic activity of macrophages, while decreasing ROS overproduction in macrophages. Irisin treatment inhibited LPS-induced M1 macrophage polarization and inflammatory cytokine production both in RAW264.7 cells and in peritoneal macrophages (Xiong et al., 2018). Overexpression of FNDC revealed the attenuation of inflammatory cytokines in HFD-induced obese mice (Xiong et al., 2018). Another study also illustrated how pre-treatment with irisin lowered LPS-induced cytokine production in RAW264.7 cells via the downregulation of TLR4 and myeloid differentiation primary response protein (MyD88) levels, which consequently lowered the phosphorylation and/or activation of molecules involved in downstream signaling pathways (Mazur-Bialy et al., 2017). These data suggest that irisin plays an important role in both physiological and pathological conditions.

Concerning cancers, many studies have suggested that exogenous irisin exerts anti-tumor and anti-metastatic effects (Kong et al., 2017; Shao et al., 2017; Liu et al., 2018), while others have reported its stimulatory effects on tumorigenesis (Shi et al., 2017). Irisin has been shown to suppress the progression and invasion of glioblastoma by inducing p21 and tissue factor pathway inhibitor-2 (Huang et al., 2020). In breast cancer subjects, serum irisin levels were significantly lower compared with healthy volunteers (Provatopoulou et al., 2015). The authors estimated that a 1 unit increase in irisin levels could reduce the probability of breast cancer by almost 90% (Provatopoulou et al., 2015). Moreover, serum irisin was shown to play a protective role against spinal metastasis in breast cancer patients after adjusting for age and BMI (Zhang et al., 2018). Those breast cancer patients without spinal metastasis had significantly higher serum irisin levels compared to those with spinal metastasis (Zhang et al., 2018). However the levels of irisin in the blood (serum or plasma) of cancer patients appear to vary depending on which organ is primarily cancerous. For example, increased levels of irisin were found in liver- and renal-cancer patients (Gaggini et al., 2017; Altay et al., 2018), while decreased levels were detected in colorectal- and breast-cancer patients (Provatopoulou et al., 2015; Zhang et al., 2018; Zhu et al., 2018; Figure 4). This suggests irisin levels may serve as a diagnostic marker for different cancers.

It is well-known that the PI3K/AKT pathway is elevated in many cancers and is responsible for cancer cell growth, proliferation and survival (Vivanco and Sawyers, 2002). Irisin was found to inhibit the proliferation, migration and invasion of lung cancer cells by reversing the EMT via PI3K/AKT pathway activation (Shao et al., 2017). In line with that, the anti-metastatic effects of irisin was demonstrated on osteosarcoma cells. Irisin treatment reversed IL-6 induced EMT in U2OS and MG-63 osteosarcoma cells, and inhibited the migration and invasion of cancer cells through the STAT3/Snail-signaling pathway (Kong et al., 2017). Non-modified irisin decreased cancer cell counts, viability and migration through upregulated caspase-3/7 activity and NF-KB suppression in malignant breast cancer cell lines (Gannon et al., 2015). In this study, irisin was shown to enhance doxorubicin activity in malignant breast cancer cells, but not in non-malignant breast cancer cells (Gannon et al., 2015). In addition, irisin has been shown to suppress pancreatic cancer cell growth and proliferation (Liu et al., 2018), and to enhance doxorubicin-induced pancreatic cancer cell apoptosis through the upregulation of caspase-3 expression and the reduction of anti-apoptotic B-cell lymphoma 2 (Bcl-2) and Bcl-xL expression (Liu et al., 2019). Irisin potentiated the effects of chemo-therapeutic agents in pancreatic cancer cells via suppression of the PI3K/AKT/NF-KB signaling pathway (Liu et al., 2019; Figure 4).

In contrast, use of irisin in obesity-related cancer lines such as colon, esophageal, endometrial and thyroid cancer cells showed no effects in term of cell proliferation or invasion (Moon and Mantzoros, 2014). Irisin stimulated the proliferation and invasion of human hepatocellular carcinoma cells (Shi et al., 2017). There was an increase in irisin level in cancerous liver tissues obtained from hepatocellular carcinoma (HCC) patients, although there was no difference in serum irisin level between HCC patients and healthy volunteers (Shi et al., 2017). Moreover, irisin was found to not only increase proliferation and invasion of HepG2 cells, but also to decrease doxorubicin-induced HepG2 cell apoptosis, effects that occurred via the PI3K/AKT pathway (Shi et al., 2017; Figure 4). Although both the anti- and pro-tumor effects of irisin seem to involve the PI3K/AKT pathway, the underlying mechanism that might explain these discrepancies remains unknown (Moon and Mantzoros, 2014; Gannon et al., 2015; Shao et al., 2017; Shi et al., 2017; Liu et al., 2019). Further studies are required to validate the differential effects of irisin on different cancers.

Since the discovery that irisin might exert potentially beneficial effects on metabolic diseases (Bostrom et al., 2012), many researchers have tried to determine the nature of the association between serum irisin levels and these diseases. Obese subjects had significantly higher serum irisin levels compared to non-obese subjects (Sahin-Efe et al., 2018). Elevated levels of irisin in these subjects may be due to irisin resistance developed during the course of obesity (Sahin-Efe et al., 2018). Another study confirmed that obese subjects had significantly increased serum irisin levels compared to normal weight subjects (Pardo et al., 2014). In addition, a 1 kg increment in fat mass could result in a twofold increase in serum irisin levels (Pardo et al., 2014).

Serum irisin levels were positively associated with age, BMI and other metabolic parameters, whereas type 2 diabetic (T2DM) subjects showed significantly decreased serum irisin level irrespective of age or gender (Liu et al., 2013). Similarly, serum irisin levels were significantly decreased in T2DM and negatively associated with newly diagnosed T2DM (Choi et al., 2013). Interestingly, in both in vivo and in vitro experiments, disassociations resulted depending on the experimental setting (Kurdiova et al., 2014). Serum irisin levels were significantly lower in T2DM, while muscle FNDC5 mRNA expression showed no difference between healthy and diabetic subjects. Meanwhile, FNDC5 mRNA and irisin secretion in the culture supernatant of myotubes from T2DM subjects were significantly higher compared to healthy controls (Kurdiova et al., 2014). The authors assumed that endogenous signals regarding T2DM may play a role in regulating irisin secretion in vivo (Kurdiova et al., 2014). In a cross-sectional study including 1115 obese adults, serum irisin was significantly reduced in subjects with metabolic syndrome. Linear regression analysis data revealed that serum irisin levels were negatively associated with fasting insulin, hemoglobin A1c, and albumin/globulin ratios (Yan et al., 2014). Similarly, a study in rats showed that serum irisin was significantly lower in HFD- and streptozotocin-induced diabetic rats compared to healthy rats (Abdelhamid Fathy, 2017). Diabetic rats that underwent chronic exercise training, in this case swimming, exhibited not only increased serum irisin levels and improved blood glucose levels, but also a homeostatic model assessment of insulin resistance compared with sedentary diabetic rats (Abdelhamid Fathy, 2017).

A nested case-controlled study revealed that serum irisin levels were significantly lower in those elderly subjects with obesity, diabetes mellitus and/or hypertension (Guo et al., 2020). Serum irisin showed negative associations with BMI, blood pressure, fasting blood glucose, cholesterol, and triglyceride (Guo et al., 2020). The authors also found that higher levels of serum irisin were associated with reduced risks of hypertension, T2DM, overweight, and obesity (Guo et al., 2020). Animal studies revealed the differential regulatory effects of central and peripheral irisin on blood pressure (Zhang et al., 2015). Intraventricular injection of exogenous irisin increased blood pressure and cardiac contractility via the activation of neurons in the paraventricular nuclei of the hypothalamus, while intravenous injection lowered blood pressure through ATP-sensitive potassium channels in both normal and spontaneous hypertensive rats (Zhang et al., 2015). In congruence with these findings, intravenous injection of irisin lowered the blood pressure of spontaneously hypertensive rats (Fu et al., 2016). Irisin treatment increased nitric oxide production and phosphorylation of endothelial nitric oxide synthase (eNOS) in endothelial cells (Fu et al., 2016). The blood pressure-lowering effect of irisin was found to occur via the AMPK-AKT-eNOS-NO pathway (Fu et al., 2016). These data indicate that irisin plays a protective role in metabolic diseases.

In line with irisin’s role in controlling metabolic diseases, Wagner and colleagues have previously reported the occurrence of obesity phenotypes in mice genetically disrupted for ICAM-1 or αMβ2 (Dong et al., 1997). These findings indicate that some leukocyte integrins and ligands, or their adhesions, are involved in regulating metabolic diseases such as obesity. Thus, one cannot rule out the possibility that there is a functional connection to irisin and the other ligands that may contribute to the regulation of physiological imbalances.



CONCLUSION

Integrins on leukocytes and platelets have been validated in controlled clinical trials as therapeutic targets for inflammatory/autoimmune diseases and thrombotic diseases, respectively. In contrast, it has yet to be clinically established whether integrins on tumors and tumor vasculature could serve as therapeutic targets for cancer treatments. A better understanding of how integrins interact with, and signal through, novel ligands present on cancer and cancer stromal cells would help fill the critical knowledge gap currently hampering the development of clinically effective integrin-targeted cancer therapies.
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Palmitoylation is a post-translational modification (PTM) based on thioester-linkage between palmitic acid and the cysteine residue of a protein. This covalent attachment of palmitate is reversibly and dynamically regulated by two opposing sets of enzymes: palmitoyl acyltransferases containing a zinc finger aspartate-histidine-histidine-cysteine motif (PAT-DHHCs) and thioesterases. The reversible nature of palmitoylation enables fine-tuned regulation of protein conformation, stability, and ability to interact with other proteins. More importantly, the proper function of many surface receptors and signaling proteins requires palmitoylation-meditated partitioning into lipid rafts. A growing number of leukocyte proteins have been reported to undergo palmitoylation, including cytokine/chemokine receptors, adhesion molecules, pattern recognition receptors, scavenger receptors, T cell co-receptors, transmembrane adaptor proteins, and signaling effectors including the Src family of protein kinases. This review provides the latest findings of palmitoylated proteins in leukocytes and focuses on the functional impact of palmitoylation in leukocyte function related to adhesion, transmigration, chemotaxis, phagocytosis, pathogen recognition, signaling activation, cytotoxicity, and cytokine production.
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INTRODUCTION

Leukocytes are critical components of innate and adaptive immunity by eradicating microbes and potentially harmful cells or substances. In addition to combating infection, leukocytes are also involved in the pathogenesis of many diseases, including cancer, neurological disorders, and cardiovascular diseases. In order to ensure effective leukocyte function without causing unwanted damages to normal tissues, the cascades of leukocyte responses are precisely controlled by many leukocyte proteins such as adhesion molecules, surface receptors, co-receptors, signaling effectors, adaptor proteins, cytokines, and chemokines (Yadav et al., 2003). Aberrant function of any of these proteins may lead to abnormal immune responses. Leukocyte proteins undergo a variety of post-translational modifications (PTMs) to ensure fine-tuned regulation and functional diversity. These modifications include acylation, phosphorylation, ubiquitination, glycosylation, nitrosylation, methylation, and proteolysis (Liu et al., 2016). Among these PTMs, protein palmitoylation is a prominent type of acylation that has gained increasing recognition for its roles in regulating leukocyte signaling and behaviors.

Palmitoylation belongs to a subtype of fatty acid modification called S-acylation, involving covalent attachment of 16-carbon palmitic acid to one or more cysteine residues of a protein through a thioester linkage (R-S-CO-R’). In 1979, palmitoylation was first identified by Schmidt and Schlesinger (1979). The source of palmitic acid is the cytosolic pool of palmitoyl-CoA (Resh, 2006a). The addition of palmitic acid is an enzyme-catalyzed reaction (Blaskovic et al., 2013). Palmitoylation differs from other types of lipid modifications (e.g., myristoylation and prenylation) in that palmitoylation is reversible and dynamically regulated. The attached palmitate is readily removed when the thioester linkage is cleaved. Cycles of palmitoylation and de-palmitoylation are precisely regulated in a fashion similar to phosphorylation and ubiquitination. The reversibility of palmitoylation allows for the dynamic regulation and fine-tuning of protein function and activities in leukocytes.

Although protein palmitoylation was discovered about 40 years ago, the field has substantially progressed only in recent years after the breakthrough of non-radioactive detection of palmitoylated proteins. Palmitoylation has since been extensively studied in cancer and neurological disorders (Kang et al., 2008; Ko and Dixon, 2018); however, research on palmitoylation regulation in leukocyte function is in its infancy, with many molecular mechanisms remaining largely unexplored. Recently, methodological advances have made it possible to perform sensitive and reliable large-scale palmitoyl proteome profiling in different subtypes of leukocytes, including monocyte/macrophages, dendritic cells, T cells and B cells, as well as in cells directly interacting with leukocytes, such as endothelial cells (ECs; Martin and Cravatt, 2009; Merrick et al., 2011; Ivaldi et al., 2012; Marin et al., 2012; Chesarino et al., 2014). These palmitoyl proteomic approaches have identified an array of palmitoylated proteins, including but not limited to cytokine/chemokine receptors CCR5, TNFR, and INFAR; adhesion molecules PECAM-1 and JAM-C; pattern recognition TLR/MYD88 complex; scavenger receptor CD36; T cell co-receptors CD4 and CD8; Src family kinases Lck and Fyn; transmembrane adaptor proteins linker of activated T cells (LAT) and PAG; signaling effectors Gα, Ras, and phospholipase C; and Ca2+ regulator IP3R. This growing list of palmitoylated proteins highlights the functional significance of palmitoylation in leukocytes. In this review, we discuss the latest advances in palmitoylation-mediated regulation of protein function and its impact on leukocyte signaling and behaviors.



PALMITOYLATION IN PROTEIN FUNCTION AND SIGNAL TRANSDUCTION

The regulatory mechanisms of palmitoylation in protein function and signal transduction are summarized in Figure 1.
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FIGURE 1. Protein palmitoylation dynamically regulates protein function and signal transduction. The reversible attachment of palmitic acid affects protein function in many ways: (a) palmitoylation alters the conformation or structure of a protein (e.g., the fourth intracellular loop of GPCRs that is formed by inserting palmitate into the plasma membrane); (b) palmitoylation mediates protein intracellular trafficking and ensures stable membrane localization of proteins; (c) palmitoylation stabilizes proteins by preventing misfolding and ubiquitination-mediated degradation; (d) palmitoylation facilitates protein-protein interaction directly and indirectly. In addition, the palmitoylation and de-palmitoylation cycle has critical impact on signal transduction (upper right region circled by red dash line): (e) many signaling proteins require palmitoylation for their translocation into lipid rafts. (f) De-palmitoylation mediates receptor desensitization following activation by promoting the phosphorylation of receptors or the translocation of membrane signaling proteins to cytoplasm. Images of proteins and organelles were obtained from Smart Servier Medical Art (https://smart.servier.com).



Subcellular Effects

Covalent attachment of palmitic acid to proteins results in increased protein hydrophobicity and, therefore, affects protein function mainly through four mechanisms: altering conformation/structure, directing intracellular trafficking or compartmentalization, regulating stability/half-life, and influencing protein-protein interactions. Firstly, palmitoylation plays a critical role in regulating protein conformation. Many G-protein coupled receptors (GPCRs) in leukocytes require palmitoylation for their proper conformation. The insertion of the attached palmitate into plasma membrane creates the fourth loop of GPCRs between the cytoplasmic end of the seventh α-helix and palmitate insertion, which is essential for the propagation of GPCR signals (Chini and Parenti, 2009). Secondly, palmitoylation regulates protein trafficking and localization, as typically seen with small GTPase Ras, one of the most studied palmitoylated substrates. The palmitoylation and de-palmitoylation cycle dynamically regulates Ras shuttling between Golgi and plasma membrane (Hornemann, 2015). Likewise, many transmembrane or membrane-associated proteins rely on palmitoylation for their stable membrane anchor (Greaves and Chamberlain, 2007). Thirdly, emerging evidence has shown that palmitoylation can stabilize proteins and increase their half-life. Mutation of the palmitoylation site greatly shortens the life span of many proteins, as such proteins undergo misfolding during protein synthesis or become more susceptible to ubiquitination-mediated degradation (Resh, 2006a). Finally, palmitoylation modulates protein-protein interactions both directly and indirectly. The long hydrocarbon chain of the attached palmitic acid can interact directly with that of another protein. Palmitoylation also promotes the clustering of proteins in specialized membrane microdomains, which selectively brings specific proteins into proximity and facilitates their interactions indirectly (Blaskovic et al., 2013).



Impact in Signal Transduction

A growing list of receptors and signaling proteins in leukocytes have been recognized as palmitoylation substrates (Resh, 2006a). Their function can be modulated by palmitoylation in similar manners as stated above. Additionally, palmitoylation facilitates the sequestering of receptors, signaling proteins, and adaptor proteins into lipid rafts for effective signal transduction (Bijlmakers and Marsh, 2003). Lipid rafts are liquid-ordered microdomains in the external leaflet of plasma membrane enriched with cholesterol and glycosphingolipids; they are highly dynamic and serve as a platform for many signal transduction processes in leukocytes (Alonso and Millan, 2001). For example, the signaling proteins for T-cell activation, including the T cell receptor, its co-receptors (CD4 and CD8), Src-family kinases (Lyn and Fyn), and adaptor proteins are all clustered in lipid rafts of T cells (Kabouridis, 2006). As a saturated fatty acid, palmitate prefers to insert into liquid-ordered raft domains rather than the bulk plasma membrane (Resh, 2013). Palmitoylation-dependent segregation of proteins in lipid rafts is essential for the amplification of signal propagation in activated cells while preventing the signal activation in resting cells. Another unique function of palmitoylation in regulating signal transduction is mediating receptor desensitization and internalization (Resh, 2006a). Upon activation, many receptors become desensitized as a result of phosphorylation mediated by GPCR kinases (GRKs), the function of which is greatly enhanced by palmitoylation (Stoffel et al., 1998). Meanwhile, de-palmitoylation of receptors has been proved to increase the accessibility of their phosphorylation sites to kinases (Moffett et al., 1993; Qanbar and Bouvier, 2003). Thus, palmitoylation and de-palmitoylation precisely control signaling events in a spatial-temporal context, regulating many aspects of leukocyte function.

As the fundamental signaling events in many leukocytes, GPCR signal transduction is subjected to palmitoylation-dependent regulation at many levels. In addition to GPCRs themselves being affected by palmitoylation in the aforementioned manner, various GPCR downstream effectors are also substrates of palmitoylation. Upon GPCR activation, Gα subunit dissociates from Gβγ subunit, and their fragments subsequently activate three major signal transduction cascades: (1) Adenylate cyclase cascade, which catalyzes the conversion of ATP to cAMP and then activates PKA and its downstream effectors; (2) Phospholipase c (PLC) cascade, which promotes the conversion of phosphatidylinositol 4,5-bisphosphate [PI(4,5)P2] to diacylglycerol (DAG) and inositol 1,4,5-trisphospate (IP3). IP3 then binds to IP3 receptor (IP3R) localized on ER and induces the release of Ca2+ into cytoplasm. DAG and increased Ca2+ are both capable of activating PKC; (3) Phosphatidylinositol 3 kinase (PI3K) cascade, which hydrolyzes PI(4,5)P2 to produce phosphatidylinositol 3,4,5-triphosphate (PIP3), an effective activator of AKT (also known as PKB; Hilger et al., 2018; Lammermann and Kastenmuller, 2019; Wang X. et al., 2019). Many effector proteins of the GPCR signaling cascades, for example, Gα, PLC and IP3R, require palmitoylation for their proper localization and function. Gαq is palmitoylated at Cys9 and 10, while Gαs is palmitoylated at Cys3 (Wedegaertner et al., 1993). Gαq and Gαs with mutation at these cysteine sites exist in their soluble form in cytoplasm rather than their primary location in lipid rafts. Palmitoylation-defective Gαq and Gαs are incapable of coupling with GPCRs and fail to induce the activation of PLC or adenylate cyclase, respectively (Wedegaertner et al., 1993). A separate study shows that the palmitate turnover rate of Gα increases upon Gα activation and dissociation from Gβγ; de-palmitoylation mediates the internalization of Gα to cytoplasm, where it is repalmitoylated (Ross, 1995). This activation-dependent de-palmitoylation of Gα is essential to the desensitization process following GPCR activation (Vogler et al., 2008).

Ras, which belongs to the small GTPases, also functions as a signaling effector. Ras is one of the earliest identified palmitoylation substrates (Magee et al., 1987). All three Ras isoforms (H-, N-, and K-Ras) undergo farnesylation at the C-terminal CAAX motif, allowing Ras to loosely insert into endomembrane structures. N-Ras and H-Ras, but not K-Ras, are further modified by attaching palmitates at one or two cysteines (Cys181 in N−Ras, Cys181 and 184 in H−Ras) adjacent to CAAX motif in Golgi (Hancock et al., 1990; Swarthout et al., 2005; Baumgart et al., 2010). The attached palmitate promotes the translocation of Ras to plasma membrane and facilities the stable membrane anchor of Ras. Reports show that palmitoylation-defective H-Ras is trapped in Golgi and unable to traffic to plasma membrane. Palmitoylation also influences the GTP-binding ability of Ras. Functional assay revealed that only palmitoylated N-Ras turns into the GTP-bound activated form in response to agonists (Song et al., 2013). The palmitate turnover rate of GTP-bound activated Ras is 25-fold higher than that of GDP-bound deactivated Ras (Baker et al., 2003). After de-palmitoylation, Ras traffics to Golgi, where it is palmitoylated again and redirected to plasma membrane for the next cycle.




PALMITOYLATION ENZYMES

The turnover of protein palmitoylation is generally much faster than the turnover of the particular protein being palmitoylated, indicating that the attachment of palmitate is dynamically regulated (Won et al., 2018). Protein palmitoylation is controlled by two opposing types of enzymes. Palmitoyl acyltransferases (PATs) catalyze the addition of palmitic acid, while the removal of palmitic acid is mediated by thioesterases, including palmitoyl protein thioesterases (PPTs), acyl-protein thioesterases (APTs) and α/β hydrolase domain-containing 17 proteins (ABHD17s; Won et al., 2018). Under the tight control of these enzymes, the palmitoylation and de-palmitoylation cycle normally occurs multiple times throughout the lifetime of a palmitoylated protein.


Palmitoyl Acyltransferases

Palmitoyl acyltransferases contain a highly conserved Asp-His-His-Cys (DHHC) tetrapeptide motif in its cysteine-rich domain; thus these enzymes are also known as DHHCs or PAT-DHHCs (Tabaczar et al., 2017). DHHCs were first identified by Deschenes and Davis labs in 2002 (Lobo et al., 2002; Roth et al., 2002). So far, 23 DHHCs have been identified in humans (Rana et al., 2019). DHHCs are transmembrane proteins that span the membrane four to six times and locate on the cytosolic face of the membrane (Blaskovic et al., 2013). The conserved cysteine-rich domain serves as the catalytic center for the enzyme, directly involved in the palmitoyl transfer reaction (Tabaczar et al., 2017; Rana et al., 2019). The majority of DHHCs are localized in endoplasmic reticulum (ER; DHHC1, 6, 14, 19, 23, 24) or Golgi apparatus (DHHC 3, 4, 7, 8, 15, 17, 18) or both (e.g., DHHC 2, 9, 12, 13, 22), while several others (e.g., DHHC 5, 20, 21) can be found on plasma membrane (Korycka et al., 2012; Hornemann, 2015; Ko and Dixon, 2018). DHHCs catalyze palmitoylation in a two-step manner: (1) auto-palmitoylation reaction where the cysteine residue in DHHC motif binds with palmitoyl-CoA; (2) acyl transfer reaction where the palmitoyl group is transferred from DHHCs to cysteine residues of a protein substrate (Tabaczar et al., 2017). To date, the substrate specificity of DHHCs is poorly understood. Although the palmitoylated cysteines share some common characteristics, there is no consensus palmitoylation sequence (Salaun et al., 2010). It is speculated that the protein-protein interaction domain of DHHCs (e.g., ankyrin repeats in DHHC13/17, Src-homology 3 domain in DHHC6) plays critical roles in recognizing specific substrates (Fredericks et al., 2014; Verardi et al., 2017; Matt et al., 2019).

Accumulating studies have revealed the functional impact of DHHCs in leukocytes. For example, mice with DHHC21 deficiency display a reduced number of slow-rolling and adherent leukocytes in post-capillary venules during systemic inflammation (Beard et al., 2016). There is evidence for DHHC6- catalyzed MyD88 palmitoylation in neutrophils, which is necessary for TLR-NF-κB signaling (Kim et al., 2019). In dendritic cells, surface expression and proper function of TLR2 depend on the palmitoylation of TLR2 by DHHC 2, 3, 6, 7, or 15 (Chesarino et al., 2014). DHHC7 is responsible for the palmitoylation of Fas, thus regulating T cell apoptosis and differentiation (Rossin et al., 2015). Although beyond the current focus, it is worth pointing out that palmitoylation can affect the infectivity of various viruses and bacteria, including coronavirus, HIV, influenza, and B anthrax (Sobocinska et al., 2017). It has been reported that DHHC-mediated palmitoylation of the SARS-CoV spike protein facilitates the virus entry into host cells (Petit et al., 2007). This may also hold true for the SARS-Cov2 virus, as a study has reported the interaction of SARS-Cov2 with DHHC5 (Gordon et al., 2020).



De-Palmitoylation Enzymes

Many signaling proteins in leukocytes, such as Ras and certain G protein subunits, undergo rapid de-palmitoylation upon activation, suggesting that de-palmitoylation enzymes participate in leukocyte responses (Won et al., 2018). So far, three classes of de-palmitoylation enzymes have been identified: PPTs, APTs and ABHD17s. PPTs (PPT1 and PPT2) mainly reside in lysosomes and mediate the removal of palmitate during the process of protein degradation (Resh, 2006a; Koster and Yoshii, 2019). PPT1 was the first identified enzyme that removes palmitate from a modified protein (Camp and Hofmann, 1993). Although PPT1 has been reported to show activities outside of lysosomes in certain neurons, it is unlikely that PPT1 contributes to the de-palmitoylation of cytoplasmic or plasma membrane proteins (Kim et al., 2008; Hornemann, 2015). PPT2 shares 18% of its amino acid sequence with PPT1 and shows a certain degree of cross-reactivity with PPT1 (Gupta et al., 2001; Kim et al., 2008; Cho and Park, 2016). However, PPT2 does not catalyze the de-palmitoylation of H-Ras as PPT1 does (Soyombo and Hofmann, 1997), suggesting a distinctive substrate specificity for PPT2. APTs (APT1 and APT2) are ubiquitously expressed serine hydrolases, localized predominantly in cytoplasm (Kong et al., 2013). APT1 (or LYPLA1) was first identified as a de-palmitoylation enzyme in 1998, based on its ability to remove [3H] palmitate from palmitoylated Gα and H-Ras (Duncan and Gilman, 1998). Further studies show that APT1 catalyzes de-palmitoylation of numerous leukocyte proteins, including linker of activated T cells (LAT), endothelial nitric oxide synthase (eNOS), regulator of G protein signaling protein (RGS), and synaptosome associated protein 23 (SNAP-23; Ladygina et al., 2011). APT2 exhibits 68% of amino acid sequence similarity to APT1 and has an almost identical 3D-structure to APT1 (Gadalla and Veit, 2020). APT2 seems to possess distinct substrate preference compared to APT1. Nevertheless, APT2 and APT1 are functionally redundant in de-palmitoylating certain proteins (e.g., Ras; Rusch et al., 2011). So far, little is known about the mechanism of APT substrate specificity. Several studies have investigated the regulatory mechanism and functional impact of APTs in leukocytes. The expression of APT1 in RAW264.7 macrophage-like cells decreases in response to LPS, while the expression of APT2 remains unaffected (Satou et al., 2010). A recent study of B cells shows that APTs are inhibited by miR-138 and -424, which exerts critical impacts on B cell apoptosis in a CD95-dependent mechanism (Berg et al., 2015). ABHD17s (ABHD17A, ABHD17B and ABHD17C) are mainly localized to plasma membrane of various cell types (Lin and Conibear, 2015; Won et al., 2018). The ABHD17s were first identified as the de-palmitoylase for N-Ras (Lin and Conibear, 2015). ABHD17s are palmitoylated at the N-terminal cysteine cluster, which is required for its plasma membrane localization and substrate interaction (Lin and Conibear, 2015). So far, there has been limited research to characterize the functional impacts and regulatory mechanisms of ABHD17s.




METHODS OF DETECTING PALMITOYLATION

Detection of palmitoylated protein has been technically challenging due to its reliance on time-consuming radioactive labeling. Recently, several methodological breakthroughs have been achieved for quantifying and imaging palmitoylated proteins, which greatly accelerate the research progress in this field. Currently, there are three major types of detection methods: radioactive metabolic incorporation, hydroxylamine-based acyl-exchange assay, and click chemistry-based metabolic labeling. All can be applied to detect palmitoylated proteins in leukocytes.


Radioactive Metabolic Incorporation

Palmitoylated proteins can be metabolically labeled with palmitic acid incorporated with a radioisotope. Tritiated palmitate (or [3H] palmitate) is the most commonly used radioactive palmitate as it is commercially available and confirmed as reliable by many labs. This method consists of four steps: [3H] palmitate labeling, immunoprecipitation proteins, SDS-PAGE, and photofluorographic exposure (Resh, 2006b). When coupling it with a pulse-chase approach, [3H] palmitate labeling can be utilized to study the palmitate turnover of a specific protein substrate. For more than two decades, radioactive labeling has remained the gold standard for detecting palmitoylation (Yount et al., 2013). However, β particles emitted by [3H] are weak, thus it often requires several weeks to develop a clear X-ray image through photofluorography. The time-consuming and cumbersome nature of this method limits its use in many research labs, not to mention the hazards associated with handling radioactive materials. Later, a more energetic radioactive palmitate analog [125I]iodohexadecanoic acid (125I-IC16) was adapted to this method. [125I] generates gamma rays that are more penetrating, thus greatly shortening the exposure time to 24 h (Tsai et al., 2014). Other advances in radioactive labeling involve improving the sensitivity of X-ray films, which enables visualization of [3H] palmitate-labeled proteins in 1–3 days (Tsai et al., 2014).



Hydroxylamine-Based Acyl-Exchange Assay

Hydroxylamine-based acyl-exchange assay is one of the two non-radioactive techniques invented to circumvent the drawbacks of radioactive labeling (Drisdel and Green, 2004). This method is comprised of four biochemical steps: (1) blocking the free thiols of extracted proteins; (2) cleaving the thioester linkage with hydroxylamine to liberate the previously palmitoylated cysteinyl thiols; (3) capturing the newly freed thiol groups with pyridyldithiol-biotin; (4) purifying the biotin-labeled proteins using streptavidin agarose beads (Wan et al., 2007; Brigidi and Bamji, 2013). More recently, acyl-biotin exchange assay (ABE) was modified to a simplified version called resin-assisted capture (RAC) in which proteins with hydroxylamine-liberated thiol groups are directly captured by pyridyldithiol-resin (Forrester et al., 2011). The acyl-exchange assays are more powerful when coupled with mass spectrometry-based proteomic studies. Unlike radioactive labeling that analyzes a single protein, acyl-exchange assays enable large-scale profiling of the proteome, leading to the discovery of numerous novel palmitoylation substrates in leukocytes (Ivaldi et al., 2012). Moreover, acyl-exchange assays are unique among all the palmitoylation detecting methods for their capability in providing a snapshot of the palmitoylated protein profile in cells. The major disadvantage of acyl-exchange assays lies within the fact that they are not compatible with pulse-chase experiments, as the entire acyl-exchange procedure is performed in protein lysates (Tsai et al., 2014).



“Click Chemistry”-Based Metabolic Labeling

“Click chemistry”-based metabolic labeling is the second type of non-radioactive techniques used to detect palmitoylation. The principle behind this method is the “click chemistry” reaction, also known as Cu1+-catalyzed Huisgen cycloaddition reaction between azido- and alkynyl-groups (Hang et al., 2007; Charron et al., 2009; Hannoush and Arenas-Ramirez, 2009). The most commonly used alkynyl-palmitate analogs are ω-alkynyl-C16 (Alk-C16 or 15-hexadecynoic acid) and 17-octadecynoic acid (17-ODYA). “Click chemistry”-based metabolic labeling is most versatile in application compared to other methods due to the various types of azido-containing markers. First and foremost, palmitoylated proteins labeled with alkynyl groups can react with azido-fluorescent dye (e.g., Oregon Green 488 azide), which enables the robust imaging of global protein palmitoylation in cells (Hannoush and Arenas-Ramirez, 2009; Beard et al., 2016). Later, this imaging strategy was further improved by coupling with proximity ligation assay, which makes it possible to visualize a single palmitoylated protein and study its palmitoylation level and subcellular localization (Gao and Hannoush, 2014). Secondly, alkynyl-palmitoylated proteins can also react with azido-biotin for streptavidin enrichment, followed by either single protein analysis or large-scale LC-MS/MS proteomic analysis in leukocytes (Ladygina et al., 2011). Thirdly, alkynyl-palmitoylated proteins can bind to azido-IRDye 800, omitting the streptavidin enrichment step and allowing the direct detection of leukocyte palmitoylated proteins using Li-COR infrared imaging (Akimzhanov and Boehning, 2015). However, alkynyl-palmitate analogs can only incorporate into accessible and reduced cysteine residues of a palmitoylated protein. Stalely palmitoylated proteins, which do not undergo dynamic palmitate turnover, cannot be labeled or purified by this method as their cysteines are not available to conjugate with alkynyl-palmitate analogs.



Method to Identify Palmitoylation Sites

The palmitoylation sites of the modified protein can be predicted by CSS-Palm 2.0 using a clustering and scoring strategy algorithm, or by other tools like GPS-lipid. To verify the predicted cysteine residues, mutagenesis of cysteine residue(s) is performed, often followed by studying the subsequent impacts on protein palmitoylation level, subcellular localization, stability, and activity. Cysteine residue of a palmitoylated protein is often substituted with alanine, though cysteine-to-serine mutagenesis is also employed by some research groups.




PROTEIN PALMITOYLATION REGULATION OF LEUKOCYTE FUNCTION

A growing number of palmitoylated proteins have been discovered in leukocytes, many of which play critical roles in regulating various leukocyte functions, including adhesion, transmigration, chemotaxis, phagocytosis, pathogen recognition, T cell receptor (TCR) and BCR signaling activation, cytotoxicity, cytokine production, and apoptosis. Below, we discuss the functional impact of palmitoylation in different types of leukocytes (Figure 2).
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FIGURE 2. The impact of protein palmitoylation on leukocyte signaling and function. Protein palmitoylation modulates various functions of leukocytes by altering the activities of palmitoylated proteins in different subtypes of leukocytes. Besides, palmitoylation also indirectly affects leukocyte behaviors through regulating the function of endothelial cells. Palmitoylated proteins involved in the particular function are listed in parentheses. Images of cells and proteins were obtained from Smart Servier Medical Art (https://smart.servier.com).



Neutrophils

Neutrophils are the most abundant type of leukocytes in human circulation that act as ongoing surveillance against potential invading pathogens and sterile inflammation. They are among the first responders to sites of infection and contribute to the initiation and propagation of inflammatory cascades (Ma et al., 2019). The neutrophil recruitment cascade is initiated with selectin-mediated slow rolling, followed by β2-integrin-mediated firm adhesion and PECAM-1-mediated transmigration across the endothelium (O’Brien et al., 2003; Mocsai et al., 2015).


Neutrophil Adhesion and Transendothelial Migration

Adhesion molecules, such as selectins and integrins, work cooperatively to regulate neutrophil recruitment. Although little is known about palmitoylation of adhesion molecules expressed on the neutrophil surface, it has been seen in many cells and cell fragments that directly interact with neutrophils. For instance, in ECs, PECAM-1 is palmitoylated by DHHC21, and knockdown of DHHC21 greatly reduces the protein level of PECAM-1 and decreases its surface expression (Marin et al., 2012). Another study reports that palmitoylation of PECAM-1 at Cys595 is required for its lipid raft localization (Sardjono et al., 2006). Additionally, P-selectin in platelets mediates the formation of the platelet-neutrophil complex via binding to its ligand PSGL-1 on neutrophils, a process that aids the firm adhesion of neutrophils to activated ECs and thereby promotes leukocyte transmigration (Lisman, 2018). Recent studies have shown that P-selectin undergoes palmitoylation in platelets and that de-palmitoylation of P-selectin by APT1 greatly inhibits the expression of P-selection in platelets (Sim et al., 2007). It is plausible that this palmitoylation-regulated P-selectin change in platelets may affect neutrophil recruitment.

Neutrophil adhesion molecules require partner protein tetraspanins for their stable membrane localization and proper function (Yeung et al., 2018). Tetraspanins are transmembrane proteins that contain a large extracellular loop to interact with adhesion molecules and other tetraspanins, forming a signal transducing complex called tetraspanin-enriched microdomains (TEMs) in cell membrane. Tetraspanins facilitate the recruitment of adhesion molecules to TEMs and amplify their intracellular signals, therefore playing important roles in regulating neutrophil function. For example, CD37–/– neutrophils exhibit an impaired ability to migrate toward chemotactic stimuli and to adhere to postcapillary venules (Wee et al., 2015); CD63 binds to Mac-1 and enhances Mac-1-mediated adhesion function (Skubitz et al., 1996). So far, a large body of tetraspanins, including CD9, CD37, CD53, CD63, CD81, CD82 and CD151, has been reported as palmitoylation substrates (Charrin et al., 2002; Yang et al., 2002; Termini et al., 2014). Investigating whether and how palmitoylation affects tetraspanin function in neutrophils is of great significance for the comprehensive understanding of the regulation of neutrophil functions.



Neutrophil Chemotaxis

Once migrated out of microvessels, neutrophils in tissues are capable of moving along chemoattractant gradients toward sites of infection or injury. Neutrophil chemotaxis starts with polarization, characterized by the formation of a leading-edge containing pseudopod and a highly contractile trailing edge (Hind et al., 2016). The migration of the neutrophil depends on dynamic polymerization and depolymerization of actin filament, which pushes the leading-edge forward and retracts the tail at the rear of the cell (Szczur et al., 2006; Mocsai et al., 2015). The key regulators of these coordinated processes are members of the small Rho GTPase family, including Rac, Cdc42, and Rho (Sun et al., 2004; Mocsai et al., 2015).

Rac is essential for neutrophil motility as well as directional sensing during migration. Similar to other members of small GTPase, Rac exists in two states: GTP-bound activated state or GDP-bound de-activated state. During neutrophil migration, GTP-bound Rac1 promotes the activation of p21-activated kinase (PAK) and the reorganization of actin, which subsequently aid membrane protrusion via lamellipodia formation (Filippi et al., 2007). Rac-1 is palmitoylated at Cys178, and the attachment of palmitate requires prior prenylation at Cys189 and a polybasic domain in C-terminal region. Palmitoylation-defective Rac1 (mutation at Cys178) shows reduced ability to load GTP and decreased lipid raft partitioning, which are accompanied by decreased PAK activity and F-actin recruitment at plasma membrane. Cells expressing Cys178 mutant Rac1 display defective spreading and migrate with less directionality, suggesting the essential roles of palmitoylation in regulating Rac1 function and neutrophil migration (Navarro-Lerida et al., 2012). In contrast to Rac, other members of the small GTPase family do not seem to be regulated by palmitoylation. For example, RhoA is a non-palmitoylated small GTPase (Navarro-Lerida et al., 2012), and Cdc42 only undergoes prenylation, with an exception of a brain-specific variant of Cdc42 which is palmitoylated by DHHC8 (Moutin et al., 2017).

In addition to small GTPases, other palmitoylated proteins are also involved in regulating neutrophil chemotactic migration. For example, membrane palmitoylated protein 1 (MPP1 or P55) is essential for the formation of a single pseudopod at the leading edge by confining small GTPase activation and actin polymerization to a localized region. MPP1 knockout neutrophils display multiple transient pseudopods in all directions upon stimulation and fail to perform chemotaxis efficiently (Quinn et al., 2009). However, the impacts of palmitoylation on MPP1 function remain to be addressed in neutrophils.



Pathogen Recognition

Neutrophils express several kinds of surface receptors for the recognition of invading pathogens such as Toll-like receptors (TLRs), Fcγ-receptors, and formyl-peptide receptors (Futosi et al., 2013). Growing evidence has shown that many of these receptors and their adaptor proteins are regulated by palmitoylation.


Toll-like receptors/MyD88 signaling

Toll-like receptors are responsible for recognizing pathogen-associated molecular patterns (PAMPs) and damage-associated molecular patterns (DAMPs). TLR signaling has previously been shown to be activated by saturated fatty acids even though fatty acids do not bind to TLR, suggesting a ligand-independent TLR activation meditated by fatty acids (Fessler et al., 2009; Lancaster et al., 2018). Further study reveals that MyD88, an adaptor molecule of TLR signaling, is palmitoylated by DHHC6 at Cys113 (Kim et al., 2019). The palmitoylation of MyD88 is required for its binding to IRAK4 and activation of downstream NF-κB. Reducing intracellular palmitate concentration by the inhibition of de novo fatty acid synthesis blocks LPS-induced neutrophil activation and MyD88-dependent cytokine production. The critical roles of palmitoylation in TLR/MyD88 signaling is further supported by the fact that the DHHC inhibitor 2-bromopalmitate (2-BP) inhibits NF-κB activation, whereas the APT inhibitor palmostatin B enhances the activation of NF-κB (Kim et al., 2019). In fact, many isotypes of TLRs (TLR 2,5,6,10) are shown to be palmitoylated in other types of leukocytes, which will be discussed in detail later.



Fcγ receptors

Neutrophils constitutively express FcγRII (CD32) and FcγRIII (CD16) while transiently expressing FcγRI (CD64) upon activation. Neutrophil Fcγ receptors enable neutrophils to recognize antigens via immunoglobulins (Igs)-mediated interactions and regulate many neutrophil functions (Futosi et al., 2013; Kara et al., 2020). Thus, Fcγ receptors serve as a crucial link between innate immune effector cells and adaptive immune responses. The function of FcγR and its ability to bind to IgG complex requires FcγR partitioning into lipid rafts (Bournazos et al., 2009). It has been shown that the lipid raft targeting of FcγRII is regulated by palmitoylation at Cys208 in its juxtamembrane region; mutation of Cys208 results in diminished translocation of FcγRII to lipid rafts and impaired FcγRII downstream signaling (Barnes et al., 2006).

The palmitoylation of surface receptors like TNFRs, Fas, and CCRs, although not yet tested in neutrophils, have been established in other immune cells (Blanpain et al., 2001; Rossin et al., 2015; Zingler et al., 2019).





Monocytes/Macrophages

Monocytes and macrophages are critical components of innate immune systems. Monocytes patrol around the circulation and eliminate pathogens via phagocytosis. Once recruited to the sites of inflammation, monocytes differentiate into macrophages or dendritic cells. In addition to phagocytosis, monocytes and macrophages also produce inflammatory mediators and function as antigen presenting cells (APCs). An ABE-coupled proteomic study reveals 98 palmitoylated proteins in macrophages, 48% of which have been reported to be localized in lipid rafts (Merrick et al., 2011). Many of the previously reported palmitoylated proteins participate in various monocyte/macrophage functions, such as syntaxin-7 in phagocytosis, SNAP-23 in TNFα secretion and phospholipid scramblase 3 (PLSCR3) in apoptosis (Vogel and Roche, 1999; He and Linder, 2009; Merrick et al., 2011), suggesting critical roles of palmitoylation in modulating monocyte/macrophage functions.


Pathogen Recognition


TLR signaling pathway

Emerging evidence demonstrates that palmitoylation is involved in LPS-induced macrophage activation. A proteomics study using RAW264 macrophage-like cells reveals that LPS stimulates global changes in protein palmitoylation, affecting nearly 340 palmitoylated proteins (Kwiatkowska and Ciesielska, 2018). More importantly, TLR signaling in macrophages is regulated by many palmitoylated proteins. Src family kinase Fyn, an inhibitory regulator of TLR4, is palmitoylated at Cys3, a modification required for its lipid raft localization and catalytic function. LPS stimulation increases the level of palmitoylated Fyn in lipid rafts where Fyn mediates the suppression of both NF-κB and IRF3-dependent cytokine production (Borzecka-Solarz et al., 2017). Another LPS-upregulated palmitoylated protein is type II phosphatidylinositol 4-kinase (PI4KIIB). Palmitoylation of PI4KIIB triggers the activation of PI4KIIB and promotes the subsequent synthesis of PI(4,5)P2, a phospholipid compound that can activate TLR4 signaling on its own or through its hydrolytic products DAG, IP3, and PIP3 (Sobocinska et al., 2018).



Nucleotide oligomerization domain 1 (NOD1) and NOD2

Nucleotide oligomerization domain1/2 are cytosolic pattern recognition receptors that recognize bacterial peptidoglycans and promote subsequent immune responses such as NF-κB activation and cytokine production. The interaction of NOD1/2 with membrane structures (e.g., plasma membrane and bacterial-containing phagosomes) is essential for their function. NOD1/2 are palmitoylated at multiple cysteine residues: Cys558, 567, and 952 of NOD1 and Cys395 and 1033 of NOD2 (Lu et al., 2019). Administration of 2-BP greatly inhibits the recruitment of NOD1/2 to membrane structures and the production of cytokines in macrophages treated with bacterial peptidoglycans. DHHC5 is responsible for the palmitoylation of NOD1/2; silencing or knockout of DHHC5 abrogates NOD1/2-dependent NF-κB activation in bacterial peptidoglycans-stimulated macrophages (Lu et al., 2019).



Stimulator of interferon genes (STING)

STING recognizes cyclic dinucleotides of bacteria and DNA viruses, leading to potent cytokine production; it can also be activated by self-DNA that leaks from nucleus or mitochondria, which results in autoinflammatory diseases (Hansen et al., 2019). DHHC3, 7, and 15 mediated-palmitoylation of STING at Cys88 and 91 is required for STING activity and the subsequent promotion of type I interferon (IFN) responses (Mukai et al., 2016). Nitro-fatty acids, which directly target cysteine residues and therefore block STING palmitoylation, greatly reduce the production of type I IFN and IFN-induced CXCL10 and IL-6 in monocytes and macrophages upon virus infection (Hansen et al., 2018).




Antiviral Activity

Interferon-α/β receptor (IFNAR) is the receptor for antiviral cytokine type I IFNs that functions as a critical player in combating virus infection (Gonzalez-Navajas et al., 2012). It also possesses anti-bacterial and immunomodulatory properties by inducing the transcription of IFN-stimulated genes (Ivashkiv and Donlin, 2014). Upon binding to type I IFNs, IFNAR undergoes endocytosis and activates receptor-associated Jak kinases, which results in the phosphorylation of signal transducer and activator of transcription 1 (STAT1) and STAT2 and ultimately the transcription of the IFN-stimulated genes (Lee and Ashkar, 2018). Palmitoylation is required for the activation of IFNAR-Jak-Stat pathway. Palmitoylation inhibitor greatly diminishes the endocytosis of IFNAR1 and the phosphorylation of STAT1. Further study reveals that IFNAR1 is palmitoylated at Cys463, and mutation of Cys463 blocks the phosphorylation of STAT1 and 2 and their nuclear translocation, without affecting IFNAR1 endocytosis and stability (Claudinon et al., 2009).



Chemotaxis

C-C chemokine receptor type 5 (CCR5) is a chemokine receptor that belongs to the GPCR superfamily. CCR5 regulates macrophage chemotaxis and also functions as a coreceptor for the macrophage-tropic human immunodeficiency (M-tropic HIV) virus entry into monocytes/macrophages and CD4+ T lymphocytes (Tuttle et al., 1998). CCR5 is palmitoylated at Cys321, 323, and 324 located between the cytoplasmic end of the seventh transmembrane domain and the C-terminal tail (Percherancier et al., 2001). Mutation of these cysteine residues leads to the greatly reduced surface expression of CCR5. Moreover, palmitoylation prevents CCR5 from degradation, thus stabilizing CCR5; palmitoylation-defective CCR5 displays a 3-fold decease in its half-life compared to WT CCR5. Functional analysis shows that palmitoylation does not affect the binding ability of CCR5 with its agonist macrophage inflammatory protein-1β (MIP-1β). The reduced function of palmitoylation-defective CCR5 is attributed to its impaired surface expression (Blanpain et al., 2001; Percherancier et al., 2001).



Phagocytosis


CD36

CD36 is the primary scavenger receptor expressed on monocytes and macrophages that facilitates the phagocytosis of pathogens, dead cells, modified low-density lipoproteins, and long-chain fatty acids (Silverstein and Febbraio, 2009). Palmitoylation occurs at both N-terminal (Cys3 and Cys7) and C-terminal (Cys464 and Cys466) residues of CD36 (Meiler et al., 2013). Palmitoylation of CD36 requires ER protein Selk, the cofactor of DHHC6. Selk–/– macrophages exhibit reduced membrane expression of CD36 due to the decreased level of CD36 palmitoylation (Meiler et al., 2013). It is possible that Selk tethers DHHC6 to ER membrane via its SH3-binding domain, thus promoting DHHC6-mediated palmitoylation of CD36 in ER of macrophages. However, another study of adipocyte CD36 reveals that DHHC4 and DHHC5 are actually responsible for the palmitoylation of CD36 and its stable membrane localization (Wang J. et al., 2019). In adipocytes, DHHC4-mediated palmitoylation in Golgi targets CD36 to plasma membrane, while DHHC5-mediated palmitoylation in plasma membrane prevents CD36 disassociation with plasma membrane. Whether this modification mechanism also applies to macrophages needs to be further tested.



FcγR signaling

Fcγ receptors are also expressed on macrophages, mediating the phagocytosis of IgG-coated pathogens, the secretion of inflammatory mediators, and IgG-dependent elimination of infected cells (Fitzer-Attas et al., 2000). As mentioned in section “Neutrophils- Pathogen Recognition,” palmitoylation is required for FcγR lipid raft partitioning and its binding ability with IgG complex (Barnes et al., 2006). In addition to the receptor itself being palmitoylated, effector protein downstream of FcγR is also palmitoylated in macrophages. Arf-GAP with SH3 domain, ANK repeat, and PH domain-containing protein 2 (ASAP2), is a scaffolding protein that regulates cytoskeletal rearrangement during FcγR-mediated phagocytotic cup formation (Norton et al., 2017). Once phagocytotic cups mature, ASAP2 is cleaved from the cups by calpain-2 to allow efficient phagocytosis to occur. ASAP2 is palmitoylated at Cys86 by DHHC6/Selk in ER, and palmitoylation is required for the cleavage of ASAP2 and the subsequent maturation of the phagocytic cups. Inhibition of ASAP2 palmitoylation by mutagenesis, palmitoylation inhibitor, or Selk mutation leads to prolonged retention of ASAP2 in phagocytic cups and impaired FcγR-mediated phagocytosis (Norton et al., 2017).




TNFα-TNFR1 Signaling

TNFα is a multifunctional pro-inflammatory cytokine primarily secreted by macrophages. Newly synthesized TNFα is a transmembrane protein (tmTNFα). Upon stimulation, the ectodomain of tmTNFα is cleaved by TNFα-converting enzyme ADAM17, producing biologically active soluble TNFα (sTNFα). The membrane-bound TNFα fragment is further cleaved by signal peptide peptidase-like 2b (SPPL2b) to generate the intracellular domain of TNFα (ICD-TNFα), which then activates IL-1β promoter. Palmitoylation of TNFα has been reported; the [3H] labeled palmitate is detected in tmTNFα but not in sTNFα (Utsumi et al., 2001). Mutation of the palmitoylation site of tmTNFα does not affect ADAM17-dependent cleavage of its ectodomain. However, palmitoylation of tmTNFα regulates the sensitivity of TNFα receptor 1 (TNFR1). Palmitoylation facilitates tmTNFα partitioning to the lipid rafts, where it suppresses the activity of TNFR1 by competing with sTNFα. Whereas, palmitoylation-defective tmTNFα shows reduced ability to block the binding of sTNFα to TNFR1 and the transcription of TNFα target genes (Poggi et al., 2013). Palmitoylation is also required for the enzymatic cleavage of the membrane-bound TNFα fragment by SPPL2b. Mutagenesis of the palmitoylation site of TNFα results in a rapid degradation of the membrane-bound TNFα fragment prior to SPPL2b-mediated cleavage, thus reducing ICD-TNFα production and downstream IL-1β promoter activation (Poggi et al., 2013).

The majority of TNFα biological function is mediated by TNFR1, which belongs to a subgroup of death receptors. Upon binding to TNFα, TNFR1 induces two distinctive downstream signaling pathways depending on its subcellular localization. TNFR1 in plasma membrane signals for NF-κB activation, while internalized TNFR1 activates apoptosis signaling. TNFR1 is palmitoylated at Cys248, which is required for its plasma membrane localization in human monocytic U937 cells (Zingler et al., 2019). Mutagenesis of Cys248 results in decreased TNFR1 expression in plasma membrane, reducing both NF-κB and apoptosis signaling. Furthermore, activated TNFR1 undergoes APT2-mediated de-palmitoylation, which promotes TNFR1 translocation to designated signaling platforms to activate NF-κB. APT2 inhibitor blocks TNFR1 de-palmitoylation and its downstream NF-κB activation but enhances TNFR1-mediated apoptosis signaling (Zingler et al., 2019).




Dendritic Cells

Dendritic cells (DCs), functioning as the most potent APCs, are specialized to recognize, phagocytize, process, and present antigens to both memory and naïve T cells (Steinman and Banchereau, 2007). There is limited information regarding the roles of palmitoylation in DCs. Two Alk-C16 metabolic labeling-based palmitoyl proteomic studies reveal hundreds of palmitoylated proteins with diverse cellular function in DCs, such as TLR2 for pathogen recognition; IFITM3 for antiviral activity; G protein subunits, N-Ras and Lyn for signal transduction; CD81 for DC migration; and CD80 and 86 for immunomodulation (Yount et al., 2010; Quast et al., 2011; Chesarino et al., 2014; Yeung et al., 2018). Among these proteins, only TLR2 and IFITM3 palmitoylation have been investigated for their functional impact in DCs.


Pathogen Recognition


Toll-like receptors

In DCs, TLR2 is found to be palmitoylated on Cys609 at the cytoplasmic edge of the transmembrane domain (Chesarino et al., 2014). Multiple DHHCs (DHHC 2, 3, 6, 7, 15) are responsible for the palmitoylation of TLR2. Inhibition of TLR2 palmitoylation either by 2-BP or mutation of the palmitoylation site leads to the decreased surface expression of TLR2 in DCs, without affecting the overall protein level and stability of TLR2. Blocking TLR2 palmitoylation also inhibits microbial ligands-induced activation of NF-κB and production of IL-6 and TNFα, which is, at least partially, due to the insufficient surface expression of TLR2. Similar to TLR2, other TLRs (TLR5,6,10) have been shown to be palmitoylated in DCs (Chesarino et al., 2014). Whether and how palmitoylation regulates their function remain to be addressed.




Antiviral Activity

Interferon-induced transmembrane protein 3 (IFITM3), an INF-stimulated effector protein, plays important roles in restricting virus infection in host cells. Upon virus infection, IFITM3 interacts with the incoming virus particles and directs them to lysosomes for elimination. The essential roles of palmitoylation in the antiviral activity of IFITM3 have been well-recognized (Yount et al., 2010; Spence et al., 2019). In DCs, IFITM3 is palmitoylated on Cys71, Cys72 and Cys105 in the transmembrane proximal region (Yount et al., 2010). Mutation of IFITM3 palmitoylation sites does not affect the expression or subcellular localization of IFITM3 in DCs at steady state; however, palmitoylation-defective IFITM3 exhibits a greatly reduced ability to cluster with virus particles and impaired antivirus activity (Yount et al., 2010; Spence et al., 2019).




T Cells

T cells coordinate a variety of adaptive immune responses. The pivotal roles of protein palmitoylation in regulating T cell functions have been well recognized.


T Cell Receptor Signaling

T cells are activated by the binding of TCRs to the major histocompatibility complex (MHC):antigen peptide complex. Briefly, the TCR-pMHC engagement facilitated by co-receptors CD4/CD8 activates tyrosine kinase Lck and Fyn to phosphorylate the TCR/CD3 ζ-chain, recruiting tyrosine kinase ZAP-70 to phosphorylate transmembrane adaptor proteins (LAT, PAG, etc.). This initiates the propagation of several signaling pathways and eventually leads to the activation of the transcription factors NFAT, NF-κB, and AP-1. One study has shown that 2-BP disrupts signaling protein localization and blocks TCR signaling as evidenced by reduced tyrosine phosphorylation and impaired calcium influx (Webb et al., 2000). Moreover, several palmitoyl proteomic studies reveal that although T-cell receptor itself does not undergo palmitoylation, TCR co-receptors CD4, CD8, Src family kinases Lck and Fyn, and adaptor proteins LAT and PAG are all palmitoylated (Martin and Cravatt, 2009; Morrison et al., 2015). How palmitoylation regulates the function of TCR signaling proteins has been previously reviewed (Bijlmakers, 2009; Ladygina et al., 2011); therefore, it will only be briefly discussed in this section. Signaling effectors mentioned in previous sections like Ras and Rac will not be covered again in this section.


T cell receptor coreceptors CD4/CD8

The extracellular domain of CD4 and CD8 binds to the non-polymorphic regions of Class II and Class I MHC on APCs, respectively, facilitating the interaction of TCR with pMHC. Meanwhile, their intracellular cytoplasmic tails are closely associated with Lck (Artyomov et al., 2010; Courtney et al., 2018). Palmitoylation of CD4 occurs at Cys394 and Cys397 residues adjacent to the transmembrane domain (Crise and Rose, 1992). Palmitoylation functions as the lipid raft targeting signal of CD4, facilitating its partitioning in lipid raft and clustering with TCR and PKCθ there (Balamuth et al., 2004). CD4 also serves as a key coreceptor for HIV entry in T cells, and current research indicates that CD4 palmitoylation is not required for this function (Bijlmakers, 2009). CD8 is heterodimer consisting of CD8α and CD8β. Species-specific palmitoylation of CD8 has been reported. In mice, only CD8β, but not CD8α, undergoes palmitoylation on Cys179 in its cytoplasmic domain (Arcaro et al., 2001). In contrast, human CD8β contains two palmitoylated cysteine residues, and human CD8α is also palmitoylated. In mouse T cells, mutation of Cys179 abolishes CD8 lipid raft localization and impairs its association with Lck (Arcaro et al., 2001). Unexpectedly, palmitoylation of human CD8 does not seem to play a role in targeting CD8 to lipid raft (Pang et al., 2007). Instead, lipid raft targeting of CD8 solely relies on the positively charged amino acids in CD8β (Bijlmakers, 2009). The impact of palmitoylation on other functions of CD8 still remains unclear.



Src family kinases

Lck is actively involved in TCR signaling as well as T cell development (Molina et al., 1992; Palacios and Weiss, 2004). Lck is a dually acylated protein (Resh, 1994). Upon synthesis, Lck is myristoylated at Gly2, which is required for the subsequent palmitoylation at Cys3 and Cys5. Stable association between Lck and plasma membrane, which is critical for the activity of Lck, is mediated by palmitoylation at both Cys3 and Cys5 (Yurchak and Sefton, 1995). Multiple DHHCs (2, 3, 17, 18, 21) are responsible for the palmitoylation of Lck (Aicart-Ramos et al., 2011; Zeidman et al., 2011; Akimzhanov and Boehning, 2015). Unexpectedly, Lck is mainly localized outside of lipid rafts in steady state T cells, yet T cell activation accelerates the palmitate turnover of Lck, which promotes the translocation of Lck into lipid rafts to phosphorylate Fyn and other substrates (Kosugi et al., 2001). Lck with mutation at both palmitoylation sites appears in a soluble form and is unable to interact with CD4 and promote downstream signaling events (Kabouridis et al., 1997). Fyn is another highly expressed Src family kinase in T cells. The absence of Fyn leads to reduced responses to TCR stimulation suggesting that Fyn is also involved in TCR signaling (Rodolfo et al., 1991; Tsygankov et al., 1996; Yasuda et al., 2002). Similar to Lck, Fyn also undergoes both myristoylation and palmitoylation. Attachment of palmitate can occur on both Cys3 and Cys6, although the majority of Fyn is only palmitoylated on Cys3 (Liang et al., 2001). The attached palmitate on Cys3 (with a half-life of 1.5–2 h) is important for membrane association and lipid raft sequestering of Fyn (Wolven et al., 1997). DHHC2,3,7,10,15,20 and 21 have all been shown to catalyze the palmitoylation of Fyn (Mill et al., 2009). In resting T cells, Fyn, unlike Lck, mainly resides in lipid rafts. Upon TCR ligation, Fyn is activated by Lck in lipid rafts which, in turn, catalyzes the phosphorylation of the TCR/CD3 ζ-chain and transduces the signals to downstream effectors (Filipp et al., 2003).



Transmembrane adaptor proteins (TRAPs)

TRAPs serve as the functional connection between TCR complex and intracellular signaling molecules. Following TCR ligation, TRAPs are phosphorylated by activated Src family kinases and ZAP-70, allowing the subsequent recruitment of cytoplasmic signaling effectors and the propagation of TCR-elicited signals into cytoplasm (Horejsi et al., 2004). Among all TRAPs, LAT is indispensable for peripheral T cell activation due to its ability to recruit and activate many key signaling molecules including PLCγ1, PI3K, Grb2, Grads, and SLP76 (Horejsi, 2004). LAT is palmitoylated at Cys26 and Cys29 in the juxtamembrane Cys-X-X-Cys motif. LAT palmitoylation is essential for the stability of LAT and its association with plasma membranes; mutation in two palmitoylation sites results in a remarkably reduced LAT expression and the retention of LAT in Golgi complex (Shogomori et al., 2005; Tanimura et al., 2006). Moreover, palmitoylation-defective LAT is not capable of interacting with TCR complex or recruiting PLCγ and Grb2 to propagate signals (Harder and Kuhn, 2000). T cells expressing palmitoylation-defective LAT display impaired Ca2+ influx, ERK activation, and transcription factor induction upon T cell activation (Zhang et al., 1999). Furthermore, LAT palmitoylation is closely related to T cell anergy. Compared to control T cells, anergic T cells display profoundly reduced LAT palmitoylation, which leads to reduced LAT recruitment to immunological synapses and lipid rafts (Hundt et al., 2006). Functionally, LAT in anergic T cells shows a reduced phosphorylation level upon TCR stimulation and an impaired ability to activate downstream PLCγ and PI3K (Hundt et al., 2006; Ladygina et al., 2011).

Other TRAPs like phosphoprotein associated with GEMs (PAG) and Lck-interacting membrane protein (LIME) are also palmitoylated at the same Cys-X-X-Cys motif in T cells, and both are concentrated in lipid rafts (Ladygina et al., 2011). PAG, also known as Csk-binding protein (Cbp), acts as negative regulator of T-cell signaling. PAG is capable of recruiting Csk to inhibit Src family kinases via phosphorylating tyrosine residues in their C-terminal regulatory domains. Upon TCR ligation, PAG rapidly releases Csk, resulting in the activation of Lck and Fyn (Davidson et al., 2003). PAG with a mutation in its palmitoylation motif displays normal expression level and plasma membrane localization, but it no longer resides in lipid rafts. Although it is able to recruit Csk, palmitoylation-defective PAG cannot inhibit proximal TCR signaling (Posevitz-Fejfar et al., 2008). Similar to PAG, LIME can also bind to Csk and Lck, yet the biological function of LIME in T cells remains unclear. One study has shown that LIME contributes to the activation of ERK and JNK and the production of IL-2 in Jurkat T cells (Hur et al., 2003). The attached palmitates at Cys28 and Cys31 in the Cys-X-X-Cys motif act as lipid raft targeting signals for LIME (Hur et al., 2003). However, the functional significance of palmitoylation on LIME has not yet been investigated.




Calcium Flux

Upon TCR activation, intracellular signaling effector PLCγ hydrolyzes PI(4,5)P2 to produce DAG and IP3; IP3, in turn, triggers Ca2+ release from ER stores via binding to IP3Rs on ER membrane (Nagaleekar et al., 2008). IP3Rs are palmitoylated by DHHC6/Selk complex in ER. The putative palmitoylation sites are reported to be at Cys56, 849, and 2214, which needs further confirmation (Fredericks et al., 2014). Knockdown of DHHC6 significantly reduces the expression of IP3R on ER membrane and attenuates IP3R-dependent Ca2+ flux in Jurkat T cells (Fredericks et al., 2014). The proper function of DHHC6 requires binding to its cofactor Selk via the SH3-binding domain in Selk. Selk deficiency also leads to decreased IP3R level, probably due to increased IP3R proteolysis. In fact, this DHHC/Selk-dependent regulation of Ca2+ release is shared by many immune cells. In Selk knockout mice, receptor-mediated Ca2+ flux is impaired in T cells, neutrophils, and macrophages, resulting in disrupted T cell proliferation, neutrophil migration, and macrophage oxidative burst (Verma et al., 2011).



Apoptosis

The ligation of Fas and FasL induces apoptosis of T cells that recognize self-antigens or are activated repeatedly, key for eliminating autoreactive T cells and preventing autoimmune diseases (Volpe et al., 2016). Palmitoylation plays critical roles in regulating the Fas-FasL signaling pathway in T cells as both Fas and FasL are palmitoylation substrates. Fas (also known as CD95, or APO1 or TNFRSF6) is a type I transmembrane protein that contains a death domain in its cytoplasmic region. Upon binding to FasL, Fas recruits death-inducing signaling complex (DISC), which, in turn, activates caspase-3 and induces programmed cell death. Promoting apoptosis signals requires Fas partition into actin cytoskeleton-linked lipid rafts and then internalization, both of which are regulated by Fas palmitoylation (Rossin et al., 2015). Mouse Fas is palmitoylated at Cys194 adjacent to the transmembrane domain, while human Fas is palmitoylated at Cys199. One study shows that DHHC7 is responsible for the palmitoylation of Fas, and this modification stabilizes Fas by preventing its degradation by lysosomes (Rossin et al., 2015). Palmitoylation-defective Fas exerts severely reduced lipid raft localization, which impairs DISC assembly, Fas internalization, and T cell apoptosis (Chakrabandhu et al., 2007; Cruz et al., 2016). The impaired apoptosis-inducing ability of palmitoylation-defective Fas can also be observed in other Fas-expressing immune cells, like B cells and dendritic cells (Cruz et al., 2016).

Palmitoylation also participates in the signaling propagation downstream of Fas ligation, including Lck activation, PLC-γ1 phosphorylation, and proapoptotic Ca2+ release. 17-ODYA metabolic labeling reveals that Fas ligation leads to a rapid increase in Lck palmitoylation followed by quick de-palmitoylation, catalyzed by DHHC21 and APT1, respectively (Akimzhanov and Boehning, 2015). This rapid dynamic of Lck palmitoylation matches the activation kinetics of other signaling molecules subsequent to Fas stimulation. Re-expressing palmitoylation-defective Lck is unable to induce Fas-mediated Ca2+ release, caspase-3 activation, or cell death in Lck-deficient Jurkat T cells (Akimzhanov and Boehning, 2015). It is worth noting that, in abnormally or excessively activated T cells, the membrane FasL can be cleaved by metalloproteases (e.g., ADAM10 and AMDA17) to generate sFasL. sFasL binding to Fas is unable to activate Fas, thus sFasL serves as a competitor of FasL to suppress FasL-induced apoptosis (Suda et al., 1997). Shedding of FasL requires the colocalization of FasL, metalloproteinases, and Lck in lipid rafts. The lipid raft targeting of both FasL and Lck depends on palmitoylation, with FasL being palmitoylated on Cys82 and Lck at Cys3 and Cys5. Inhibition of palmitoylation with 2-BP remarkably blocks FasL shedding in T cells (Ebsen et al., 2015).



Antitumor Activity

Programmed cell death 1 (PD1), an inhibitory surface receptor of T cells, suppresses T cell activation through binding to its ligands programmed-death ligand 1 (PD-L1) and PD-L2, playing essential roles in self-tolerance. Many tumor cells often express high level of PD-L1, which inhibits the antitumor responses of T cells such as cytokine production and cytotoxicity (Juneja et al., 2017). PD-L1 is palmitoylated by DHHC3 in its cytoplasmic domain, and the attachment of palmitic acid stabilizes PD-L1 due to decreased ubiquitination. Inhibiting PD-L1 palmitoylation via 2-BP or silencing of DHHC3 greatly reduces the expression of PD-L1 in tumor cells and therefore promotes T cell-mediated antitumor immunity (Yao et al., 2019).




B Cells

B cells are specialized in producing highly specific antibodies in response to diverse foreign antigens, thus playing critical roles in adaptive immunity. They can also serve as APCs and produce a variety of cytokines (IL-6, IL-10, CXCL13, and CCL19, etc.), influencing the function of other immune cells (Fillatreau, 2018). Palmitoylation has been studied less in B cells compared to T cells. An ABE-based palmitoyl proteomic study in human B cells reveals over 100 palmitoylated proteins or candidates that are known to participate in diverse cellular events of B cells (e.g., signal transduction, vesicle fusion, molecular transport, metabolism and immune responses), highlighting the functional significance of palmitoylation in regulating B cell behaviors (Ivaldi et al., 2012).


B Cell Receptor Signaling


B cell receptor (BCR) coreceptors

B cell receptors binding to complement-tagged antigens requires the BCR coreceptor complex CD19/CD21/CD81 as they significantly lower the threshold of BCR activation to antigens. Upon BCR ligation, the BCR-CD19/CD21/CD81 complex translocates to lipid rafts for the efficient propagation of BCR-elicited signals. Similar to TCR, none of the BCR subunits are palmitoylated; yet, its co-receptor CD81 is a well-established palmitoylation substrate. CD81, which belongs to the tetraspanin superfamily, is palmitoylated at six cysteine residues in its juxtamembrane domain (Delandre et al., 2009; Yeung et al., 2018). The association of BCR and CD19/CD21/CD81 following BCR ligation rapidly promotes the palmitoylation of CD81, which regulates BCR signaling at many levels (Flaumenhaft and Sim, 2005). First, the prolonged residency of BCR-CD19/CD21/CD81 in lipid rafts depends on the palmitates attached to CD81 (Cherukuri et al., 2004). Moreover, the binding of CD81 to other co-receptors requires palmitoylation. Palmitoylation-defective CD81 exhibits impaired association with CD19 (Delandre et al., 2009). Finally, palmitoylation of CD81 affects the ability of CD81 to recruit the downstream signaling molecule 14-3-3, an adaptor protein regulating the activities of PKCs and PI3K (van Hemert et al., 2001). Inhibition of palmitoylation by 2-BP blocks BCR signaling activation, as evidenced by reduced PLCγ2 phosphorylation and Ca2+ mobilization (Cherukuri et al., 2004). Interestingly, CD81 palmitoylation is significantly decreased in the presence of the oxidative stress, indicating CD81 may be responsible for redox stress-induced B cell responses (Clark et al., 2004).



Adaptor proteins

Linker for activation of B cells (LAB), also known as non-T cell activation linker (NTAL), is a member of TRAPs that regulates BCR signaling. Similar to LAT, LAB is palmitoylated in a cytoplasmic juxtamembrane Cys-X-X-Cys motif and is therefore enriched in lipid rafts (Lupica et al., 1990; Brdicka et al., 2002). However, the functional impacts of LAB palmitoylation have not been explored.




Motility

Human germinal center-associated lymphoma (HGAL) is a newly identified adaptor protein regulating BCR signaling and B cell motility. HGAL is located in both plasma membrane and cytoplasm. Plasma membrane HGAL enhances BCR signaling by increasing Syk activity and its downstream Ca2+ mobilization (Romero-Camarero et al., 2013); cytosolic HGAL inhibits spontaneous and chemoattractant-induced B cell motility via suppressing the interaction between myosin and actin. The shuttling of HGAL between the cytoplasm to the plasma membrane requires the acylation modification as HGAL does not contain transmembrane domains. [3H] palmitate labeling reveals that HGAL is palmitoylated at the Cys43-F-Cys45 motif (Lu et al., 2015). Upon BCR ligation, palmitoylation, together with myristoylation at Gly2, facilitate the translocation of HGAL into lipid rafts where it binds to Syk and enhances Syk activity. HGAL with mutation at both palmitoylation sites fails to promote the phosphorylation of Syk and downstream Ca2+ influx in the presence of BCR stimulation. However, acylation site mutation of HGAL results in the accumulation of HGAL in cytoplasm and therefore induces a further reduction in B cell motility in response to chemoattractants (Lu et al., 2015).



MHC II Signaling

SLP65/SLP76, Csk-interacting membrane protein (SCIMP) belongs to the TRAP family and is involved in MHC II signaling in B cells during antigen presentation. SCIMP is mainly localized in lipid rafts and directly binds to Lyn. Upon MHC II stimulation, SCIMP is phosphorylated by Lyn, which, in turn, serves as a recruiting platform to interact with SLP65/SLP76, Csk, CD81, and Grb2 and regulates downstream MHC II signals. SCIMP is palmitoylated at its juxtamembrane palmitoylation motif (Cys-X-Cys; Draber et al., 2011. The roles of palmitoylation in SCIMP function, however, remain unclear.

Other palmitoylated proteins have been identified and confirmed in B cells (Ivaldi et al., 2012). For example, CD20, a four-transmembrane protein that participates in B cell development and differentiation, is palmitoylated on Cys111 and Cys220 in its intracellular domain; the low-affinity IgE receptor FcεRII (CD23) is a transmembrane glycoprotein involved in the regulation of IgE synthesis. Palmitoylation can occur at both Cys17 and Cys18 within the intracellular domain of CD23 (Ivaldi et al., 2012). The functional impacts of palmitoylation on these proteins have not yet been investigated. Since B cells share several common signaling pathways with other immune cells, many of the aforementioned palmitoylated proteins like Ras, Gα, Lck and Fyn, IP3R, and surface receptors will not be discussed again in this section.




Natural Killer Cells

Natural killer cells are potent cytotoxic lymphocytes that mediate the elimination of potentially harmful cells such as pathogen-infected cells, tumor cells, and cells from transplanted organs. The cytotoxicity is tightly controlled by activating receptors (e.g., NKG2D) that recognize cellular stress ligands and by inhibitory receptors (e.g., LIR and KIR) that recognize MHC class I proteins on target cells (Pegram et al., 2011). So far, there are only a few studies demonstrating that palmitoylation regulates NK cytotoxicity, by either modulating secretory lysosome exocytosis in NK cells or affecting NK receptor ligands in target cells.


Syntaxin 11

Upon ligation of activating receptors, NK cells, together with its target cells, form immunological synapses at contact points. NK cells undergo secretory lysosome exocytosis, during which the secretory lysosomes move toward immunological synapses and fuse with plasma membrane to release their cytotoxic contents (e.g., perforin and granzymes). Syntaxin 11, a soluble N-ethylmaleimide-sensitive factor attachment protein receptor (SNARE), catalyzes the membrane fusion reaction via its interaction with trans-SNARE in the opposing membrane. Syntaxin 11 is palmitoylated in its C-terminal cysteine-enriched domain in NK cells (Hellewell et al., 2014). The attached palmitate is required for the association of syntaxin 11 with cell membrane as syntaxin 11 does not contain a transmembrane domain. Mutation of cysteine residues in syntaxin 11 leads to the retention of syntaxin 11 in cytoplasm, causing impaired secretory lysosome exocytosis and reduced NK cytotoxicity (Hellewell et al., 2014).



Natural killer group 2 member D (NKG2D)

NKG2D is an activating receptor abundantly expressed on NK cells, mediating the cytotoxicity of NK cells (Wensveen et al., 2018). NKG2D itself has not been reported to be palmitoylated; however, its ligand MHC-class-I-related chain A (MICA) undergoes palmitoylation modification at Cys306 and Cys307 in its cytoplasmic tail (Aguera-Gonzalez et al., 2011). The majority of MICA is expressed on cell membranes of stressed target cells, yet MICA can also be clustered into lipid rafts to be cleaved by metalloproteases to produce soluble MICA, a negative regulator of NKG2D expression and activation. Palmitoylation is required for MICA translocation to lipid rafts and its subsequent shedding; mutation of palmitoylation sites greatly reduces the production of soluble MICA (Aguera-Gonzalez et al., 2011).



Leukocyte ig-like receptor (LIR)

LIR is an inhibitor receptor on NK cells that binds to MHC class I proteins on target cells, suppressing NK cell cytotoxicity and preventing NK cells from lysing normal “self” cells. MHC class I proteins are glycoproteins expressed on the plasma membrane of all nucleated cells in vertebrates (Hewitt, 2003). Some of the MHC class I proteins share the same unique cysteine residues in their cytoplasmic tails. Mutation of these cysteine residues abolishes the palmitoylation modification on these proteins. Concomitantly, their surface expression, extracellular confirmation, and interaction with LIR are all disrupted by cysteine residue mutation (Gruda et al., 2007). Whether palmitoylation plays a causative role in these impairments needs to be further elucidated.





INDIRECT REGULATION OF LEUKOCYTE FUNCTION BY EC PROTEIN PALMITOYLATION

Palmitoylation also regulates the function of non-immune cells that interact with leukocytes, thus indirectly affecting leukocyte functions and behaviors. A key initiation event of inflammation is the engagement of ECs with leukocytes. Our previous observations with ECs indicate that inflammatory mediators trigger a rapid increase in endothelial palmitoylated proteins (Beard et al., 2016). Palmitoylation is involved in many endothelial responses, such as the surface expression of adhesion molecules, secretion of vasoactive molecules (e.g., nitric oxide), and EC junction integrity. In our previous study, we show that the palmitoylation inhibitor 2-BP greatly attenuates the ICAM-1 surface expression of ECs in response to IL-1β and blocks leukocyte-EC adhesion in vitro. In rats subjected to LPS stimulation, leukocyte slow-rolling and adhesion to postcapillary venules are remarkably inhibited by 2-BP. DHHC21 serves as one responsible PAT mediating leukocyte adhesion since DHHC21 loss-of-function greatly reduces the number of slow-rolling and adherent leukocytes in LPS-treated mice (Beard et al., 2016). In addition, junctional adhesion molecule c (JAM-C) is another palmitoylation-modified adhesion molecule that regulates leukocyte behaviors. JAM-C belongs to the immunoglobin superfamily and contains the PDZ-binding motif. Endothelial JAM-C is located at cell-cell contact, especially in tight junctions, interacting with other PDZ motif-containing molecules like JAM-B and ZO-1. JAM-C and JAM-B promote leukocyte adhesion and transmigration due to their ability to act as counterreceptors for Mac-1 and VLA-4, respectively (Bradfield et al., 2007; Scheiermann et al., 2009). JAM-C is palmitoylated at Cys264 and 265 by DHHC7, and the palmitoylation of JAM-C is required for its tight junction localization. Functionally, palmitoylation of JAM-C affects the transmigration of lung cancer cells (Aramsangtienchai et al., 2017). However, the functional impacts of JAM-C palmitoylation on leukocyte adhesion and transmigration need to be further investigated.

Endothelial nitric oxide synthase, which produces nitric oxide (NO), is a well-established palmitoylated substrate. Beyond its vasodilation function, eNOS-derived NO also exhibits important anti-inflammatory effects. Many studies have established that NO suppresses leukocyte adhesion, partly due to its ability to decrease the expression of adhesion molecules both on ECs and leukocytes, like VCAM-1, MCP-1 and CD11/CD18 (Shu et al., 2015). eNOS is primarily localized in Golgi and caveolae (Liu et al., 1996). It is dually acylated by both N-myristoylation at Gly2 and palmitoylation at Cys15 and Cys26 (Sessa et al., 1993; Liu et al., 1995). Palmitoylation of eNOS in ECs is highly dynamic with a turnover rate of 45 min. Multiple DHHCs (2,3,7,8,21) participate in the palmitoylation of eNOS. Inhibiting palmitoylation of eNOS via knockdown of DHHC21 leads to eNOS mislocalization and impaired production of NO in ECs (Liu et al., 1995; Fernandez-Hernando et al., 2006). It is plausible that this reduction in NO caused by DHHC21 knockdown then alters leukocyte function and behaviors.



CONCLUDING REMARKS AND PERSPECTIVE

The dynamic reaction of palmitoylation and de-palmitoylation rapidly and effectively regulates protein conformation, localization, lipid raft partitioning, intracellular trafficking, stability, and interactions with other proteins in leukocytes. Protein palmitoylation has great impact on many aspects of leukocyte function, including adhesion, transmigration, chemotaxis, phagocytosis, pathogen recognition, TCR and BCR signaling activation, cytotoxicity, cytokine production, and apoptosis. Despite the advancement in the field of palmitoylation, many critical issues remain. First, hundreds of putative palmitoylated proteins have been identified in leukocytes via large-scale palmitoyl proteomics, yet only a very small portion of them have been validated for functional impact. The large body of unexplored data contains extensive novel knowledge on palmitoylation in leukocytes that requires further investigation. Second, current understanding on how palmitoylation affects leukocyte proteins has been primarily concentrated on palmitoylation-mediated protein partitioning into membrane and/or lipid rafts; yet other regulatory mechanisms of palmitoylation have been studied to a much lesser extent. To acquire more comprehensive knowledge on palmitoylation, it will be essential to also understand its relationship with other PTMs (e.g., phosphorylation and ubiquitination), its impact on protein conformation, and its ability to mediate protein-protein interaction. Finally, our current knowledge on enzymes that catalyze palmitoylation and de-palmitoylation is still very limited, and the molecular basis of substrate recognition remains largely unknown. There is an urgent need for developing DHHC-selective inhibitors, as the most commonly used inhibitor 2-BP has been shown to exert off-target effects by interfering with fatty acid metabolism (Davda et al., 2013). Mechanisms regulating DHHC activity and substrate specificity will serve as a key in the development of DHHC specific inhibitors.

Taken together, palmitoylation influences many aspects of leukocyte function by altering protein localization and activity. Targeting palmitoylation may serve as a promising therapeutic strategy for aberrant immune responses during inflammatory injury, immune disorders, and infectious diseases.
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Neutrophils are the most abundant circulating leukocyte within the blood stream and for many years the dogma has been that these cells migrate rapidly into tissues in response to injury or infection, forming the first line of host defense. While it has previously been documented that neutrophils marginate within the vascular beds of the lung and liver and are present in large numbers within the parenchyma of tissues, such as spleen, lymph nodes, and bone marrow (BM), the function of these tissue resident neutrophils under homeostasis, in response to pathogen invasion or injury has only recently been explored, revealing the unexpected role of these cells as immunoregulators or immune helpers and also unraveling their heterogeneity and plasticity. Neutrophils are highly motile cells and the use of intravital microscopy (IVM) to image cells within their environment with little manipulation has dramatically increased our understanding of the function, migratory behavior, and interaction of these short-lived cells with other innate and adaptive immune cells. Contrary to previous dogma, these studies have shown that marginated and tissue resident neutrophils are the first responders to pathogens and injury, critical in limiting the spread of infection and contributing to the orchestration of the subsequent immune response. The interplay of neutrophils, with other neutrophils, leukocytes, and stroma cells can also modulate and tune their early and late response in order to eradicate pathogens, minimize tissue damage, and, in certain circumstances, contribute to tissue repair. In this review, we will follow the extraordinary journey of neutrophils from their origin in the BM to their death, exploring their role as tissue resident cells in the lung, spleen, lymph nodes, and skin and outlining the importance of neutrophil subsets, their functions under homeostasis, and in response to infection. Finally, we will comment on how understanding these processes in greater detail at a molecular level can lead to development of new therapeutics.
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INTRODUCTION

Neutrophils are the most abundant circulating leukocyte within the blood stream and play a critical role as part of the innate immune system as the first responders to infection. Clinically a blood neutrophilia is recognized as a sign of infection and the presence of large numbers of these cells in tissues observed in histology slides is a sign of infection or an on-going chronic inflammatory disease, e.g., acute respiratory distress syndrome (ARDS), chronic obstructive pulmonary disease (COPD), and the most severe cases of asthma (Kamath et al., 2005; Hughes et al., 2019; Potey et al., 2019). While neutrophils are essential for the resolution of infections their presence and activation in tissues in the context of inflammatory diseases, leads to tissue damage, thus identifying the molecular mechanisms regulating their trafficking and activation is central to the development of drugs that can limit their recruitment and activation, for the treatment of these inflammatory diseases.

The introduction of intravital microscopy (IVM) has changed our static view of approaching the study of the immune system, allowed the study of neutrophil trafficking in real time, and led to seminal work identifying the role of specific adhesion molecules, chemokines, cytokines, and signaling molecules in orchestrating neutrophil rolling, adhesion, and migration across postcapillary venules to accumulate in tissues.

The early IVM experiments were performed using fluorescent cellular dyes such as rhodamine 6G and acridine orange that labeled nuclei or intracellular organelles in all leukocytes (Mempel et al., 2004; Taqueti and Jaffer, 2013). The not selectivity of specific leukocyte subsets and the high excitation required to detect fluorescent signal caused photodamage and altered leukocyte adhesion and microvascular fluidity (Saetzler et al., 1997). Later studies used genetically modified mice that were generated as tools for in vivo imaging of neutrophil behavior (Stackowicz et al., 2019). In the Lys-EGFP+ mice, both neutrophils and monocyte are fluorescently labeled, neutrophils exhibiting high fluorescence, while monocytes are only dim green (Faust et al., 2000). However, Listeria inflammation has revealed a caveat of this mouse model because during infection, both neutrophils and monocyte upregulate expression level of EGFP becoming indistinguishable (Waite et al., 2011). The mouse model called Catchup overcomes this problem because only neutrophils are fluorescently labeled in red (Hasenberg et al., 2015). Fluorochrome-conjugated Ly6G mAbs are also highly used. It has been shown that low doses of i.v. injected Ly6G mAb labels neutrophils for several hours without affecting their migratory behavior and recruitment during inflammation (Yipp and Kubes, 2013).

Intravital microscopy allows imaging at microscopic resolution of ∼1 μm and temporal resolution of millisecond within the same animal allowing live cell tracking for several hours and longitudinal sessions are also possible (Masedunskas et al., 2012). The tissue penetration depth intrinsically depends on the optical properties of the tissue imaged, with transparent tissues highly penetrable, up to 300–500 μm, while highly vascularized tissue and tissue with air/liquid interface among the less penetrable (Choo et al., 2020). Limited penetration depth together with a small field of view (FOV) to image live cell behaviors are the limitations of IVM. Among the advantages, the real-time monitoring for several hours allows the design of the experiment to include homeostasis imaging followed by tissue insults or injection of pathogens in vessel or parenchyma allowing for internal controls, increasing reproducibility and importantly reducing the number of animals used. IVM allows for the long-term observation of neutrophils within different tissues of living animals giving the chance to study their behavior in the context of different physiological environments and also during different stages of diseases. Imaging of multiple channels allows for several features such as different cell types, tissue structures, or adhesion molecules to be achieved simultaneously through systemic injection of fluorescent dyes, specific mAbs, or making use of genetically modified mice in which fluorescent tags have been inserted in cell-type specific genes. Microscopes equipped to acquire several frames/s are essential to capture the single cell dynamics of highly migrating neutrophils, the interaction of neutrophils with other cells of the immune system and stromal cells and to generate quantitative data with respect to neutrophil numbers, velocity, and migratory behavior. The versatility of applying live imaging to almost all organs has also unraveled that neutrophils have tissue-specific functions and migratory behaviors increasing our knowledge on the first line of tissue protection. Further with current interest in neutrophil heterogeneity IVM allows characterization of the response of neutrophil subtypes and has provided much of the emerging evidence that indicates that the local milieu of a tissue constitutes a microenvironment capable of influencing and modulating immune cell functions. Finally, in addition to the tissue environment and neutrophil subtype being studied, there is now a convincing body of work that shows that neutrophil dynamics in health and disease are governed by circadian rhythms.



NEUTROPHILS ORIGIN AND MOBILIZATION FROM THE BM

Hematopoietic stem cells (HSCs) that exhibit a low proliferative activity but have a high self-renewal capacity are present in stem cell niches in the bone marrow (BM) and give rise to neutrophils by the process of haematopoiesis. Thus in the BM all the different stages of neutrophil differentiation are present; the multipotent high proliferative/lower self-renewal granulocyte-monocyte progenitors (GMP), granulocyte-committed progenitor myeloblasts, neutrophil-committed promyelocyte, myelocyte and metamyelocyte, finally differentiating from the immature so-called band-form neutrophils to the fully mature segmented neutrophils, these names referencing the shape of the nucleus (Borregaard, 2010; Tak et al., 2013). A recent study, making use of Fucci-(S-G2-M) reporter mouse, in which immune cells undergoing the S, G2, and M phase of the cell-cycle are fluorescent, has allowed identification, in the BM of the last three steps of neutrophil maturation process (after GMP stage), named preNeu, immature Neu, and mature Neu with unique surface marker signatures and proliferative capabilities (Evrard et al., 2018). PreNeu was identified as a proliferative committed neutrophil precursor, Fucci+, expressed Ly6Glow/CXCR2–/c-Kit+/CXCR4+. Among the non-proliferative neutrophils, Fucci–, were immature Neu (Ly6Glow/+/CXCR2–/CD101–) and mature Neu (Ly6G+/CXCR2+/CD101+), the latter genetically similar yet not identical to the circulating neutrophils (Evrard et al., 2018). These three stages of neutrophil maturation were also found in human BM. Xie et al. (2020) have profiled more than 25,000 mouse neutrophils using single-cell RNA sequencing and found four different clusters of neutrophils present in the BM, called G1-4, partially overlapping with the ones identified by Evrard et al. (2018). They constitute four different sequential stages in the process of neutrophil maturation and up to 24 genes were differentially expressed in each subpopulation. G1 is the more proliferative and less differentiated cluster while G4 showed the higher maturation profile constituting the fully mature neutrophil subpopulation in the BM (Xie et al., 2020).

Not all mature neutrophils egress from the BM into the circulation immediately upon maturation. A significant number of mature neutrophils are retained within the BM, referred to as the BM reserve, indeed in mice the size of the reserve is such that the ratio of mature neutrophils between the BM and blood is 300 to 1 (Furze and Rankin, 2008a). CXCL12 is a chemokine generated constitutively in the BM and evidence suggests that expression of its receptor, CXCR4, by neutrophils is critical for their retention in the BM both in human and rodents (Lapidot and Kollet, 2002; Martin et al., 2003; Eash et al., 2009) reviewed in De Filippo and Rankin (2018). Thus genetic deletion of CXCR4 was shown to result in a shift of the pool of mature neutrophils from the BM to the circulation without affecting the life-span of neutrophils (Eash et al., 2009). Static visual imaging of calvarium (Figure 1A) or long bones (Evrard et al., 2018) revealed that BM neutrophils are organized in clusters around the BM vasculature (Figure 1B) (Evrard et al., 2018) and within CXCL12-rich niches pointing to the key function of this homeostatic chemokine in neutrophil retention (Lapidot and Kollet, 2002; De Filippo and Rankin, 2018). BM-mature neutrophils are retained in large reservoirs until their need in the periphery arise to either replace dying neutrophils or to increase mature neutrophil to support the fight during infection. Despite the daily production and release of ∼1011 neutrophils in human and ∼107 neutrophils in mice (Furze and Rankin, 2008b) to support the turnover of these short-lived cells within the whole body, applying IVM to a FOV in the calvarium or longer bones has proven that neutrophil mobilization under homeostasis is a surprisingly rare event, difficult to capture (Kohler et al., 2011; Devi et al., 2013; Pillay et al., 2020). This could be explained by the vast extension of the BM tissue that covers the cavity of the host skeleton as compared with the small FOV imaged at any one time. Thus, for example, one femur represents only 7% of the entire BM in the mouse. A similar result was obtained when studying neutrophil mobilization by transmission electron microscopy, in that while neutrophil egress could be observed it was a rare event (Burdon et al., 2008). IVM applied to the tibia BM to study the migratory behavior of single neutrophils has shown that only 30% of the entire BM neutrophils within the FOV have a basal motility of 1.5 μm/min without directionality (Kohler et al., 2011) suggesting a high level of quiescence and a minimal level of motility of neutrophils within their BM niche. During inflammation, external cues, such as granulocyte-colony-stimulating factor (G-CSF) (Semerad et al., 2002) or neutrophil chemoattractants such as CXCL1-2 can cause a rapid release of neutrophils from the BM (Burdon et al., 2008; Wengner et al., 2008; Kohler et al., 2011). Kohler et al. (2011) applying IVM to long bones have visually showed for the first time that a single systemic dose of G-CSF was sufficient to induce an increase in the motility of 75% of BM neutrophils increasing their velocity of migration up to 5 μm/min and consequently causing the egress of neutrophils from the BM into the blood stream.
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FIGURE 1. Spatial organization of neutrophils in the BM. (A) Maximum projection of IVM tile scan image showing the spatial organization of neutrophils within the calvarium of mice (red). (B) Maximum projection of IVM tile scan image of the calvarium of mice showing clusters of neutrophils (magenta) tightly organized around BM blood vessels (green).


AMD3100 (Plerixafor) is a CXCR4 antagonist that successfully corrects circulating numbers of neutrophils in neutropenic patients with WHIM syndrome that has been approved for clinical use (McDermott et al., 2014, 2019). WHIM syndrome is caused by a genetic mutation of the CXCR4 gene causing a gain-of-function and consequently an impairment of neutrophil mobilization from the BM that ultimately results in blood neutropenia (Hernandez et al., 2003; Gulino et al., 2004). There is controversy in the literature on whether AMD3100 stimulates neutrophil mobilization directly from the BM or from other tissues, like the lung Martin et al. (2003) and Liu et al. (2015) support mobilization from the BM while Devi et al. (2013) support neutrophil de-margination from the lung microvasculature. Using IVM of the mouse calvarium and lung, we have recently directly shown that a single dose of AMD3100 causes an increase in BM neutrophil motility observed within 30 min and mobilization from the BM niche without causing neutrophil de-margination from the lung (Pillay et al., 2020).

The process of mature neutrophil release from the BM under homeostasis is not constant during the day but fluctuates according to the circadian rhythm with a maximum mobilization during the night in mice guaranteeing the maximum number of “fresh” circulating neutrophils when these nocturnal animals are active (Casanova-Acebes et al., 2018). This is also the case for humans, but with the clock inverted (Adrover et al., 2020). The impact of circadian rhythms on neutrophil mobilization, clearance, and inflammation has been more extensively reviewed here (Scheiermann et al., 2013; Hidalgo et al., 2019; Adrover et al., 2020; Aroca-Crevillen et al., 2020).

With respect to the BM and neutrophil mobilization one question that still remains is whether all the mature neutrophils mobilized are identical or whether there are neutrophil subsets within the BM that can be differentially mobilized.

The BM is also one of the major organs where some senescent neutrophils home back at the end of their life span to be cleared by stromal macrophages and this process feeds back on the maturation of neutrophils (Gordy et al., 2011). We will discuss this in more detail later in the senescent session of this review.



CIRCULATING AND MARGINATED POOLS OF NEUTROPHILS

Electron microscopy has shown that neutrophil extravasation from the BM occurs through specialized endothelial cells that exhibit diaphragmed fenestra. Neutrophils transmigrate across this BM sinusoidal endothelium through small pores in a transcellular manner (Burdon et al., 2008). This marks the “birth” of neutrophils passing from their niche in the BM into the blood stream where they are exposed to sheer forces. Mature neutrophils kept in the BM are only genetically similar yet not equal to circulating neutrophils (Evrard et al., 2018) suggesting that the environment may impact on neutrophils and induce their genetic changes. This concept is also indirectly supported by the change of surface markers expressed by neutrophils when they enter circulation (Evrard et al., 2018; He et al., 2018; Adrover et al., 2020). Based on the differential expression of more than 20 genes, in peripheral blood, three different subpopulations (G5a–c) have been identified. Xie et al. (2020) showed that blood G5a and G5b are two independent subsets of neutrophils that differentiate from G3 and G4 BM clusters, respectively.

Neutrophils are the most abundant leukocyte circulating within the blood. In this state, neutrophils do not interact with other cells and flow at a fast speed passively transported by the blood stream. The circulating number of neutrophils is the result of a fine balance between neutrophils that are mobilized from the BM (input) and neutrophils that emigrate into tissues or are cleared (output). This must be tightly regulated to avoid excessive numbers of circulating neutrophils or unregulated activation of neutrophils that could lead to vascular or tissue damage. Circadian release of neutrophils from the BM is reflected in the circadian oscillation of neutrophil number in the blood with a high number of aged neutrophils during the day and a high number of fresh neutrophils during the night in mice (Casanova-Acebes et al., 2013). These oscillations of neutrophil number are conserved among species and in human follow the opposite pattern to rodents (Adrover et al., 2020). Using an organism-wide circadian screening approach, it has been shown that circulating neutrophils in different stages of their life specifically upregulate or downregulate surface markers, including specific adhesion molecules and chemokine receptor CXCR4, that dictate their vasculature or tissue infiltration in a time-of-day-dependent manner during homeostasis and inflammation (He et al., 2018).

Within special vascular beds, under homeostasis, neutrophils can be found in direct contact with ECs, this population of neutrophils is referred to as the “marginated” or “intravascular retained” pool. The major organs where neutrophil localize within the microvessels of the blood are the lung (Gee and Albertine, 1993; Gebb et al., 1995) and the liver (Casanova-Acebes et al., 2018). It has been shown that circulating and intravascular retained neutrophils are at equilibrium and that adrenaline and physical exercise can increase the circulating pool of neutrophils, by releasing neutrophils from this intravascular compartment (Summers et al., 2010). Whether intravascular retention is an active process mediated by adhesion molecules or a passive process due to the mechanical constriction of these cells as they move through small microvessels is still under debate. However, several studies, making use of genetically modified mice, have shown that L-selectin is not essential for neutrophil margination (review Doerschuk, 2001; Kolaczkowska and Kubes, 2013). Likewise, direct imaging of lungs by IVM showed that CD11b expression on neutrophils and the β2 integrin are not required for neutrophil margination in the microvessels of the lung but play an essential role during neutrophil locomotion toward systemic pathogens captured by lung ECs (Yipp et al., 2017).

ECs differ between tissues and have been shown to utilize different adhesion molecules to sustain neutrophil adhesion (Kolaczkowska and Kubes, 2013). Likewise, neutrophils themselves are plastic and highly adaptable cells equipped with different surface molecules so that they can adapt to interact with different types of ECs.



TISSUE NEUTROPHIL DYNAMICS UNDER HOMEOSTASIS

The dogma that under homeostasis tissues were virtually free of neutrophils was challenged by parabiotic experiments and IVM. Both these techniques directly showed that neutrophils infiltrate almost every naïve tissue apart from the reproductive organs and the brain (Casanova-Acebes et al., 2018). Moreover, the level of neutrophil infiltration is tissue-specific, with BM, spleen, lung, and liver among the highest neutrophil infiltrated organs, suggesting that these tissue resident neutrophils may support tissue regulatory functions under homeostasis, and/or provide immune protection and surveillance under steady state (Casanova-Acebes et al., 2018). The spleen and intestine harbor neutrophils within the tissue parenchyma as an integral part of these organs elevating their surveillance functions and roles (Puga et al., 2011; Casanova-Acebes et al., 2013). As with the rhythmic fluctuation of circulating neutrophils, the absolute number of neutrophils retained in these tissues oscillates with a maximum retention within the tissues during the dark phase mirroring their maximum numbers in the blood (He et al., 2018). The circadian changes in neutrophil retention in tissues were shown to be under the control of adrenergic nerves, changing the expression of adhesion molecules, including ICAM-1, VCAM-1, P- and E-selectins, and MadCAM on the surface of ECs (Scheiermann et al., 2012) with a maximal expression at night in mice, promoting the release of neutrophils into the blood (He et al., 2018). Thus, in addition to fundamental differences in tissue microenvironments and the heterogeneity of ECs, changes in adhesion molecules driven by circadian rhythm all combine to determine neutrophil numbers in the blood and different tissue during homeostasis (Kolaczkowska and Kubes, 2013).



NEUTROPHIL DYNAMICS IN RESPONSE TO PATHOGENS

Neutrophils play a pivotal role as the first line of innate immune defense and constitute the first cells to be recruited within an infected tissue. In the absence of neutrophils, life will consist of recurrent and life frightening infections. Numbers of circulating and tissue-recruited neutrophils increase substantially during infection by several mechanisms: increased mobilization form the BM (Christopher and Link, 2007; Burdon et al., 2008), increased adhesion and transendothelial cell migration through ECs to tissues (Ley et al., 2007), and also by the extended neutrophil half-life (Tak et al., 2013; Silvestre-Roig et al., 2016). Neutrophil activation during infection has been proposed to happen via two sequential stages: priming and full activation (Summers et al., 2010; Kolaczkowska and Kubes, 2013). Neutrophils are primed by their exposure to mediators such as cytokines; increased surface expression of CD11b and decreased of L-selectin are features of activated neutrophils.

Intravital microscopy of the blood vessels in the cremaster muscle was one of the first models to be established and extensively used to study neutrophil interaction with the venular walls because of the accessibility and the transparency of the organ allowing imaging via transmitted light. This model has been used extensively to image and define the molecular mechanisms involved in the sequential phases of the leukocyte adhesion cascade, where selectins, chemokine receptors, and β2 integrins as well as JAMs and PECAM are sequentially activated to guarantee neutrophil capture, rolling, firm adhesion, and transendothelial migration from the circulation into the infected tissue (Ley et al., 2007; Evans et al., 2009). Within activated vessels, neutrophils organize membrane protrusions at the back of the neutrophil termed the uropod that are rich in selectin ligand PSGL-1, and shown to transiently interact with activated platelets (Sreeramkumar et al., 2014). Using IVM, the PSGL-1 rich domains on neutrophils could be observed either protruding into the lumen of the blood vessels or laterally toward the endothelium to facilitate neutrophil interaction with platelets and ECs, respectively. It is the integrated signal from both activated vascular endothelium and platelets that triggers and supports neutrophil crawling within the activated blood vessels, an essential step that precedes neutrophil extravasation (Sreeramkumar et al., 2014).

Tracking neutrophil migratory behavior showed that their extravasation during challenge happens in the post capillary venules in the systemic circulation predominantly via a paracellular route and requires ∼6 min to complete (Woodfin et al., 2011). Infected tissues generate inflammatory molecules that on one hand instruct ECs to upregulate the expression of adhesion molecules to sustain vascular attachment of neutrophils, and on the other hand cause the direct activation of neutrophils and their increased diapedesis (Ley et al., 2007; Nourshargh and Alon, 2014). Moreover, IVM applied to this model has been essential to study the efficient and persistent neutrophil transmigration dissecting the sequential and unique role of the neutrophil selective chemokines, CXCL1 and CXCL2 during neutrophil diapedesis (Girbl et al., 2018). Girbl et al. (2018) showed that CXCL1, mainly produced by ECs, supported luminal and sub-EC crawling, whereas CXCL2, mainly produced by neutrophils, was essential for self-guiding neutrophils in breaching through EC junctions.

The process of neutrophil adhesion and transmigration has also been imaged in real time in an in vitro system of flowing human neutrophils across stimulated EC-cultured glass capillaries (Buckley et al., 2006). Using this system, neutrophils were observed to reverse the process of transendothelial migration, in a process referred to as reverse transmigration (R-TEM). IVM imaging of the cremaster muscle showed that this was not an in vitro artifact but occurred in vivo too.

Further, R-TEM was found to be a β1-, β2-, and β3-integrin-independent mechanism. It was found that only neutrophils that phenotypically are ICAM-1high CXCR1low were able to reverse transmigrate. Tissue resident neutrophils are ICAM-1low CXCR1low while naïve circulating neutrophils are ICAM-1low CXCR1high therefore incapable of R-TEM (Buckley et al., 2006). As discussed above, high levels of the adhesion molecule JAM-C at the junctions between ECs constitute a physical barrier that regulates the polarized unidirectional transmigration of neutrophils from the lumen of vessels to the tissue (Ley et al., 2007). Loss of JAM-C by ECs at their junction was associated with a “hesitant” and R-TEM leading to the systemic dissemination of activated tissue-experienced neutrophils causing second organ injury specifically in the lung (Woodfin et al., 2011). Mechanistically it was found that LTB4 dependent release of neutrophil elastase (NE) lowered the levels of JAM-C on postcapillaries ECs, thus neutrophil activation was required to support their own R-TEM (Colom et al., 2015). Neutrophils that underwent R-TEM were uniquely characterized by a prolonged lifespan and an inflammatory phenotype. They were found in distal organs like the lung causing tissue inflammation thereby disseminating the extent of organ injury (Woodfin et al., 2011; Hossain and Kubes, 2019).

In an infection model of Candida albicans, the time of day-night when the infection happens had a dramatic impact on the outcome of infection. Administration of infection during the night, when the number of aged neutrophils in the tissue was at its peak, conferred resistance to Candida (Adrover et al., 2019). The same was true in an intraperitoneal model of LPS, with the peak of recruited cells from the blood to the tissue during the dark phase (He et al., 2018). Collectively these circadian studies stress the fact that experimental variability in the number of recruited neutrophils to specific tissues could be related to the time of day when experiments are performed.

It is thought that resident populations of neutrophils in tissues can be rapidly deployed to mount a localized host response to pathogens, thus marginated neutrophils in the lung microvasculature constitute a critical part of the rapid lung immune response. Very little is currently known about the turnover of tissue resident neutrophils during homeostasis and the mechanisms required to keep these highly cytotoxic cells from causing tissue damage. During Escherichia coli challenge, it was shown that the different neutrophils subsets were still present but the transcriptional activity of several genes increased in each population (Xie et al., 2020).

Apart from this rapid deployment of neutrophils from the periphery to the site of infection, the function and role of tissue resident neutrophils need to be determined. One obvious function is that there is a population of neutrophils already within the local environment ready to respond to insults, thus increasing the speed of the immune response of the host in the tissues. In theory an even more effective level of tissue protection will result if these tissue resident neutrophils have been previously “instructed” by tissue resident stroma cells. How the tissue instructs neutrophils during homeostasis and how the neutrophils exist within the tissue without inflicting damage during homeostasis are still not fully understood.

Is it extensively documented that during systemic acute diseases, such as endotoxemia and chronic diseases, such as asthma and cystic fibrosis (CF), neutrophils showed plasticity with the appearance in both mouse and human of neutrophil subsets, identified by differential expression of surface molecules including, CD177, CD49d, VEGF-R1, CD11b, CD18, and CXCR4, and displaying different functional responses, review by Silvestre-Roig et al. (2016). Thus airway neutrophils from asthmatics and patients with CF exhibit metabolic reprogramming and a substantially prolonged lifespan, both of which have been shown to contribute to disease severity (Garlichs et al., 2004; Uddin et al., 2010; Laval et al., 2013). Moreover, transcriptional plasticity has been reported for neutrophils during inflammation and disease, suggesting that neutrophils adapt and respond to local environmental cues (Silvestre-Roig et al., 2016). Taken together these studies demonstrate that neutrophils exhibit plasticity and heterogeneity in the context of an inflammatory tissue environment. However, as yet it is not known whether the heterogeneity is intrinsic in neutrophils at birth or acquired during tissue persistence.

Many other factors can affect neutrophil trafficking including age, gender, diet, gut microbiota, metabolism, or genetics but these are outside the scope of this review.

One limitation of IVM is the number of cell types/surface adhesion molecules that can be directly and longitudinally tracked at any one time, due to the number of channels that can be imaged simultaneously. Currently usually three to four channels are imaged simultaneously by fluorescent IVM. To overcome this limitation, there is a move to use simultaneous label-free autofluorescent-multiharmonic microscopy (SLAM). This technique relies on the fact that different cells and ECM can be identified by their morphology, autofluorescence, and harmonic generation, thus there is no need to fluorescently label cells of interest. This technique can be used to visualize cell–stroma interactions, tissue remodeling, and metabolic activity (You et al., 2018). In one study using SLAM, it was shown that while the number of leukocytes increased and formed clusters in tissues in response to LPS, the density of collagen fibers and lipids decreased leaving space for the recruited leukocytes (You et al., 2018). Moreover, SLAM revealed that the local tissue environment was hypoxic and that the clustered leukocytes showed a reduced redox ratio indicating an increase in metabolic activity (You et al., 2018). Thus SLAM provides different information to IVM; however, it lacks the ability to unequivocally identify leukocyte subtypes or different subsets of neutrophils, thus SLAM could constitute a complementary approach to use alongside IVM.



NEUTROPHIL MARGINATION IN THE CAPILLARY OF THE SKIN AND MIGRATION WITHIN THE DERMA-SKIN AFTER CHALLENGE OR DAMAGE

The skin is a vast organ at the interface with the outside world and a robust level of defense must be provided to protect and quickly respond to potential harmful invading pathogens. Because vessels and tissue can be imaged directly through the skin, no surgery is required. Imaging of the mouse footpad has been extensively used as a model to unravel neutrophil migratory behavior in the derma (Zinselmeyer et al., 2008), while a more recent advanced method has been developed to study the epidermis and dermis of the mouse ear and dorsal skin (Li et al., 2012).

During homeostasis, visual imaging showed that neutrophils flow in the microvessels of the footpad at several hundred μm/s and rarely adhere to the endothelium of the skin (Zinselmeyer et al., 2008). Neutrophils reside transiently and in a small number within the connective tissue of the skin-derma and constantly exit via lymphatics during homeostasis (Ng et al., 2011) constituting a direct line of tissue protection.

The use of IVM to study the neutrophil dynamics during subcutaneous injection of parasites Leishmaniasis has shown that neutrophils are involved in both protection of the host and disease progression (Peters et al., 2008). Thus 30 min post infection, IVM reveals a substantial accumulation of neutrophils inside the blood vessels near the infected area and subsequent diapedesis into the skin parenchyma (Peters et al., 2008; Zinselmeyer et al., 2008; Graham et al., 2009). Using IVM the interplay of neutrophils and macrophages in the clearance of parasites from the skin was observed, showing that apoptotic neutrophils decrease their velocity from 4–14 to 0–6 μm/min and release the parasites in the vicinity of the tissue macrophages for final clearance (Peters et al., 2008). However, surprisingly, in a neutrophil-depleted model, the dissemination and survival of parasites was reduced suggesting that neutrophils can also act like a “Trojan horse” supporting the spread of the live pathogens to distant organs (Peters et al., 2008). In a similar manner, Duffy et al. (2012) observed that during a dermal viral infection, neutrophils were able to migrate in a CCR1-dependent manner from the dermis to the BM carrying the virus, again functioning like a “Trojan horse,” but in this context they interacted with antigen presenting cells (APCs) and primed BM CD8 T cells to mount an adaptive immune response. Moreover, in models of sterile dermal tissue damage caused by laser and during several cutaneous infections, single cell tracking of neutrophils by IVM revealed that they rapidly switched their probing migratory behavior during homeostasis into a highly directional mode of migration during tissue damage that reached mean velocity of 7.8 ± 2.5 μm/min (Graham et al., 2009; Ng et al., 2011), swarming around the damaged area of tissue or site of infection to clear the pathogens (Lammermann et al., 2013). By real-time investigation, Ng et al. (2011) showed that neutrophil locomotion occurs in three sequential phases with a few “scouting” neutrophils observed arriving within the first 15 min post damage, followed by an amplification phase with a synchronized attraction of a high number of neutrophils that traveled up to 150 μm and a stabilized phase in which neutrophils clustered around the damaged area. IVM allowed Lammermann et al. (2013) to show that in a radius of more than 300 μm, neutrophils sensed and directionally migrated toward the tissue lesion for up to 40 min.

In the model of Staphylococcus aureus, IVM was an essential tool to study the host–pathogen interaction, neutrophil migration, and abscess formation in the skin following infection (Liese et al., 2013). Moreover, IVM applied to a mouse skin flap with intact blood flow, allowed Liese et al. (2013) to dissect at the molecular level the temporal migratory dynamics of neutrophils during dermal infection showing that interstitial neutrophil migration during pathogen challenge is G-protein coupled receptor- and IL-1R-dependent process.

Intravital microscopy has also permitted the observation of neutrophil behavior within small capillaries, showing that neutrophils are dramatically elongated and are indecisively crawling back and forth over a distance of ∼100 μm closer to the subcutaneous nidus of S. aureus infection to prevent pathogen dissemination (Harding et al., 2014). This migratory behavior is LFA-1- and VLA-4-dependent but Mac-1-independent. Only a small number of those crawling neutrophils were observed exiting at the postcapillary venules and were recruited in the infected area (Harding et al., 2014).



NEUTROPHILS MARGINATE WITHIN THE MICROCAPILLARIES OF THE LUNG

In humans, the microvessels of the lung form an intricate network of approximately 2.8 × 1011 capillaries covering an estimated 108 alveoli (Hogg and Doerschuk, 1995), with diameters spanning from 2 to 15 μm they guaranty O2–CO2 exchange, thereby support gaseous exchange requirements for every single cell of the body. The entire output of the heart is distributed within this fine capillary network that has an extended surface area of ∼70 m2. As such blood velocity is dramatically reduced facilitating neutrophil–EC interaction (Gee and Albertine, 1993). Indeed, there is a large pool of marginated mature neutrophils, anchored within these microvessels under homeostasis (Figure 2A). This is important because the lung is constantly exposed to potentially harmful pathogens and pollutants/particles due to direct contact with the external environment through the air we breathe, and this marginated pool of mature neutrophils serve as a first line of defense in the lung (Gee and Albertine, 1993). Intravascular retained neutrophils are uniquely positioned within the vascular space where they remain until they are required to migrate into inflamed alveoli or parenchyma of the lung depending whether the pathogen is located in the airspace or tissue, respectively (Hogg and Doerschuk, 1995). It was 1987 when Lien et al. first made use of fluorescent video microscopy to observe labeled neutrophil migrate and interact in the sub-pleural pulmonary microcirculation through a window inserted into the chest wall of dogs. In this pioneering study, the authors observed that under homeostasis neutrophils were making transient contacts with ECs and migrated within the pulmonary capillaries with a transit time ranging from 2 s to 20 min but in contrast had minimal engagement in arterioles or venules (Lien et al., 1987). For decades the precise nature, function, and size of the intravascular marginated pool, versus the circulating pool, has divided scientific opinion; moreover, the molecular mechanism behind this interaction has not been identified (Gee and Albertine, 1993; Peters, 1998). Early studies suggested that ∼36% of cells are in circulation and ∼64% are engaged with lung ECs forming the “physiological regional pool” (Peters, 1998). The increase in IVM image resolution and stabilization of imaging allowed Looney et al. (2011) to directly image up to 125 μm below the pleura and follow in the physiologically intact lung the migratory dynamic of neutrophils up to 3 h. In this study, neutrophils were reported to traverse the 10–15 μm capillaries with a track speed of ∼1.5 μm/s, while in the medium size vessels at ∼100 μm/s confirming that neutrophils were engaging with the endothelial cells of the lung capillaries. Confocal pulmonary IVM further showed that neutrophils under homeostasis possess an array of migratory behaviors; tethering, crawling, and firm arrest but not rolling (Looney et al., 2011). Under homeostasis, these marginated neutrophils crawled a distance of only few μm (Yipp et al., 2017), but this increased significantly after intratracheal administration of LPS or E. coli particles reaching a mean velocity of ∼9.68 μm/min (Kreisel et al., 2010). The role of adhesion molecules in sustaining firm and prolonged interaction of neutrophils with the lung ECs has been controversial with contradicting and inconclusive results (Gee and Albertine, 1993). L-selectin deficient mice were reported to have a normal pool of intravascular retained neutrophils in the lung (Doerschuk, 2001). Assuming that the pool of marginated neutrophils consists of “non-activated” neutrophils interacting with non-activated endothelium, it does not come as a surprise that the classical molecular mechanisms associated with adhesion in the context of inflammation do not apply to this pool of neutrophils interacting with the vasculature under homeostasis. The blood flow in the microcapillaries, as discussed above, is relatively low and due to the diameter of the capillaries it is clear that neutrophils change shape to squeeze through the microcapillaries and this results in their slow transit time. It has been argued that the mechanical mechanism of cell squeezing could stimulate their margination promoting interaction with the lung capillaries, an interesting hypothesis that requires further evidence (Kuebler and Goetz, 2002; Rossaint and Zarbock, 2013). We have recently directly shown, using IVM to image the pulmonary capillary network of mice that a single dose of the CXCR4 antagonist, AMD3100, did not compromise the lung intravascular retained pool of neutrophils under homeostatic conditions (Pillay et al., 2020). Further applying dynamic planar gamma scintigraphy, we have also shown that AMD3100 does not affect the retention of primed neutrophils in the capillary circulation of the lung in humans. Taken together these data suggest that the CXCR4-CXCL12 chemokine axis does not support neutrophil retention in the lung microvascular in either mouse or human (Pillay et al., 2020). Thus to date the precise molecular mechanisms underlying the retention of mature neutrophils in the pulmonary capillaries are unknown or still remain a mystery.
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FIGURE 2. Spatial organization of neutrophils in the lung and spleen during homeostasis. (A) Frame from lung IVM video showing marginated neutrophils (red) within the microvessels of the lung (green). (B) Precision cut spleen slice showing tissue resident neutrophils (red) and margiant zone macrophages (green) delimiting the MZ. Scale bar 50 μm.


While neutrophils serve as a critical line of host defense in the lung, in the context of ARDS and a number of chronic lung diseases, e.g., COPD, IPF, and asthma, it is thought that the accumulation of excessive numbers of neutrophils supports disease progression (Kamath et al., 2005; Hughes et al., 2019; Potey et al., 2019). Thus, understanding the mechanisms underlying neutrophil influx is desirable to enable the development of targeted therapeutics that can reduce neutrophil numbers in these clinical scenarios. In contrast to the situation under homeostasis, there is consistent evidence from several studies showing the requirement of specific adhesion molecules to support increased neutrophil retention within the microvessels of the lung and their further migration within the infected parenchyma (Doerschuk, 2001). The nature of the adhesion molecules is stimulus dependent, thus neutrophil emigration utilizes β2 integrins when elicited by E. coli, but not when elicited by Streptococcus pneumoniae (Doerschuk, 2001).

L-IVM showed that following systemic challenge, E. coli was sequestered within seconds by the lung ECs in the pulmonary capillary network and this was followed by the rapid migration of marginated neutrophil toward the immobilized pathogen (Yipp et al., 2017). This work indicates that the lung is an important host defense niche for the detection and capture of systemic pathogens, and requires cooperation between the vascular endothelium and marginated neutrophils (Yipp et al., 2017). In the search for new adhesion molecules that support neutrophil retention in the lung during inflammation, an in vivo functional screen surprisingly identified dipeptidase-1 (DEPEP1) (Rajotte and Ruoslahti, 1999; Choudhury et al., 2019). DEPEP1, a membrane enzyme expressed by activated pulmonary endothelium, was shown to support neutrophil adhesion, independent of its enzymatic activity. Moreover, genetic deletion studies and use of a blocking peptide showed that neutrophil adhesion and recruitment in the inflamed lung was significantly attenuated in the absence of DEPEP1 during sepsis (Choudhury et al., 2019). Finally, when the DEPEP1 blocking peptide was used therapeutically in mice administered with a lethal dose of LPS, it showed a remarkable survival effect and an impressive reduction in neutrophil recruitment into the inflamed lung (Choudhury et al., 2019). With respect to the focus of this review, highlighting how IVM has been key to advancing our understanding and identifying the molecular pathways regulating neutrophil trafficking, this research is notable in that the initial screen involved using confocal IVM to identify a peptide that localized to both the lung and liver endothelium after LPS treatment and reduced neutrophil accumulation in these tissues. Importantly, while this research was carried out in mice, recombinant human DPEP1 supported the adhesion of human neutrophils in vitro, indicating its translational potential.

While neutrophils are important for host defense, as mentioned above, when they accumulate in large numbers in tissues, they also have the potential to cause considerable damage to the host tissue. This is due to the fact that their granule proteins and neutrophil extracellular traps (NETs), both important for their anti-microbial functions, are also cytotoxic. In this respect, a series of recent discoveries, also made using IVM, provide an explanation for why marginated neutrophils in the lung may not be as cytotoxic as those in the circulation. Following their release from the BM neutrophils only circulate for 6–10 h before they exit into tissues, including the spleen, BM, and lung (Casanova-Acebes et al., 2018). The migration into the lung is regulated by CXCL1 and the clock gene BMAM-1(Adrover et al., 2020), which in the mouse, means that the majority of circulating neutrophils infiltrate the lungs during the daylight (Adrover et al., 2019). At this time, as compared to neutrophils freshly mobilized from the BM, circulating neutrophils exhibited changes in their proteome, with a reduction in cytotoxic granule proteins, which in turn reduced their ability to form NETs. This process is termed neutrophil “disarming.” Taken together, these findings explain how neutrophils can exist in large numbers as marginated cells in the microvasculature of the lungs without causing tissue damage. They also explain why acute lung injury caused by the influx of neutrophils in response to an inflammatory stimulus varies considerably dependent on the time of day. Thus in mice, LPS challenge of the lungs at night will result in greater host tissue damage, due to accumulation of neutrophils from the circulation that have a high content of cytotoxic proteins in their granules as compared to those that would accumulate during the day that have an aged phenotype with lower cytotoxic potential (Adrover et al., 2020). While these studies have been performed in mice, similar changes in neutrophil proteome have been reported human neutrophils with aging, suggesting that these findings are translatable (Adrover et al., 2020).

Another fascinating function of neutrophils has been identified by Wang et al. (2017) in their ability to promote tissue repair in a model of murine sterile thermal hepatic injury. IVM showed that following laser injury of the liver, tissue neutrophils were involved both in dismantling the injured vessels and then in directly contributing to the deposition of collagen in a honeycomb pattern to create a path to rebuild the new vasculature (Wang et al., 2017). In response to the hepatic injury, some neutrophils migrated away from the site of injury while a small number were observed to re-enter the circulation. These neutrophils were later found to “sojourn” in the lung where they upregulated CXCR4 before homing back to the BM in a final voyage to be cleared (Wang et al., 2017). While it is fascinating that a subset of neutrophils, having experienced tissue injury in one organ, makes a pit-stop in the lungs before being cleared in the BM, the reason for this process is still not fully understood. More models need to be tested in order to prove whether this is a specific mechanism that links the liver and the lung or broadly applies to any injured organ, and whether this is only linked to sterile damage or applies also to infection.

Recently, Fluorescent influenza virus (color-flu) has been developed as a means of studying influenza infection in the lungs of mice by IVM. Details of the model and a database of fluorescent dyes, antibodies, and reporter mouse lines that can be used in combination with Color-flu for multicolor analysis have also been reported (Xie et al., 2020). Using this model, pulmonary permeability (by dextran leakage from the lung vessels into the alveolar space) and blood flow speed (by i.v. injection of fluorescent microbeads) have been studied following infection, in addition to studying neutrophil dynamics (Ueki et al., 2018; Xie et al., 2020). Thus they reported a reduction in pulmonary permeability and blood perfusion speed during infection, highlighting the severe pulmonary damage created by the virus to the host (Ueki et al., 2018). Neutrophil dynamics exhibited a temporal change in speed, with a high migratory speed ≥ 50 μm/s during the early time points (30 min to 1 h) following virus infection and a slow migratory behavior characteristic of the later phase (Ueki et al., 2018).



NEUTROPHIL MARGINATION WITHIN THE PARENCHYMA OF THE SPLEEN AND LYMPH NODES

As a secondary lymphoid organ, an important function of the spleen is in mounting the adaptive immune response during pathogen challenge. In addition, three distinct subsets of macrophages (metallophilic, marginal, and red pulp) present in the spleen play a critical role in filtering the blood, removing senescent red blood cells and systemic pathogens. After the BM the spleen contains the largest number of neutrophils during homeostasis, but until recently the dynamics of these tissue neutrophils was unknown (Casanova-Acebes et al., 2013). IVM showed that two distinct splenic neutrophil populations, at distinct maturation stages, populate the red pulp of this organ under homeostasis (Figure 2B) and differentially respond to pathogen challenge (Deniset et al., 2017). Thus, Ly6Ghigh are mature neutrophils that scan the tissue at varied speeds from 0–2 μm/min and up to more than 10 μm/min under steady state. Their migratory speed declined 24 h after challenge increasing the dwelling time and number of firm interactions with local splenic macrophages. Ly6Gintermediate are immature and static neutrophils capable of undergoing emergency proliferation during pathogen challenge contributing to the removal of pathogen and of plucking S. pneumoniae from the surface of red pulp macrophages (Deniset et al., 2017).

The very same preNeu, immature Neu, and mature Neu that populate the BM (described in detail above) were also found in the spleen under homeostasis even if in a reduced number compared with the population in the BM (Evrard et al., 2018). During sepsis, preNeu numbers in both the BM and spleen expanded with a greater fold of increase in the spleen indicating that both organs contribute to emergency granulopoiesis in response to infections (Evrard et al., 2018) and represent a store of immature cell reserves. The possibility that neutrophils can complete the last stages of their maturation outside of the BM in the spleen also give rise to the possibility that tissue specific education may prime neutrophils such that they are better tailored to the immune surveillance property of the spleen for a fast and more effective response to pathogens or tissue damage. Puga et al. (2011) identified another distinct subset of neutrophils in the spleen, the splenic neutrophil B-helper cells (NBH), that can support marginal zone B cell maturation and induce their antibody secretion during pathogen challenge via the production of B cell-attracting chemokines such as CXCL12 and CXCL13. Confocal microscopy revealed that NBH interact directly with MZ B cells via protrusion similar to DNA-containing-NET-like projections. Moreover, two genetically and phenotypically distinct subsets have been identified, called NBH1 and NBH2 (Puga et al., 2011). It is still unknown whether these two populations identified in humans are comparable to Ly6Ghigh and Ly6Gintermediate murine neutrophils identified by Deniset et al., as reviewed (Scapini and Cassatella, 2017).

The molecular mechanisms underlying the retention of splenic neutrophils are still under investigation. Applying IVM, Pillay et al. (2020) ruled out the CXCL12-CXCR4 chemokine axis-as molecular mechanism responsible of the splenic retention of neutrophil. In fact, treatment with the CXCR4 antagonist, AMD3100 caused an increase in the number of circulating and splenic neutrophils (Liu et al., 2015) as early as 30 min post challenge and while these splenic neutrophils showed an increase in their migratory speed, there was no evidence that they were activated (Pillay et al., 2020). These data suggest that the spleen can also functions as a sink, lowering the number of circulating neutrophils when they reach a specific threshold. It is possible that the pooling of neutrophils in the spleen protects other more fragile organs, such as the lung from neutrophil overload and potential damage.

Intravital microscopy also revealed that neutrophils patrol unstimulated draining lymph nodes of the skin, lung, and gastrointestinal track (Lok et al., 2019) and reside within the interstitium of the lymph nodes (Bogoslowski et al., 2020). They represent a phenotypically distinct subset of neutrophils when compared with circulating neutrophils with a high level of major histocompatibility complex II (MHCII)high with the potential of influencing the adaptive immune system (Lok et al., 2019). IVM revealed that under homeostatic conditions a small population of neutrophils (∼1000 neutrophils per lymph node) continuously enter the lymph nodes via the high endothelial venules (HEV) in an L-selectin-dependent manner and leave the organ via efferent lymphatic in a sphingosine-1-phosphate (S1P)-dependent way (Bogoslowski et al., 2020). In contrast to other organs, neutrophil entry into the lymph nodes did not follow circadian rhythm. These temporarily resident neutrophils survey the tissue for pathogens and following bacterial infection, recruit additional neutrophils but not after sterile injury suggesting that lymph node neutrophils are able to discriminate the nature of the insult and respond accordingly (Bogoslowski et al., 2020).

Intravital microscopy has been pivotal in documenting the dynamic influx of neutrophil from inflamed tissues into the lymph nodes in response to infection (Hampton et al., 2015; Bogoslowski et al., 2020). Circulating and tissue-resident neutrophils have been shown to use both the afferent lymphatics of the infected tissue as well as HEV to enter the lymph nodes (Chtanova et al., 2008; Duffy et al., 2012; Gorlino et al., 2014; Hampton et al., 2015; Bogoslowski et al., 2020). The neutrophils that are able to migrate to lymph nodes and to modulate adaptive immune reactions express CD11bhigh, CD62Llow, and CXCR2low. They seem to use different molecular mechanism to enter the lymph nodes; CCR7 is essential for neutrophils to enter via afferent lymphatics (Beauvillain et al., 2011), while L-selectin is essential for neutrophil entry via HEV (Gorlino et al., 2014; Bogoslowski et al., 2020). The molecular mechanisms of neutrophil entry and their physiological and pathological implications have been reviewed by Voisin and Nourshargh (2019).

Intravital microscopy showed the entry of neutrophils into the popliteal lymph node (PLN) via multiple hotspots on HEV following influenza vaccination (Pizzagalli et al., 2019). Moreover, neutrophil positive for influenza virus were tracked entering into the PLN after vaccination and showed over a time of 2 h changes in their dynamic motility with a decrease in instantaneous and mean speed, directionality, displacement, and an increase in the arrest coefficient suggesting an increase in cell-to-cell interactions (Pizzagalli et al., 2019). Five distinct neutrophil migratory behaviors have been observed: flowing, arrested, patrolling, directed migration, and swarming (Pizzagalli et al., 2019). During swarming, neutrophils were observed forming clusters that enlarged over time in areas rich in tissue resident macrophages (Pizzagalli et al., 2019). In another study using a model of skin infection, neutrophils were observed migrating to the PLN recruited by tissue resident macrophages in an IL-1β-dependent manner to control the spread of pathogens (Kastenmuller et al., 2012).

In a model of S. aureus infection, imaging of the inguinal lymph nodes by IVM revealed a dynamic influx of neutrophils that occurred in two waves with the second one composed of neutrophils mobilized by the BM (Kamenyeva et al., 2015). Moreover, by imaging lymphocytes, neutrophils and fluorescently labeled pathogens at the same time, Kamenyeva et al. (2015) showed that neutrophils interact extensively and directly with lymph node resident B cells to dampen their IgG and IgM production.

Applying IVM has also revealed the remarkably coordinated movement of two consecutive neutrophils, called “two-neutrophil squads” within the small capillaries of lymph nodes and found that these innate immune cells use alternative branches at bifurcations in order to avoid the formation of “traffic jam” within the same branch (Wang et al., 2020). Moreover, when four consecutive neutrophils enter a capillary with branches, two alternative patterns were observed, left-right-left-right or vice versa. This pattern has been explained by the fact that when a neutrophil is traveling along a capillary of the lymph node, it reduces the chemoattractant gradient in the capillary segment where it has just traveled in and increases the hydraulic resistance of the capillary it is occupying, hence the following neutrophil uses the opposite branch to continue its journey where the chemokine gradient is higher and hydraulic resistance lower (Wang et al., 2020).

Two-photon scanning-laser microscopy has provided information on the coordinated migration pattern of neutrophils within the draining lymph nodes after tissue infection showing that neutrophils can swarm and form small, large, transient, or persistent clusters within the lymph nodes (Chtanova et al., 2008). Visual imaging over time revealed that neutrophils show a direct migration rather than random within the lymph node with a high average speed of 11.9 μm/min to form clusters even from a distance of more than 70 μm from the swarm center (Chtanova et al., 2008). Moreover, visual imaging helped in defining that neutrophil swarming is initiated by pioneering neutrophils that come together within the first minutes followed by a massive influx of neutrophils later on (Chtanova et al., 2008; Lammermann, 2016). Neutrophil persistence within the lymph nodes disrupted the continuous layer of CD169+ macrophages present in the sub-capsular sinus suggesting tissue remodeling by infiltrated neutrophils (Chtanova et al., 2008). Making use of a photoconvertible system, Kikume reporter mouse, and two-photon microscopy, the fate of neutrophils first recruited to the inflamed skin and second into the lymph nodes have been imaged and showed a crawling speed of ∼13 μm/min via a CD11b and CXCR4-dependent mechanism (Hampton et al., 2015).

These data show that not all the neutrophils that infiltrate infected areas die in situ. At least some can re-enter either the blood vessels or the lymphatics and localize within the draining lymph nodes. These exciting studies show that neutrophils have many more functions beyond the direct killing of pathogens and tissue repair, including the recruitment and activation of other leukocytes, modulation of the adaptive immune system, antigen presentation, and blocking pathogen dissemination beyond the lymph nodes.



SENESCENCE AND NEUTROPHIL DEATH

In the aging process of a cell, senescence represents a step before apoptosis. Senescent neutrophils characterized by an increase in cell surface level of CXCR4 selectively return to the BM at the end of their life for clearance (Martin et al., 2003; Furze and Rankin, 2008b). Moreover, circulating senescent neutrophils are characterized by Ly6G+ CD62Llow. Applying IVM to the calvarium to follow these aged neutrophils within the BM revealed these cells have a high migratory capability, supported by the upregulation of CD11bhigh/CD49dhigh. Moreover, 40% of Ly6G+ CD62Llow was found in direct contact with CD169+ BM macrophages for their final clearance but far away from CAR cells (Evrard et al., 2018). This mechanism of clearance represents a homeostatic signal that modulates hematopoietic niches in the BM and that regulates appearance of progenitors into the circulation (Casanova-Acebes et al., 2013; Adrover et al., 2016). Moreover, the spatial difference in location of “fresh” and aged neutrophils supports the idea that the process of neutrophil maturation and clearance of senescent neutrophils happens in spatially separated areas of the BM, with special areas for maturation and retention of freshly produced neutrophils and others for phagocytosis of aged neutrophils.

Under homeostasis, spontaneous clearance of CD62Llow neutrophils from the circulation follows a circadian rhythm with an accumulation during the light time between zeitgeber times (ZT) ZT5-ZT13 and clearance from the circulation during the night time ZT17-ZT5 in mice (Casanova-Acebes et al., 2013). While many studies have successfully imaged the BM via IVM, capturing the migration of neutrophils across the BM sinusoidal endothelium as they are mobilized into the blood, the uptake of senescent neutrophils by macrophages has proven extremely challenging, as well as quantitative analysis of these processes (Adrover et al., 2016).

Interestingly, the molecular profile of senescent neutrophils CD62Llow and CD11bhigh resembles one of the activated neutrophils. As suggested by Casanova-Acebes et al. (2013), aged neutrophils could share a common program of activation signature to ensure the return of neutrophils to the BM for clearance. In fact, there are several studies showing that compromised clearance of cells leads to an unbalanced homeostasis and loss in vascular protection (Adrover et al., 2019). Thus in a model of zymosan-induced peritonitis, aged neutrophils showed an impaired ability to migrate within inflamed tissues, while retaining an ability to migrate toward tissues that support clearance suggesting a selective recruitment of “fresh” neutrophils for fighting infections (Adrover et al., 2019).

Neutrophil-specific deletion of CXCR2 or CXCR4 shows a disruption in the temporal changes of CD62L level on neutrophils. Circulating neutrophils of mice CXCR2ΔN express constitutively high level of CD62L, while in CXCR4ΔN constitutively low CD62L. Further CXCR2 has been shown to promote aging during the day while CXCR4 prevents it, suggesting that both chemokine receptors are responsible for controlling the process of neutrophil aging (Adrover et al., 2019).

Bone marrow is not the only organ where aged neutrophils can be cleared. This function is equally shared between the BM, spleen and liver (Suratt et al., 2001; Furze and Rankin, 2008b). However, the molecular mechanism of senescent neutrophil clearance in the spleen and liver is not fully understood (Furze and Rankin, 2008b). Aged neutrophils are cleared in the liver by tissue resident macrophages (Kupffer cells) in a G-αi-independent manner, while in the spleen half of senescent neutrophils are cleared in a G-αi-independent manner and half in a G-αi-dependent manner; however, the receptor involved is still not known (Furze and Rankin, 2008b). IVM imaging of the spleen treated with AMD3100 showed an increased number of splenic neutrophils but not activation or changes in CXCR4 expression suggesting that the process of senescent neutrophil clearance in the spleen is CXCR4 independent (Pillay et al., 2020).



DEVELOPMENT OF NEW THERAPEUTICS

The dynamics and molecular mechanisms underlying neutrophil trafficking in homeostasis and disease have been extensively studied by IVM over the last decades, with technological advances allowing researchers to continually uncover new functions and facets of these fascinating cells (Figure 3). Thus while the original seminal studies led to the generation of the adhesion cascade paradigm (tethering rolling, adhesion transmigration) increasingly more sophisticated IVM, together with availability of fluorescent reporter mice, and genetically modified mice has revealed increasing levels of complexity to this process (Girbl et al., 2018). Moreover, technological advances that have allowed imaging of tissues including the lung, spleen, and lymph nodes have led to an understanding that neutrophil responses are both tissue and pathogen specific, but moreover that there are distinct subsets of neutrophils in these tissues that have different responses and functions. Finally, the temporal nature of neutrophil responses has been revealed by IVM, whether that is early versus late response to a pathogen, or differential responses dependent on the time of day or night. This ever increasing level of complexity means that we are now in a stronger position to understand neutrophil related diseases and design targeted therapies. Going forward IVM is a technique that could help to test in vivo the mechanism of action of drugs and help design more potent or specific therapeutics, as has been shown recently with the identification of DEPEP1 the adhesion molecule for neutrophil retention in the lungs following LPS challenge, that could be a potential therapeutic target for ARDS (Choudhury et al., 2019). In addition to having more knowledge to specifically ameliorate inflammatory pathologies we can now start to understand in more detail, the function of tissue resident neutrophils, the different subsets of these cells, and the choreography of their recruitment, tissue retention, and maturation thanks to IVM.


[image: image]

FIGURE 3. Cartoon with schematic representation of lung, spleen, and calvarium BM IVM. Mice are deeply anesthetized, fluorescent Abs are intravenously injected, and internal organs are partially exposed to be imaged by IVM while maintaining blood flow. Dynamic behaviors of tissue neutrophil motility, cell–cell interactions, and temporal change in speed are recorded over time.
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Neutrophils are the first cells recruited at the site of infections, where they phagocytose the pathogens. Inside the phagosome, pathogens are killed by proteolytic enzymes that are delivered to the phagosome following granule fusion, and by reactive oxygen species (ROS) produced by the NADPH oxidase. The NADPH oxidase complex comprises membrane proteins (NOX2 and p22phox), cytoplasmic subunits (p67phox, p47phox, and p40phox) and the small GTPase Rac. These subunits assemble at the phagosomal membrane upon phagocytosis. In resting neutrophils the catalytic subunit NOX2 is mainly present at the plasma membrane and in the specific granules. We show here that NOX2 is also present in early and recycling endosomes in human neutrophils and in the neutrophil-like cell line PLB-985 expressing GFP-NOX2. In the latter cells, an increase in NOX2 at the phagosomal membrane was detected by live-imaging after phagosome closure, probably due to fusion of endosomes with the phagosome. Using super-resolution microscopy in PLB-985 WT cells, we observed that NOX2 forms discrete clusters in the plasma membrane. The number of clusters increased during frustrated phagocytosis. In PLB-985NCF1ΔGT cells that lack p47phox and do not assemble a functional NADPH oxidase, the number of clusters remained stable during phagocytosis. Our data suggest a role for p47phox and possibly ROS production in NOX2 recruitment at the phagosome.

Keywords: phagocytosis, NOX2, super-resolution imaging, dSTORM, nanoclusters


INTRODUCTION

The phagocytic NADPH oxidase produces reactive oxygen species (ROS) that are crucial for killing pathogens during phagocytosis. NADPH oxidase is a multi-subunit enzyme comprising several membrane and cytosolic components, the flavocytochrome b558 (NOX2) and p22phox in membranes, and the cytosolic subunits (p47phox, p67phox, and p40phox) and the small GTPase Rac. Upon phagocytosis, the cytosolic subunits and Rac assemble with the membrane subunits. This translocation allows electron flow from NADPH in the cytosol to oxygen in the phagosome, through the catalytic subunit NOX2, leading to superoxide anion production, which is the precursor of other types of ROS (Nunes et al., 2013; Valenta et al., 2020). A lack of a functional NADPH oxidase such as in chronic granulomatous disease results in life-threatening infections with bacteria and fungi (O’Neill et al., 2015). Thus, ROS production is necessary for the immune response against many pathogens. NOX2 forms a heterodimer with p22phox in the endoplasmic reticulum. The heterodimer formation is necessary for its trafficking in the Golgi, where NOX2 is further glycosylated (DeLeo et al., 2000). In neutrophils, the heterodimer has been localized in the plasma membrane, in specific and gelatinase granules, and in secretory vesicles (Borregaard et al., 1983; Lominadze et al., 2005). In macrophages, the heterodimer is present in the plasma membrane and in Rab5 and Rab11-positive endosomes (Casbon et al., 2009). Since the early and recycling endosomes fuse with the phagosome during phagocytosis (Niedergang et al., 2003; Pauwels et al., 2017), they may add new heterodimers within the phagosomal membrane.

In order to explore whether the endosomal pathway contributes to the enrichment in phagosomal NOX2 in neutrophils, as in macrophages, we used the neutrophil-like PLB-985 cells that express neither specific and gelatinase granules nor secretory vesicles (Pivot-Pajot et al., 2010; Rincón et al., 2018). First, using live imaging and the X0-CGD PLB-985 cell line expressing GFP-NOX2 (van Manen et al., 2008), we observed an increase in phagosomal NOX2 after phagosomal closure. Immunofluorescence studies indicated that PLB-985 cells, as well as primary human neutrophils, contained early and recycling endosomes positive for NOX2. During phagocytosis, these endosomes were in close contact with the phagosome suggesting that they could contribute to the phagosomal gain in NOX2. Moreover, using direct stochastic optical resolution microscopy (dSTORM) in a total internal reflection fluorescence microscopy (TIRFM) configuration, we observed that NOX2 formed discrete clusters during frustrated phagocytosis. The number of clusters increased during phagocytosis in PLB-985 WT cells but not in PLB-985 NCF1ΔGT cells that lack a functional oxidase due to the absence of p47phox (Wrona et al., 2017). These data suggest that the presence of p47phox and/or NADPH oxidase activity triggers a positive feedback with the recruitment of NOX2 positive vesicles.



MATERIALS AND METHODS


Cell Culture

Several PLB-985 cell lines were used in this study. The human myeloid leukemia cell lines PLB-985 WT was a generous gift from Dr. Marie-José Stasia (Faculty of Medecine, Université de Grenoble Alpes, France). The X0-CGD PLB-985 GFP-NOX2 cell line corresponds to PLB-985 WT cells deleted for endogenous NOX2 (Zhen et al., 1993) but expressing GFP-NOX2 (van Manen et al., 2008). PLB-985 NCF1ΔGT cells lack a functional oxidase due to deletion of a dinucleotide in the NCF1 gene, encoding p47phox, by CRISPR/Cas9 manipulation (Wrona et al., 2017). PLB-985 cells were cultured and differentiated for 5 or 6 days with 1.25% DMSO as previously described (Song et al., 2020). IFN-γ (2000 U/ml, 11343536, Immunotools) was added to the culture 24 h before the experiments.



Neutrophil Preparation

Human blood samples were taken with the understanding and written consent of each volunteer by the “Etablissement Français du Sang, Cabanel, Paris” (the French blood transfusion service and National Blood Bank: https://www.ints.fr/). An agreement (N°11/Necker/103) allowing us to use blood samples from the volunteers for research purposes was signed between this organization and our laboratory. Neutrophils were isolated from healthy donor whole blood as previously described (El Benna et al., 1997). For all the experiments, the cells were resuspended in Hank’s Balanced Salt Solution (H8624, Sigma-Aldrich).



Opsonization of Zymosan and Phagocytosis

Zymosan (Z2849, InvitrogenTM) and Texas-Red-zymosan (Z2843, InvitrogenTM) from S. cerevisiae were opsonized with human serum (diluted 50%, H4522, Sigma-Aldrich) as described previously (Tlili et al., 2011).

For live-imaging, zymosan particles were added directly to 5 × 105 cells (5 particles per cell). For short-term live-imaging, a Z-stack with an increment of 0.5 μm was taken, from the start of phagocytosis, every 30 s. For longer term live-imaging (>3 min), the contact between zymosan and cells was obtained by centrifugation at 13°C at 400 g during 3 min. The end of the centrifugation was defined as Time Zero for the phagocytosis. A Z-stack with an increment of 1 μm was made every 5 min.



Frustrated Phagocytosis

For super-resolution microscopy, coverslips were washed for 30 min with 0.1% (w/v) Decon 90 and 100 mM sodium hydroxide under sonication. The coverslips were then kept in 2 N sodium hydroxide for 2 h before washing with pure water followed by 70% ethanol. Finally, they were soaked for 1 h in absolute ethanol followed by an acetone wash and then dried in an oven for 30 min at 70°C. For frustrated phagocytosis, coverslips were coated with BSA (10 mg/ml, B1529, Sigma-Aldrich) overnight. After a washing step, a rabbit anti-BSA antibody was added (1:500, B1520, Sigma-Aldrich) at room temperature for 1 h. Cell adhesion on poly-lysine (P4707, Sigma-Aldrich) coated coverslip was carried out as described previously (Mularski et al., 2018).



Immunofluorescence

The immunofluorescence experiments were performed as described previously (Tlili et al., 2012) except that, after paraformaldehyde fixation, the coverslips were incubated 5 min twice with 10% (w/v) glycine in PBS. The cells were immunostained with a rabbit anti-EEA1 antibody (1:100, PA5-17228, Invitrogen) or a rabbit anti-Rab11 (1-5μg, 71-5300, Thermofisher) and a mouse anti-NOX2 antibody (1:1000, Abcam, ab80897), followed by Alexa-488 goat anti-mouse antibody (1:1000, A11029, Life Technologies) or Dylight 405 goat anti-rabbit (1:200, 35550, Thermofisher).

The same protocol was used for dSTORM experiments, the only difference concerned the secondary antibody. After the mouse anti-NOX2 antibody, a mix with Alexa-647 F(ab′)2 goat anti-mouse Immunoglobulin G (IgG; 1:3000, A21237, Thermo Fisher Scientific) and a blocking antibody against free rabbit anti-BSA antibody (1:1000, ab6831, Abcam) were used during 1 h at room temperature.



Microscopy

Imaging was carried out with a Spinning-Disk Confocal System (Yokogawa CSU-X1-A1, Yokogawa Electric, Yokogawa, Japan), mounted on a Nikon Eclipse Ti E inverted microscope, equipped with a 100x APO 1.4 oil immersion objective and an EM-CCD eVolve 512 camera (Photometrics), driven by MetaMorph 7 software (Molecular Devices). GFP-NOX2 protein was excited at 491 nm (Cobolt Calypso, 100 mW) with an exposure time of 200 ms. Fluorescence was detected with a double-band beam splitter (491–561 nm) and a 525/45-nm emission filter. For immunofluorescence, 561 nm (Coherent, 100 mW) and 405 nm (Vortran, 100 mW) lasers were also used with a quad-band beam splitter and a quad band emission filter (440/40 nm, 521/20 nm, 607/34 nm, 700/45 nm, Semrock).

DSTORM super-resolution microscopy is based on stochastic blinking of individual fluorophores. Each detection sequence detects a small number of fluorophores in the microscope field. A large number of images (20000) was recorded in order to detect each individual blinking fluorophore and to reconstruct images with high spatial precision. To achieve the blinking process for dSTORM, the coverslips (thickness 0.17 mm) were incubated in a specific imaging buffer composed of 0.63 mg/ml glucose oxidase (G2133, Sigma-Aldrich) and its substrate (0.1 g/ml glucose), 40 μg/ml catalase (C100, Sigma-Aldrich) and 110 mM mercaptoethylamine. Depletion in oxygen by the glucose oxidase, and the thiols stabilize the fluorophores in a dark state thereby reducing the number of fluorophores that are blinking at the same time (Endesfelder and Heilemann, 2015). Imaging was carried out with a Nikon Eclipse Ti E inverted microscope, equipped with a motorized x,y,z perfect focus system and a 100x APO TIRF SR (N.A. 1.49) oil immersion objective and an Andor iXon Ultra 897 EM-CCD camera driven by NIS-Elements Advanced Research software (Nikon). A 647 nm laser (MPB Communication, 300 mW) and a 405 nm diode (Cube, Coherent, 100 mW) were used. The fluorescence was detected with a quad band emission filter (450/60-525/50-605/50-730/120, Chroma). 20,000 images, each with an exposure of 16 ms were taken per acquisition.



Image Processing and Analysis

Image J software was used to analyze immunofluorescence images, to quantify fluorescence in real-time microscopy and to determine the cell surface after frustrated phagocytosis. A line over plasma and phagosomal membrane was drawn and the ratio between fluorescence at the phagosomal membrane (minus background) and fluorescence at the plasma membrane (minus background) was calculated for each time point. Co-localization was analyzed using the JACoP ImageJ plugin (Bolte and Cordelières, 2006). A negative control was made by recalculating the Pearson coefficient using the NOX2 image rotated by 180° (Dunn et al., 2011).

Direct stochastic optical resolution microscopy analysis was performed using thunderSTORM software (Ovesný et al., 2014). First, images were filtered using the “difference of averaging” filter. Blinking events were detected using the local maximum method and then sub-pixel localization was estimated using a point spread function model (PSF integrated Gaussian). The detection process thus provided a list of every fluorophore with an estimation of the number of emitted photons and their precise localization. Artifactual detections were avoided by removing all molecules whose localization lacked precision, having a variability greater than 20 nm. We estimated the maximal radius of a sphere containing the NOX2 plus antibody-complex to be 20 nm since the radius of NOX2 can be estimated as 3 nm (Erickson, 2009), the length of the primary antibody is 10-15 nm and the F(ab′)2 fragment of the IgG is 5 nm (Hainfeld and Powell, 2000).

Using SR-Tesseler software (Levet et al., 2015) the molecule list was then analyzed with the density based spatial clustering of applications with noise algorithms (DBSCAN, Ester et al., 1996) used to detect cluster organization. The algorithms gather points that are close together taking into account a minimum number of fluorophores within a minimum distance. We considered as the minimal distance the estimated diameter of NOX2 plus the antibody complex (40 nm). The minimum number of fluorophores in clusters was 15 in order to get at least two molecules of NOX2 in one cluster. Indeed one Alexa-647 F(ab′)2 goat anti-mouse IgG can carry up to 7 Alexa-647 molecules, and we assumed that 2 Alexa 647 F(ab′)2 fragment can bind one primary anti-NOX2 antibody. The algorithm thus gave a list of clusters indicating their position, size and the number of fluorophores in each cluster, making it possible to compare different experimental conditions.



Data Analysis

Graphpad prism8 software (GraphPad Software, United States) was used for statistical analyses. Since the values were not normally distributed, Mann–Whitney tests were performed to compare 2 groups, and Kruskal Wallis tests were used to compare multiple groups. For the live-imaging experiments, ratio-paired t-tests were used to compare fluorescence ratios at the different times. Differences were considered significant when p < 0.05. Statistical test results are indicated in the figure legends.




RESULTS


Phagosomal NOX2 Level Increases After Phagosome Closure

We first investigated whether the level of NOX2 in the phagosomal membrane increases during phagocytosis in PLB-985 cells. The NOX2 increase could be due to lateral diffusion of NOX2 protein in the plasma membrane, which might then accumulate in the phagosomal cup, or to fusion of NOX2-containing organelles with the phagosomes. X0-CGD PLB-985 GFP-NOX2 were used to follow GFP-NOX2 accumulation in the phagosomal membrane. X0-CGD PLB-985 cells do not express NOX2, thus we checked that expression of GFP-NOX2 in these cells was able to restore ROS production upon phagocytosis of serum opsonized zymosan in our luminometry assay using L-012 although the production was a bit reduced as compared to PLB-WT cells (unpublished data). GFP fluorescence was located at the plasma membrane and also in discrete dots inside the cells (Figure 1A). The phagocytosis of opsonized zymosan was followed using 4D live imaging during the first 180 s after the phagosome closure (Figure 1A). At the onset of phagocytosis, the fluorescence ratio of GFP-NOX2 between the phagosomal membrane and the plasma membrane was about 1, indicating that the phagosomal level of NOX2 did not increase before phagosome sealing. However, 1 min after phagosomal closure a gain in phagosomal membrane NOX2 was measured. To observe GFP-NOX2 over a longer period of time after phagosomal closure, we synchronized the phagocytosis by centrifugation and followed the phagosome maturation using 4D live imaging (Figure 1B). At 5 min after the centrifugation, the fluorescence ratio was 1.4 (±0.18), close to that obtained in the previous experiment 3 min after phagosome closure. This ratio further increased to 1.7 (±0.19) after 20 min of phagocytosis, indicating that the phagosomal membrane had gained new NOX2 molecules. Our data thus indicate that in PLB-985 cells part of GFP-NOX2 was recruited within the phagosomal membrane after phagosome sealing, suggesting that some organelles can deliver new NOX2 molecules to the phagosome.
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FIGURE 1. Accumulation of NOX2 in the phagosomal membrane. (A) X0-CGD PLB-985 GFP-NOX2 cells were incubated with opsonized zymosan and the phagocytosis was observed by spinning disk confocal video-microscopy. Left: representative images of zymosan (*) phagocytosis at the indicated times. Time 0 represents the closure of the phagosome. The images shown are single planes from a Z-stack. Scale bar = 5 μm. Right: kinetics of NOX2 accumulation at the phagosome. The fluorescence ratio represents the ratio of NOX2 fluorescence intensity at the phagosome to that at the plasma membrane. Data are means ± SEM. Nineteen videos were analyzed from three independent experiments, *p < 0.05, **p < 0.01 (ratio paired t-test comparing value at the indicated time with that at time 0). (B) X0-CGD PLB-985 GFP-NOX2 cells were incubated with opsonized zymosan and immediately centrifuged at 13°C. The end of centrifugation corresponds to time 0. Phagocytosis was then observed, at 37°C, using spinning disk confocal microscopy, a Z-stack was taken every 5 min. Left: representative images of zymosan (*) phagocytosis. The images shown are single planes from a Z-stack. Scale bar = 5 μm. Right: kinetics of NOX2 accumulation at the phagosome between 5 and 20 min. Data are means ± SEM. Sixteen cells were analyzed from four independent experiments, *p < 0.05 (ratio paired t-test).




NOX2 Is Localized in Some EEA1 and Rab11-Positive Endosomes

The endosomal compartment is a potential source for NOX2 delivery. Indeed, upon endotoxin stimulation, NADPH oxidase has been described to assemble at the early endosome (Lamb et al., 2012). We used immunofluorescence to detect NOX2 in early and recycling endosomes in resting PLB-985 cells and neutrophils. We observed NOX2 and early endosome antigen1 (EEA1) co-localization. EEA1 is a marker of early endosomes (Mu et al., 1995). NOX2 was present in some EEA1-positive endosomes in PLB-985 WT cells and neutrophils (Figures 2Ai,ii and Supplementary Figures 1Ai,ii). Using the JACoP plugin in Image J, we determined that (1) the Pearson coefficient was 0.35 (±0.05), indicating partial co-localization, and (2) that 27.3% of the EEA1-positive endosomes contained NOX2 (n = 67 cells). Similar results were obtained for the neutrophils (Supplementary Figure 1A) and the X0-CGD PLB-985 GFP-NOX2 cells (data not shown). We then examined the localization of NOX2 in Rab11-positive endosomes. Rab11 and its effectors define the endosomal recycling compartment. Rab11 is also involved in transport of cargo from the Golgi to the plasma membrane (Vale-Costa and Amorim, 2016). Rab11-positive structures were localized close to the plasma membrane in PLB-985 WT cells. NOX2 was detected in 21.7% (n = 63 cells) of Rab11-positive endosomes. The Pearson coefficient was 0.45 (±0.05) indicating partial co-localization (Figure 3A). Similar results were obtained for neutrophils (Supplementary Figures 1A, 2A) and X0-CGD PLB-985 GFP-NOX2 cells (data not shown). Thus, part of NOX2 is localized in a fraction of early and recycling endosomes.
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FIGURE 2. NOX2 is present in some EEA1-positive endosomes that localize close to the phagosome during phagocytosis. (A) EEA1 (red) and NOX2 (green) were detected by immunofluorescence in resting PLB-985 WT cells using spinning disk confocal microscopy. (Ai) Representative images of single planes from a Z-stack. Scale bar = 3 μm. Three independent experiments. (Aii) Normalized fluorescence of EEA1 and NOX2 along the white arrow shown in Ai. Overlapping peaks of fluorescence indicate localization of NOX2 and EEA1 in the same structures. (Aiii) Co-localization of EEA1 and NOX2 estimated using the Pearson coefficient (PC) calculated with the JACoP plug-in in Image J. PCs correlating EEA1 and NOX2 images (EEA1/NOX2) were controlled by comparison with the PCs correlating the EEA1 image and the image of NOX2 rotated by 180° (Control, Ctrl). Eight images from three independent experiments were analyzed. Each boxplot represents the inter-quartile range with the median, ** represents p < 0.01 (Mann Whitney test). (B) EEA1 (red) and NOX2 (green) were detected by immunofluorescence after 10 min of phagocytosis with opsonized Texas Red-zymosan. (Bi) Three planes from a series of Z-stack planes (0.5 μm). Some EEA1 endosomes were observed close to or at the phagosomes. Scale bar = 3 μm. Three independent experiments. (Bii) Normalized fluorescence of EEA1 and NOX2 along the white arrow showing some overlapping peaks of NOX2 and EEA1 fluorescence at the phagosome.
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FIGURE 3. NOX2 is present in some Rab11-positive endosomes that are localized close to the phagosome during phagocytosis. (A) Rab11 (red) and NOX2 (green) were detected by immunofluorescence in resting PLB-985 WT cells using spinning disk confocal microscopy. (Ai) Representative images of single planes from a Z-stack. Scale bar = 3 μm. Three independent experiments. (Aii) Normalized fluorescence of Rab11 and NOX2 along the white arrow shown in Ai. Overlapping peaks of fluorescence indicate co-localization of NOX2 and Rab11 in the same structures. (Aiii) Co-localization between Rab11 and NOX2 was estimated using the Pearson coefficient (PC) calculated with the JACoP plug-in in Image J. PCs correlating Rab11 and NOX2 images (Rab11/NOX2) were controlled by comparison with the PCs correlating the Rab11 image and the image of NOX2 rotated by 180° (Control, Ctrl). Eight images were analyzed from three independent experiments. Each boxplot represents the inter-quartile range with the median, ** represents p < 0.01 (Mann Whitney test). (B) Rab11 (red) and NOX2 (green) were detected by immunofluorescence after 10 min of phagocytosis with opsonized Texas Red-zymosan. (Bi) Three planes from a Z-stack series (0.5 μm). Some Rab11 structures were observed close to or at the phagosomes. Scale bar = 3 μm. Three independent experiments. (Bii) Normalized fluorescence of Rab11 and NOX2 along the white arrow showing some overlapping peaks at the phagosome.




Some EEA1 and Rab11-Positive Endosomes Are Found Close to the Phagosome

To ascertain whether endosomes are able to deliver NOX2 to the phagosome, we examined the localization of endosomes after 10 min of opsonized zymosan phagocytosis in PLB-985 WT cells and in neutrophils. We observed both EEA1- and Rab11-positive endosomes close to the phagosomes (Figures 2B, 3B and Supplementary Figures 1B, 2B). Some of these endosomes were also positive for NOX2. Indeed, the fluorescence profiles of NOX2 and EEA1 or Rab11 around the phagosome show overlapping peaks, indicating co-localization, in some spots (Figures 2B, 3B and Supplementary Figures 1B, 2B). The same results were obtained for the X0-CGD PLB-985 GFP-NOX2 cells (data not shown). Our data suggest that a proportion of the total NOX2 is localized in certain EEA1- and Rab11-positive endosomes and that these endosomes may fuse with the phagosome to convey new NOX2 molecules to the phagosomal membrane.



NOX2 Forms Clusters and Their Number Increases During Phagocytosis

The phagocytic cup has a spatial and temporal arrangement of receptors and signaling molecules (Goodridge et al., 2011; Freeman et al., 2016) that is similar to the immunologic synapse (Yokosuka et al., 2005). This specific arrangement of molecules at the phagocytic cup is known as “phagocytic synapse” (Niedergang et al., 2016). The spatial arrangement of NOX2 at the phagocytic cup is as yet unknown. To gain insight into NOX2 spatial organization and dynamics in the membrane during phagocytosis, we used a frustrated phagocytosis paradigm in which the cells are allowed to spread on IgG-coated coverslips (Marion et al., 2012). The PLB-985 WT cells were activated in this manner for 1 and 10 min. For the control condition (non-activated), poly-L-lysine-coated coverslips were used. The cells were then stained for NOX2 by immunofluorescence and imaged using a dSTORM approach with a TIRFM configuration. TIRFM allows the imaging of the fluorophores in the membrane in proximal contact with the coverslip while avoiding potentially confusing contribution from cytoplasmic fluorophores. A density-based representation of dSTORM images revealed that NOX2 distribution was similar in the 3 conditions: non-activated, frustrated phagocytosis for 1 or 10 min (Figure 4A and data not shown). The spatial distribution of NOX2 analyzed using the DBSCAN cluster detection analysis implemented in SR-Tesseler software (materials and methods) indicated that NOX2 organized in nanoclusters. These clusters had a similar size distribution in the cell membrane in each condition (Figure 4B). The mean diameter of the nanoclusters was about 60 nm in each condition (60.5 ± 7.1 nm in the non-activated condition; 66.2 ± 10.5 nm after 1 min of frustrated phagocytosis, 63.6 ± 17.25 nm after 10 min of frustrated phagocytosis). In each condition, almost all the fluorophores detected following the analyses of dSTORM images (materials and methods) were found inside clusters, and the number of fluorophores per cluster was similar (Supplementary Figure 3). However, a significant rise in the number of clusters was observed in the PLB-985 WT cells after 10 min of phagocytosis as compared to that after 1 min of phagocytosis or in non-activated cells (Figure 4C). This increase was correlated with a larger frustrated phagosomal surface after 10 min as compared to the surface observed in the 2 othet conditions (Supplementary Figure 5A). It has been shown that this spreading of the phagosomal surface during frustrated phagocytosis is not only due to a passive membrane extension, but that it also involved the delivery of new membranes (Zak, 2019, manuscript in preparation). Thus, this increase in the number of clusters indicated that new NOX2 molecules were delivered to the membrane between 1 and 10 min after the start of frustrated phagocytosis.
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FIGURE 4. The number of NOX2 nanoclusters increases during frustrated phagocytosis in PLB-985 WT cells but not in PLB-985 NCF1ΔGT cells. Cells were incubated on poly-lysine or for 1 or 10 min on IgG-coated coverslips. The latter conditions promoted frustrated phagocytosis. Following fixation and permeabilization, NOX2 labeling was observed using dSTORM in a TIRFM configuration. (A) Representative images of NOX2 in PLB-985 WT cells coated on poly-lysine or following 10 min on IgG-coated coverslips. (B) Clusters of NOX2 were detected using SR-Tesseler software. The graph illustrates the distribution of NOX2 nanoclusters according to size on the PLB-985 WT cell surface in the different conditions: non-activated (poly-L-lysine, blue, 11 cells) or after 1 min (yellow, 8 cells) and 10 min (red, 28 cells) of frustrated phagocytosis. Three independent experiments. (C,D) Numbers of NOX2 nanoclusters on the cell surface in the different conditions described above for PLB-985 WT cells (C) and PLB-985 NCF1ΔGT cells (D). For D, the conditions are the same as C: non-activated cells (cyan, 10 cells), 1 min (pink, 12 cells) or 10 min (purple, 10 cells) of frustrated phagocytosis, three independent experiments. FP: frustrated phagocytosis. (E) Comparison between the number of clusters in PLB-985 WT and PLB-985 NCF1ΔGT cells during frustrated phagocytosis for 1 or 10 min. Each violin plot represents the spread of the values. The interquartile range and medians are represented as dotted line. *p < 0.05; ns: non-significant (Mann Whitney tests).




The Increase in the Number of NOX2 Clusters During Phagocytosis Requires p47phox

In order to know whether the increase in NOX2 clusters requires a functional oxidase, we performed the same experiments as before using PLB-985 NCF1ΔGT cells, which lack a functional oxidase since they are deficient for p47phox (Wrona et al., 2017). The distribution of NOX2 nanocluster sizes in these cells was the same as for the WT cells in the 3 conditions (Supplementary Figure 4), as was the number of fluorophores per clusters (data not shown). However, in contrast to the results obtained using WT cells, in the cells lacking a functional oxidase no difference was detected either in the number of clusters or in the frustrated phagosomal surface after 10 min of phagocytosis compared to that after 1 min of phagocytosis or in non-activated cells (Figure 4D and Supplementary Figure 5B). The number of clusters was significantly different, after 10 min of phagocytosis, between PLB-985 NCF1ΔGT cells and PLB-985 WT cells (Figure 4E). Thus, taken together, our data indicate that the presence of p47phox and/or ROS production are required for the delivery of NOX2 clusters during frustrated phagocytosis.




DISCUSSION

In this study, we have examined for the first time the spatial arrangement of NOX2 in the phagosome membrane using super-resolution microscopy. This has revealed that NOX2 molecules are organized in nanoclusters. These clusters increased during frustrated phagocytosis, indicating the delivery of NOX2 to the phagosomal membrane. This delivery required the presence of p47phox.

We used X0-CGD PLB-985 GFP-NOX2 cells to follow the modifications of NOX2 in the phagosomal membrane during phagocytosis. We observed an accumulation of NOX2 compared to the plasma membrane just after phagosome closure. Using immunofluorescence, we detected that NOX2 was localized in a fraction of the EEA1- and Rab11-positive organelles in PLB-985 cells and also in neutrophils. It is of interest to note that no co-localization with the lysosome marker LAMP1 could be detected (data not shown). Some of these organelles were positioned close to the phagosomes after 10 min of phagocytosis, suggesting their involvement in the delivery of new NOX2 molecules to the phagosome in the PLB-985 cells as well as in neutrophils.

These results are also coherent with the super-resolution data in which we observed an increase in the frustrated phagosomal surface and in the number of NOX2 nanoclusters during phagocytosis. These nanoclusters have a random distribution in the membrane, unlike receptors such as Dectin, FcRs and the phosphatase CD45 at the beginning of phagocytosis (Goodridge et al., 2011; Freeman et al., 2016). This cluster organization of NOX2 was previously observed by Wientjes et al. (1997) using immuno-electronmicroscopy. These investigators observed nanodomains with a diameter of 200–360 nm. This size is larger than the one we detected (Figure 4B), although the discrepancy can be explained by the different techniques used. In the future, double labeling experiments should reveal, which proportion of these clusters contains cytosolic subunits and produces ROS.

A nanocluster organization has been observed for many membrane proteins. Garcia-Parajo et al. (2014) proposed several hypotheses to explain this organization, one being that it may facilitate ligand binding. In our case, it could facilitate the binding of the cytosolic subunits and Rac to the heterodimer NOX2-p22phox when the neutrophils are activated. The average diameter of NOX2 clusters was 60 nm. Similar cluster size has been reporter for other proteins such as the z chain of CD3, which is the co-receptor of the T-cell receptor (Garcia-Parajo et al., 2014; Pageon et al., 2016). However, upon activation of the T-cell receptor, CD3 formed clusters of 185 nm in diameter (Pageon et al., 2016). In the case of NOX2, neither the cluster size nor the number of fluorophores per cluster (about 100) changed during phagocytosis. If we assume that we have around 5 fluorophores attached to each secondary antibody, and two secondary antibodies per primary antibody against NOX2, then we would have an average of 10 NOX2 molecules per cluster. A similar result has been found for the dendritic cell receptor DC-SIGN (Garcia-Parajo et al., 2014).

In PLB-985 WT cells an increase in the number of clusters occurred between 1 min and 10 min after the start of phagocytosis, indicating that new NOX2 molecules were delivered to the membrane. The increase may be explained by the fusion of endosomes containing NOX2 with the phagosomal membrane. The NOX2 clusters might already be formed in the endosomal membrane. We don’t know whether NOX2 is already assembled with the cytosolic subunits and active inside the endosomes. Such an endosomal ROS production has been described upon endotoxin priming in neutrophils (Lamb et al., 2012). Moreover, the specific granules have also described to be site of ROS production (Karlsson and Dahlgren, 2002). Anderson et al. observed ROS production in extra-phagosomal sites upon phagocytosis and in reponse to Fcg receptor stimulation (Anderson et al., 2010). It would be of interest to examine whether ROS production is detectable at endosomal sites and what could be the functions of this ROS production.

Neither the number of clusters nor the degree of cell spreading were modified between 1 and 10 min of phagocytosis in the PLB-985 NCF1ΔGT cells lacking p47phox. Thus, p47phox may have a structural role in the recruitment of NOX2 to the phagosome. Alternatively, as these cells lack a functional NADPH oxidase, ROS may be necessary for the delivery of new NOX2 clusters at the phagosome. In order to check this hypothesis, PLB-985 cells expressing inactive mutants of NOX2 (Picciocchi et al., 2011) would be appropriate.

Thus, NADPH oxidase activity may trigger a positive feedback with the recruitment of additional NOX2 positive vesicles. One hypothesis to explain this phenomenon would be that ROS allow the sustained activation of kinases like Erk (Ray et al., 2012) by inactivating protein tyrosine phosphatases such as PTP1B. The Erk kinase favors exocytosis from the Rab11-recycling compartment (Robertson et al., 2006). Thus, a sustained activation of Erk would allow the fusion of Rab-11 vesicles with the phagosome. Further work will be necessary to investigate this hypothesis i.e., the involvement of ROS in membrane fusion in PLB_985 cells but also in neutrophils, which have specific granules containing NOX2.
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The circulatory neutrophil and brain tissue-resident microglia are two important immune cells involved in neuroinflammation. Since neutrophils that infiltrate through the brain vascular vessel may affect the immune function of microglia in the brain, close investigation of the interaction between these cells is important in understanding neuroinflammatory phenomena and immunological aftermaths that follow. This study aimed to observe how morphology and function of both neutrophils and microglia are converted in the inflamed brain. To directly investigate cellular responses of neutrophils and microglia, LysMGFP/+ and CX3CR1GFP/+ mice were used for the observation of neutrophils and microglia, respectively. In addition, low-dose lipopolysaccharide (LPS) was utilized to induce acute inflammation in the central nervous system (CNS) of mice. Real-time observation on mice brain undergoing neuroinflammation via two-photon intravital microscopy revealed various changes in neutrophils and microglia; namely, neutrophil infiltration and movement within the brain tissue increased, while microglia displayed morphological changes suggesting an activated state. Furthermore, neutrophils seemed to not only actively interact with microglial processes but also exhibit reverse transendothelial migration (rTEM) back to the bloodstream. Thus, it may be postulated that, through crosstalk with neutrophils, macrophages are primed to initiate a neuroinflammatory immune response; also, during pathogenic events in the brain, neutrophils that engage in rTEM may deliver proinflammatory signals to peripheral organs outside the brain. Taken together, these results both show that neuroinflammation results in significant alterations in neutrophils and microglia and lay the pavement for further studies on the molecular mechanisms behind such changes.
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INTRODUCTION

Neuroinflammation is generally defined as the response of brain cells to infection and other sources of cell death, involving infiltration of circulating immune cells to the brain. Such infiltration of immune cells occur due to microglial and glial cell activation and blood-brain barrier (BBB) dysfunction during the pathogenesis of various illnesses, such as Alzheimer’s disease, Parkinson’s disease, and Amyotrophic lateral sclerosis (Shastri et al., 2013; Mammana et al., 2018).

Neutrophils are commonly known as the earliest responders to acute inflammation, aiding the initiation and continuation of immune reactions throughout the human body (Nathan, 2006). Neutrophils are highly versatile cells with various immune functions, such as inflammation mediation, microbial capture via granular proteins, and repair of sterile wounds (Kruger et al., 2015). In particular, during neuroinflammation, neutrophils participate in the general immune response by signaling to diverse cell types, including endothelial cells, mesenchymal stem cells, lymphocytes, and microglia (Ahn et al., 2020). Recent reports have emphasized the variety of roles neutrophils can play in neuroinflammation, where brain resident cells participate in a coordinated fashion (Liu et al., 2018).

Microglia, the resident macrophages of the central nervous system (CNS), are distinguished from other glial cells, such as astrocytes and oligodendrocytes by their gene expression, morphology, and function (Ransohoff and Perry, 2009; Kettenmann et al., 2011; Zhao et al., 2019). In contrast to other glial cells, microglia function as the primary reacting cells for regulating neuroinflammatory response by phagocytizing and removing myelin inhibitors, debris and dead cells in the CNS (Li et al., 2005; Zhao et al., 2019). Microglia also take part in innate and adaptive immunity by regulating immune tolerance (Saijo and Glass, 2011). Microglia are functionally and morphologically divided into three forms: the ramified, activated and ameboid morphologies. Ramified microglia, with a small cell body and long branches, have no functional capability of phagocytosis and antigen presentation but maintain an immunologically stable environment. When ramified microglia are stimulated by neurodegeneration, endotoxin, interferon, or endothelial activation, activation pathways cause them to transform into activated microglia. Activated microglia exhibit thicker and more retracted branches and possess the ability exhibit antigen presentation and phagocytosis. Additionally, activated microglia, when changed to the ameboid shape, display free movement during phagocytosis but do not engage in antigen presentation and inflammation (Cai et al., 2014). In addition, excessive or long-term activation of microglia induces neuronal death and an increase in pro-inflammatory cytokines.

In this study, we aimed to observe the effects of lipopolysaccharide (LPS)-induced neuroinflammation on neutrophils and microglia within brain tissue of live mice. To this end, we attempted to obtain visual evidence of the effects of neuroinflammation on neutrophils and microglia using two-photon intravital imaging, which may then serve as a basis for further research on the molecular and mechanistic bases of such modifications.



MATERIALS AND METHODS


Mice

LysMGFP/+ (Faust et al., 2000) and CX3CR1GFP/+ (Jung et al., 2000) mice, in which the lysozyme and the CX3CR1 gene are replaced by green fluorescent protein (GFP), respectively, were obtained and used for the visualization of neutrophil and microglia. All mice were kept in a specific pathogen-free (SPF) room, a light cycle from 7:00 AM to 7:00 PM at 23 ± 2°C, and 55 ± 10% humidity. All procedures were conducted in accordance with the guidelines of the Institutional Animal Care and Use Committee of Yonsei University College of Medicine, South Korea (IACUC, 2019-0097).



Identification of Mouse Genotype

Genotyping for each strain (LysMGFP/+ and CX3CR1GFP/+ mice) was performed using a Genomic DNA Prep Kit (BioFACT, South Korea). A toe of 7–10 day-old mice was severed, and then DNA extraction from the acquired toe was conducted using the Genomic DNA Prep Kit. Template DNA (50 ng/μl), primers and 2×Taq PCR master mix2 10 μl (BioFACT, South Korea) were mixed in a PCR tube, in which distilled water was added up to 20 μl reaction volume.



Cranial Window Surgery

The cranial window was implanted on the calvaria for intravital brain imaging as previously described (Baik et al., 2014). Mice were deeply anesthetized using intraperitoneal injection of zoletil (Virbac, France) at a dose of 30 mg/kg and rompun (Bayer, Germany) at a dose of 10 mg/kg. Body temperature in each mouse was maintained at 37 ± 0.5°C using heating pads during cranial window surgery (Supplementary Figure 1). Mice were fixed in a stereotaxic instrument (Live Cell Instrument, South Korea) during all procedures. A cranial window of 5 mm in diameter was made in the right hemisphere. The head skin and the periosteum on the calvaria were removed from between the eyes to the caudal region of the ears. Between the lambda and bregma regions on the right hemisphere, a circular opening was carved with a micro drill, frequently washed with cool phosphate-buffered saline (PBS), and sealed with a round coverslip (diameter = 5 mm) using tissue glue on the skull using the optical microscope. A metal frame was glued and fixed using dental cement (B.J.M laboratory, Israel) on the borders of the cranial window and skull area for filling imaging area with distilled water. The metal frame was assembled with a stereotactic head fixation device attached to the heating plate.



Two-Photon Intravital Microscopy

Mice were anesthetized using intraperitoneal injection of Zoletil at a dose of 30 mg/kg and rompun at a dose of 10 mg/kg during imaging. The imaging stage was composed of a XY micro stage and a stereotactic head fixation device connected to a DC temperature controller (Supplementary Figure 1A). Both two-photon microscopies with W Plan-Apochromat 20×/1.0 water immersion lens from Carl-Zeiss, Germany (LSM7MP) and from IVIM Technology, South Korea (IVM-M) were used for imaging data generation. LysMGFP/+ mice were intravenously injected with 70-kDa Texas red dextran (2.5 mg/kg, Sigma-Aldrich, Germany) for visualizing blood vessels. CX3CR1GFP/+ mice were intravenously injected with CF405M-conjugated Wheat germ agglutinin (WGA) (2.5 mg/kg, Biotium, CA, United States) for visualizing blood vessels and PE-conjugated anti-Ly6G antibody (0.1 mg/kg, BioLegend, CA, United States) for observing neutrophils. For two-photon excitation, each mouse brain was excited with light of 800 nm and 880 nm wavelength for imaging of green, red, and blue. All images were acquired at a resolution of 512 × 512 pixels using steps of size 1 μm to a depth of 40–50 μm for 1 min (Park et al., 2018; Lee et al., 2019).



LPS-Induced Neuroinflammatory Mouse Model

Previous studies established that LPS-induced inflammation in the periphery can prompt immune responses in the central nervous system (Ebersoldt et al., 2007; Zhao et al., 2019). To investigate the migratory patterns of neutrophil and microglia during neuroinflammation, mice were treated with daily intraperitoneal injections of lipopolysaccharide (1.0 mg/kg, Sigma-Aldrich, Germany) for 2 consecutive days. Control mice were intraperitoneally injected with daily PBS injections for 2 consecutive days. Intravital imaging was performed at 6 h after LPS injections for 2 consecutive days.



Imaging Data Analysis

Volocity (PerkinElmer, MA, United States), Imaris (Bitplane, Switzerland), and Fiji/Image J (NIH, United States) were used for 3D and 4D imaging data analysis.



Chemokine Microarray

Following LPS stimulation, brains of mice were lysed by adding protease inhibitor cocktail (Roche, Germany) containing PRO-PREP (Intron biotechnology, South Korea) and 1% Triton X-100. Cytokine and chemokine levels were detected using Proteome Profiler Mouse Cytokine Array Panel A (R&D systems, MN, United States) according to the manufacturer’s instruction. The Array kit detected C5/C5a, G-CSF, M-CSF, GM-CSF, sICAM-1, IFN-γ, IL-1α, IL-1β, IL-1ra, IL-2, IL-3, IL-4, IL-5, IL-6, IL-7, IL-10, IL-13, IL-12p70, IL-16, IL-17, IL-23, IL-27, CXCL1, CXCL2, CXCL9, CXCL10, CXCL11, CXCL12, CXCL13, CCL1, CCL2, CCL3, CCL4, CCL5, CCL11, CCL12, CCL17, TIMP-1, TNF-α, and TREM-1. The blots were analyzed using the quick spots tool in HLImage++ (Western Vision Software, UT, United States).



Statistical Analysis

All experiments were repeated at least three times. Statistical analyses were expressed as mean ± standard error of the mean (S.E.M). Statistical analysis was performed using Prism (GraphPad software, CA, United States). For comparison of two groups, unpaired two-sided Student t-tests were applied. p-values less than 0.05 were considered statistically significant.



RESULTS


LPS-Induced Systemic Inflammation Triggers Intravascular Adhesion and Infiltration of Neutrophils Through Brain Blood Vessels

To investigate the effect of inflammatory status via LPS injection, the weight of mice injected with LPS was compared to that of the control group, as weight loss is a hallmark of systemic inflammation. The LPS group showed an 11.75% loss in body weight compared to the control group, confirming that inflammation had indeed been induced in the LPS-injected mice (Figure 1A). Previous studies have demonstrated that neutrophils are recruited in the brain during LPS-induced systemic inflammation to fulfill their roles in the immune response (Zhou et al., 2009; He et al., 2016). Our results confirmed this result, as neutrophil extravasation to the brain parenchyma was observed more frequently in response to LPS injection. In addition, an increased number of neutrophils were observed, which resulted from intravascular adhesion and infiltration (Figures 1B,C and Supplementary Video 1). Consistent with such findings, transendothelial migration (TEM) of neutrophils was also facilitated in the LPS group, where neutrophils actively emerged out to the brain parenchyma (Figure 1D and Supplementary Video 2). Altogether, these data demonstrate that LPS injection and the subsequent inflammatory consequences that follow yield a considerable increase in neutrophil influx to the brain parenchyma.
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FIGURE 1. Quantitative analysis of neutrophil infiltration from the blood vessel to brain parenchyma. (A) Representative graph of weight loss in the LPS-treated group compared to the control group. The % change in body weight was calculated as (body weight before LPS treatment/body weight after LPS treatment) × 100. Data indicate mean ± SEM using Student’s t-test (****p < 0.0001, n = 7 mice per group). (B) LysMGFP/+ mice were used to visualize neutrophils (green) via TPIM. Texas red dextran was i.v. injected to stain blood vessels (red). Representative images are shown from the brain of mice injected with PBS (control) or LPS, respectively. Scale bar, 100 μm (see Supplementary Video 1). (C) Measurement of infiltrated neutrophils in the control and LPS groups. Data indicate mean ± SEM using Student’s t-test (*p < 0.05, n = 3 mice per group of three independent experiments). (D) A series of representative time-lapse images show neutrophil infiltration into inflamed brain parenchyma of LysMGFP/+ mice. Scale bar, 50 μm (see Supplementary Video 2). (E) Overlay of the representative migration tracks of neutrophils in brain parenchyma for 30 min. x-, y-axis (length), -100 to 100 μm. n = 30 cells per group, PBS or LPS-treated mice for three independent experiments. Migration was quantitatively assessed with tracking analyses: (F) displacement (μm), (G) meandering index (displacement/length), (H) velocity (μm/min), and (I) length (μm) in two different conditions for 30 min. Data indicate mean ± SEM using Student’s t-test (****p < 0.0001, n = 30 cells per group of three independent experiments).




Neutrophils Exhibit Active Motility in the Brain Parenchyma During Neuroinflammation

Along with an increment in cell number, neutrophils displayed an increase in motility, as exhibited in various motion-related criteria. The motility of neutrophils was determined and assessed using various factors, including track length, track velocity, displacement, and meandering index. The track length and track velocity of migrating neutrophils in the brain parenchyma were significantly higher in the LPS group compared to the control group, indicating more active locomotion in response to LPS injection. Furthermore, these results revealed that infiltrated neutrophils showed constant migration within a 20 μm radius for 30 min, suggesting significant motility of neutrophils during neuroinflammatory response; in addition, a lower meandering index compared to the control group may signify more directionality in neutrophil movement in LPS-injected mice (Figures 1E–I). Thus, these results indicate that during neuroinflammation, the motility of neutrophils in the brain parenchyma is notably increased, suggesting a change in the molecular and biochemical profile of the neutrophils.



Inflammation in the Brain Triggers Numerical Reduction and Morphological Shortening of Microglia

As the predominant innate immune cell population that is resident to the brain, microglia play a role in the process of neuroinflammation. Therefore, it was important that the effects of LPS injection and the ensuing inflammatory aftermaths on microglia were investigated. Specifically, it had previously been suggested that neutrophils may interact with microglia; as our aforementioned results indicate various changes in neutrophils during neuroinflammation, it is crucial to unravel any microglial changes during similar situations in order to pinpoint any biomolecular interactions between the two innate immune cell populations (Sevenich, 2018). Imaging data in the brain showed that the number of microglia in LPS-injected mice had decreased compared to the control group, a phenomenon that may have been caused by a variety of apoptosis-inducing agents (Figures 2A,B and Supplementary Video 3; Steff et al., 2001; Fortin et al., 2005). Also, while microglia in the control group predominantly displayed the morphology of ramified microglia, those in the LPS group showed the morphology of activated microglia, with short and thick processes and enlarged cell bodies (Figure 2C and Supplementary Video 4). To focus on a more detailed analysis, such as the microglia cell soma, we quantified the change in microglia soma size between control and LPS group. Compared to control mice, the average of soma size increased (56.85 vs. 68.32 μm2) (Figure 2D). The result demonstrated the LPS exposure leads to activated microglia that features bigger soma size than ramified microglia called “resting” cells (Kozlowski and Weimer, 2012; Davis et al., 2017). Taken together, these results demonstrate that LPS-induced neuroinflammation may activate microglia, leading to morphological alterations that suggest an activated state (Liu and Hong, 2003).
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FIGURE 2. Numerical reduction and morphological shortening of microglia in LPS-treated mice. CX3CR1GFP/+ mice were used to visualize microglia (green) in brain parenchyma using TPIM. CF405M-conjugated lectin was i.v. injected to stain blood vessels (blue). PE-conjugated anti-Ly6G antibody was i.v. injected to label neutrophils (red). (A) Representative images from brains of mice injected with PBS (control) and LPS, respectively (see Supplementary Video 3). Scale bar, 100 μm. (B) Measurement of microglia numbers. Data indicate mean ± SEM using Student’s t-test (*p < 0.05, n = 3 mice per group of three independent experiments). (C) Representative image showing difference in microglial morphologies between control and LPS groups. Scale bar, 30 μm (see Supplementary Video 4). (D) Quantification of microglia soma size. Data indicate mean ± SEM using Student’s t-test (****p < 0.0001, more than 70 cells were analyzed per group from three independent experiments).




Neutrophil-Microglia Crosstalk in Inflamed Brain Parenchyma Leads to Engulfment of Neutrophils by Microglia

During the neuroinflammatory response, neutrophils have been thought to actively interact with cells in the vicinity, such as astrocytes, microglia, and adaptive immune cells (He et al., 2016; Girbl et al., 2018). Imaging data from the present study supports this idea, as contact between infiltrated neutrophils and brain tissue-resident microglia was observed (Figures 3A,B and Supplementary Video 5). After neutrophils made contact with microglial processes, microglia seemed to engulf the neutrophils, indicating the possibility of molecular crosstalk between the two cell groups. On the other hand, during neutrophil-microglial contact, nearby microglial processes were observed to stretch toward the point of contact (Figures 3C,D and Supplementary Video 6). Such phenomena further reinforces the idea that contact between neutrophil and microglia accompanies intercellular crosstalk, affecting not only the cells making contact but also the surrounding environment. Overall, while the underlying mechanisms are yet to be revealed, these results strongly suggest that inflammatory states not only prompt crosstalk and contact between neutrophils and microglia, but also attract other microglia toward sites of neutrophil-microglia contact.
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FIGURE 3. Crosstalk between microglia and neutrophils in inflamed brain parenchyma. CX3CR1GFP/+ mice were used to visualize microglia (green) in brain parenchyma using TPIM. CF405M-conjugated lectin was i.v. injected to stain blood vessels (blue). PE-conjugated anti-Ly6G antibody was i.v. injected to label neutrophils (red). (A) A series of representative time-lapse images showing contact between microglia and neutrophils (white circle). Scale bar, 40 μm (see Supplementary Video 5). (B) Magnification of a region of interest, indicated by a white circle in (A), in 3D. Scale bar per 1 unit. Scale bar, 12.7 μm. (C) A series of representative time-lapse images showing elongation of microglial processes toward site neutrophil-microglial contact (white square). Scale bar, 40 μm (see Supplementary Video 6). (D) Direction of microglial process elongation from 0 to 50 min (yellow-dotted arrow).




Reverse Transendothelial Migration of Neutrophils Is Observed in Inflamed Brain Parenchyma

An interesting event regarding neutrophils that have been reported in previous literature is reverse transendothelial migration (rTEM), where neutrophils that had extravasated out of the blood vessel re-enters the bloodstream (Colom et al., 2015; Wu et al., 2016; Burn and Alvarez, 2017). While rTEM had been observed in various parts of the body, imaging results from the present study are the first to suggest that the process also takes place in brain blood vessels (Figures 4A,B and Supplementary Videos 7, 8). Neutrophils engaging in rTEM first approach the blood vessel, and after a period of movement along the perivascular region, re-enters and eventually gets swept away by the bloodstream. Albeit a rare phenomenon, rTEM of neutrophils that had been exposed to inflammatory environments may lead to significant repercussions, as it is possible that the molecular profile of re-entering neutrophils is altered; nevertheless, the present results suggest that rTEM is a readily observable phenomenon during neuroinflammation.
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FIGURE 4. Reverse-transendothelial migration of neutrophils in inflamed brain parenchyma. LysMGFP/+ mice were used to visualize neutrophils (green) during neuroinflammation. Texas red dextran was i.v. injected to stain blood vessels (red). (A) A series of representative time-lapse images showing neutrophil crawling along the perivascular region in inflamed brain parenchyma. Tracking of neutrophil (white line). Scale bar, 50 μm (see Supplementary Video 7). (B) A series of representative time-lapse images showing reverse-transendothelial migration of neutrophils from brain parenchyma into blood vessels. Tracking of neutrophil (white line). Scale bar, 20 μm. (C) Brain chemokine array results demonstrating altered expression levels of chemokines following LPS injection. Data indicate mean ± SEM using Student’s t-test (*p < 0.005, ***p < 0.001). Three independent experiments were performed.


To investigate the molecular aftereffects of LPS injection that may have stimulated neutrophil rTEM, brain chemokine arrays were conducted to detect changes in chemokine expression levels following LPS injection (Figure 4C). As a result, levels of the chemokines CXCL1, CXCL10, CXCL13, CCL2, and CCL5 were found to be increased, a consequence which may affect the function and motility of microglia and neutrophils. As such, it may be postulated that increased levels of the aforementioned chemokines had stimulated neutrophil migration and rTEM as presented above.



DISCUSSION

The CNS had been known to be an “immune privileged site,” most likely due to the presence of the highly impenetrable BBB; yet recent studies have demonstrated flexibility in the BBB in response to inflammation-related needs and stimuli (Kanashiro et al., 2020). Indeed, in neuroinflammatory situations, neutrophils and CNS-resident microglia are suggested to participate in the inflammatory response, as supported by the imaging results of this study. With such visual evidence at hand, investigation of the molecular bases behind the observed phenomena is of significant importance, especially in clinical settings. In previous literature, the molecules responsible for the recruitment of neutrophils to neuroinflammatory sites have been given substantial attention. For instance, in the case of autoimmune diseases, such as multiple sclerosis or experimental autoimmune encephalomyelitis, neutrophils are known to be attracted by the release of CXCL1, CXCL2, and CXCL5, which are in turn stimulated by different molecules, such as IL-17 or IFN-γ (Christy et al., 2013; Simmons et al., 2014). The behavior of neutrophils in neurodegenerative diseases including Alzheimer’s has also been a target of scrutiny, as neutrophil infiltration is known to contribute to the exacerbation of such diseases. In particular, it has been suggested that neutrophils accumulate in regions rich in amyloid-β deposits via the integrin LFA-1; in addition, CXCL12 and CCL2 levels in the CNS were shown to be principal factors resulting in neutrophil infiltration (Zenaro et al., 2015; Echeverria et al., 2016; Jiang et al., 2016). In line with results from previous literature, expression levels of certain chemokines were increased after LPS injection in this study; in specific, among the aforementioned chemokines, CXCL1 and CCL2 demonstrated a surge in expression, along with CXCL13, CXCL10, and CCL5. CXCL1 and CCL2 are well-known for their roles in stimulating neutrophil migration, while CXCL10, CCL2, and CCL5 have been reported to be released by neutrophils in inflammatory situations, mostly in order to recruit other innate or adaptive immune cells (Kobayashi, 2008; Sawant et al., 2016; Capucetti et al., 2020). Therefore, chemokines that are chemotactic for neutrophils, such as CXCL1 or CCL2 may be the principal factor driving the various migratory phenomena observed in this paper: neutrophil extravasation and rTEM. In addition, it may be postulated that LPS-induced neuroinflammation had caused phenotypical modifications in neutrophils, prompting them to release chemokines that yield further steps down the inflammatory cascade, including further recruitment of neutrophils or chemoattraction of adaptive immune cells. On the other hand, CXCL13 plays a role in adaptive immune cell organization, being especially chemotactic for B cells; yet, it is not known to be expressed in neutrophils (Havenar-Daughton et al., 2016).

One of the most interesting phenomena that deserve attention in the present study is rTEM, the reverse migration of neutrophils from the brain parenchyma back to the bloodstream. Although its exact purpose and mechanism are yet to be clearly defined, rTEM has been observed in numerous previous studies, and accumulation of relevant data is continuing to provide new insight into the topic (Burn and Alvarez, 2017). For instance, several studies have attempted to pinpoint the molecular signals that seem to induce or influence rTEM; in one study, cold-inducible RNA-binding protein (CIRP) has been suggested to stimulate neutrophil rTEM in septic conditions via an increase in neutrophil elastase and a decrease in junctional adhesion molecule-C (JAM-C) (Jin et al., 2019). In addition, the chemoattractant leukotriene B4 (LTB4) has been proposed to be a potential factor which causes proteolytic cleavage of JAM-C via neutrophil elastase, further reinforcing the possible roles of neutrophil elastase and JAM-C in rTEM (Colom et al., 2015). Along with JAM-C, netrin-1, a protein highly expressed in endothelial cells and is known to disrupt leukocyte transendothelial migration, has also been proposed as a factor that may hinder rTEM (Ly et al., 2005; Podjaski et al., 2015). In particular, it has been shown that netrin-1 activation is dependent on hypoxia inducible factor 1 alpha (Hif-1α), which in turn seems to promote continuation of inflammation and prevent neutrophil clearance from perivascular regions (Rosenberger et al., 2009; Elks et al., 2011). Furthermore, Tanshinone IIA, a compound originated from an Asian medicinal herb, has been shown to promote inflammation resolution via the induction of neutrophil apoptosis and rTEM (Robertson et al., 2014). Yet, as Tanshinones have also been suggested to play an inhibitory role on NFkB, AP-1, and STAT1 activation and thus possess anti-inflammatory functions, additional research on the matter is necessary to confirm the role of Tanshinones in the context of rTEM and neutrophil clearance (Xu et al., 2008; Tang et al., 2011).

Yet while the molecular mechanisms underlying rTEM is crucial, another important issue is perhaps the consequences of neutrophil rTEM, especially the effects of the neutrophils returning to the bloodstream on other organs. Post-rTEM neutrophils were suggested to play diverse roles, including inhibition of T cell proliferation, neutrophil clearance from tissues, enhancement of reactive oxygen species (ROS) and neutrophil extracellular trap (NET) formation, and exacerbation of systemic inflammation (Buckley et al., 2006; Mathias et al., 2006; Woodfin et al., 2011; Yoo and Huttenlocher, 2011; Brinkmann and Zychlinsky, 2012; Pillay et al., 2012; Cheng and Palaniyar, 2013). Notably, the molecular profile of neutrophils that had underwent rTEM exhibited high levels of CD11b, CD54, and ICAM-1, while showing low levels of CD62L, CXCR1, and CXCR2 markers (Walcheck et al., 1996; Buckley et al., 2006; Woodfin et al., 2011). The distinguishable molecular expression pattern in neutrophils that had returned to the bloodstream presents various inquiries, including what effects such patterns may have on the function of neutrophils after rTEM. Another important question that arises would be how those neutrophils acquired such a state; one likely hypothesis is that the neutrophils experienced molecular modification via active interaction with other cells. For example, it had been postulated that the high expression of ICAM-1 on the surface of post-rTEM neutrophils may have resulted from a mechanism that resembles trogocytosis, by which neutrophils acquired ICAM-1 high membranes from endothelial cells (Joly and Hudrisier, 2003; Burn and Alvarez, 2017).

In this context, it is natural to speculate whether neutrophils that had been chemically stimulated or modified by interactions with microglia engage in rTEM, thereby spreading inflammatory signals from the brain to other peripheral organs of the body. Although the accumulation of neutrophils in inflammatory conditions is a well-established concept, the interaction between neutrophils and microglia during neuroinflammation has yet to be extensively studied. Our study presents compelling evidence of neutrophil-microglial contact, which also led to further mobilization of nearby microglia toward the site of contact. Previously, the same phenomenon had been observed via two-photon imaging in a stroke model, where neutrophils infiltrated the brain parenchyma following cortical ischemia and microglia engulfed the neutrophils, in line with the results of the present study (Neumann et al., 2018). The fact that identical observations were made in neuroinflammatory situations via different inducers (systemic inflammation via LPS injection vs. ischemic stroke) demonstrates that neutrophil-microglia contact might be a general phenomenon in neuroinflammation, raising questions regarding the molecular mechanisms or cell signaling underlying such interactions. Despite the fact that studies on such topics are scarce, previous research has suggested that molecules, such as RGD peptides of GlcNAC may hinder microglia-neutrophil interactions in vitro, possibly laying the pavement for further mechanistic studies (Neumann et al., 2008). Furthermore, previous research on neutrophil rTEM indicate that the majority of neutrophils that engage in rTEM had prior interaction with macrophages, strongly suggesting a role of macrophages promoting neutrophil rTEM not only in the brain but also in other organs in general (Burn and Alvarez, 2017). In particular, the redox-SRC family kinase (SFK) signaling pathway was shown to be relevant to the rTEM-inducing capabilities of macrophages, with p22phox and Yes-related kinases being key players (Tauzin et al., 2014). While contact with macrophages was not necessary for neutrophil rTEM, the number of neutrophils that undergo rTEM significantly diminished in a setting that lacked macrophages; such previous data, combined with the results of the present study, presents the need to delve further into the impact of neutrophil-macrophage interactions on neutrophil rTEM. Meanwhile, combining the present results with observations from previous literature, we may even speculate that the neutrophils that had interacted with microglia in the brain parenchyma had underwent molecular modifications that predispose them to engage in rTEM; in this sense, neutrophil-microglia crosstalk may be crucial in the resolution of inflammation in the brain.

One key discrepancy between previous studies on neutrophil rTEM and the present study is the rate in which rTEM was observed; although it had been proposed that up to 80% of the neutrophils that accumulated in inflammatory sites may engage in rTEM, the phenomenon was not seen as frequently in the brain (Mathias et al., 2006; Yoo and Huttenlocher, 2011). This may be possibly due to the complexity and relative impenetrability of the BBB, which often results in various complications regarding leukocyte migration (Ransohoff et al., 2003). In this context, further research is necessary to investigate why rTEM is observed in a much lower frequency in the brain. At the same time, the occurrence of rTEM, however rare as it may be, also presents a need to decipher the brain-specific mechanisms behind rTEM through the BBB. The aforementioned netrin-1 may be a reasonable starting point, as the molecule is known to be involved in BBB function (Podjaski et al., 2015).

In the present study, we have demonstrated that neuroinflammation induced by LPS injection yields increased recruitment and mobility of neutrophils in the brain parenchyma, while activating microglia, as observed from their morphological changes. In addition, neutrophils that had infiltrated brain tissue were seen to engage in neutrophil-microglia interaction, where microglia engulfed the neutrophils in contact. Such a phenomenon also attracted nearby microglia, inducing dendritic movement toward the site of contact. Furthermore, infiltrated neutrophils also exhibited rTEM, returning to the bloodstream after entering the brain parenchyma (Figure 5). Despite such compelling evidence, this paper possesses several limitations. First and foremost, it would benefit greatly from further research that is able to observe rTEM at a higher frequency, as one of the biggest gaps between data in this paper and data on rTEM studies was that between the rate of rTEM observation. Another limitation is that in this study, we were not able to quantify meaningful ratios and proportions of cells exhibiting desired behavior. For instance, the ratio of neutrophils that engaged in extravasation to those that circulated within the blood vessel, the ratio of neutrophils that infiltrated to the brain parenchyma to those that interacted with microglia, and the ratio of neutrophils that interacted with microglia to those that exhibited rTEM are all of much importance but were unattainable due to technological issues. Also, as most of the results of this paper are of an observational nature, future studies utilizing in vivo or in vitro methods may assist in underpinning the biomolecular mechanisms behind the observations of this paper, specifically in relation to neutrophil-microglial interactions. Finally, while the current study utilized LPS injection to induce neuroinflammation, the variety of neuroinflammatory models existing today will be of tremendous usefulness in verifying the present results, in perhaps a more clinical setting. For example, in our previous data, we had demonstrated neutrophil infiltration into the brain parenchyma and accumulation around amyloid beta plaques in 5XFAD mice, an AD mouse model, using two-photon microscopy; Zenaro et al., later confirmed similar results in 3×Tg-AD mice, another murine model of AD. As such, further studies that corroborate the results of the present study using disease-specific models of neuroinflammation may help investigating the clinical implications of neutrophil infiltration, neutrophil-microglia interaction, and neutrophil rTEM in neuroinflammation. Taking such future research suggestions into consideration, this paper presents strong visual data on the behavior of neutrophils in response to neuroinflammatory situations and may establish the groundwork for future research on the molecular mechanisms underlying innate immune cell responses to neuroinflammation and systemic inflammation alike.
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FIGURE 5. Neutrophils and microglia exhibit various behavioral and phenotypical responses to LPS-induced neuroinflammation. A graphic illustration describing the responses of neutrophils and microglia to LPS-induced neuroinflammation, as identified via two-photon microscopy. Upon LPS injection and the following neuroinflammatory situations, neutrophils first respond by extravasating into the brain parenchyma. Meanwhile, microglia are activated and thus undergo morphological changes, such as enlargement of cell bodies and shortening of processes. Such activated microglia interact with infiltrated neutrophils, possibly causing molecular modifications on the neutrophils; thereafter, neutrophils engage in reverse transendothelial migration, returning to the bloodstream.
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Supplementary Figure 1 | Cranial window surgery setup for brain intravital imaging. (A) Brain chambers with heating plates for maintaining body temperature at 37 ± 0.5°C. a. Metal and rubber heating plates, b. DC temperature controller, c. Stereotactic instrument for cranial window surgery, d. Head fixation device for imaging. (B) Subsidiary tools for surgery a. cotton swab, b. air blower, c. tissue glue, d. cover glass (diameter = 5 μm), e. metal frame, f. pen, g. dental cement, h. resin tip, i. forceps, j. a pair of scissors, k. forceps, l. micro forceps, m. micro drill. (C) Surgical procedure of cranial window surgery for intravital brain imaging. i. Fix the mouse in a stereotactic heating plate, ii. Remove head skin and the periosteum, iii. Coordinate predestinate location carved on right hemisphere, iv. Moisturize a circular opening with a drop of isotonic saline solution and seal a circular opening with a 5 μm coverslip, v. Glue and fix the metal frame on the borders of the cranial window and skull area using dental cement, vi. Place the mouse on a head fixation device for intravital imaging.

Supplementary Video 1 | TPIM of brain parenchyma in LysMGFP/+ mice injected with PBS (control) and LPS, respectively. Green, neutrophil (GFP); Red, blood vessels (Texas Red dextran). Scale bar, 100 μm.

Supplementary Video 2 | TPIM of neutrophil infiltration during neuroinflammation. Green, neutrophil (GFP); Red, blood vessels (Texas Red dextran); White, track line of neutrophil. Scale bar, 50 μm.

Supplementary Video 3 | TPIM of brain parenchyma in CX3CR1GFP/+ mice injected with PBS (control) and LPS, respectively. Green, microglia (GFP); Red, neutrophils (Ab Ly6G); Blue, blood vessels (Lectin). Scale bar, 100 μm.

Supplementary Video 4 | TPIM of morphological changes in microglia in brain parenchyma. Green, microglia (GFP); Red, neutrophils (Ab Ly6G); Blue, blood vessels (Lectin). Scale bar, 30 μm.

Supplementary Video 5 | TPIM showing contact between microglial processes and neutrophils in inflamed brain parenchyma. Green, microglia (GFP); Red, neutrophils (Ab Ly6G); Blue, blood vessels (Lectin). Scale bar, 40 μm.

Supplementary Video 6 | TPIM showing elongation of microglial processes toward point of microglia-neutrophil contact (white arrow). Green, microglia (GFP); Red, neutrophils (Ab Ly6G); Blue, blood vessels (Lectin).

Supplementary Video 7 | TPIM showing neutrophil crawling along the perivascular region in inflamed brain parenchyma. Green, neutrophil (GFP); Red, blood vessels (Texas Red dextran); White, tracking of neutrophil. Scale bar, 50 μm.

Supplementary Video 8 | TPIM showing neutrophil reverse-transendothelial migration from brain parenchyma into blood vessel. Green, neutrophil (GFP); Red, blood vessels (Texas Red dextran); White, tracking of neutrophil; Blue, the replacement of reverse-migrated neutrophil. Scale bar, 20 μm.


ABBREVIATIONS

BBB, Blood-brain barrier; CNS, Central nervous system; GFP, Green fluorescent protein; LPS, Lipopolysaccharide; rTEM, reverse Transendothelial migration; SPF, Specific pathogen-free; TEM, Transendothelial migration; WGA, Wheat-germ agglutinin.
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CCRL2 is a seven-transmembrane domain receptor that belongs to the chemokine receptor family. At difference from other members of this family, CCRL2 does not promote chemotaxis and shares structural features with atypical chemokine receptors (ACKRs). However, CCRL2 also differs from ACKRs since it does not bind chemokines and is devoid of scavenging functions. The only commonly recognized CCRL2 ligand is chemerin, a non-chemokine chemotactic protein. CCRL2 is expressed both by leukocytes and non-hematopoietic cells. The genetic ablation of CCRL2 has been instrumental to elucidate the role of this receptor as positive or negative regulator of inflammation. CCRL2 modulates leukocyte migration by two main mechanisms. First, when CCRL2 is expressed by barrier cells, such endothelial, and epithelial cells, it acts as a presenting molecule, contributing to the formation of a non-soluble chemotactic gradient for leukocytes expressing CMKLR1, the functional chemerin receptor. This mechanism was shown to be crucial in the induction of NK cell-dependent immune surveillance in lung cancer progression and metastasis. Second, by forming heterocomplexes with other chemokine receptors. For instance, CCRL2/CXCR2 heterodimers were shown to regulate the activation of β2-integrins in mouse neutrophils. This mini-review summarizes the current understanding of CCRL2 biology, based on experimental evidence obtained by the genetic deletion of this receptor in in vivo experimental models. Further studies are required to highlight the complex functional role of CCRL2 in different organs and pathological conditions.

Keywords: leukocyte recruitment, chemerin, inflammatory diseases, tumor microenvironment, atypical chemokine receptors


INTRODUCTION

Leukocyte migration is a tightly regulated process that takes place under both homeostatic and pathological conditions (David and Kubes, 2019). Chemokines control leukocyte trafficking through the interaction with their cognate receptors, belonging to the family of G protein-coupled membrane proteins (GPCRs) (Bachelerie et al., 2014; Sozzani et al., 2015; Hughes and Nibbs, 2018). A subset of proteins highly homologous to conventional chemokine receptors but unable to activate signal transduction through G proteins was identified and named Atypical Chemokine Receptors (ACKRs) (Bachelerie et al., 2014). ACKRs bind to chemokines in a rather promiscuous manner and are generally characterized by the ability to scavenge their ligands. In vivo evidence obtained using gene-targeted animals have highlighted the crucial role of these molecules in the negative control of inflammation (Bonecchi and Graham, 2016).

Chemokine (C–C motif) receptor-like 2 (CCRL2, also called HCR or CRAM in humans and L-CCR in mice) is a seven transmembrane receptor closely related to the chemokine receptors CCR1, CCR2, CCR3, and CCR5 (Fan et al., 1998; An et al., 2011; Del Prete et al., 2013; De Henau et al., 2016). Nevertheless, CCRL2 is unable to activate conventional G-protein dependent signaling and to induce cell directional migration, since it lacks the canonical high conserved DRYLAIV motif. Therefore, CCRL2 was originally considered a member of ACKRs family (Bondue et al., 2011). In the past few years, several ligand were proposed for CCRL2, such as CCL2, CCL5, CCL7, CCL8 (Biber et al., 2003), or CCL19 (Leick et al., 2010), but these findings were not subsequently confirmed (Zabel et al., 2008; Del Prete et al., 2013; De Henau et al., 2016). So far, the only commonly accepted CCRL2 ligand is the non-chemokine chemotactic protein chemerin (Zabel et al., 2008), a ligand shared with two other signaling receptors, namely Chemokine-Like Receptor 1 (CMKLR1) and G protein-coupled receptor 1 (GPR1) (Bondue et al., 2011; De Henau et al., 2016). Chemerin binding to CCRL2 does not induce calcium fluxes or ligand scavenging (Zabel et al., 2008; De Henau et al., 2016; Mazzotti et al., 2017) and this atypical behavior makes CCRL2 a unique member of the non-signaling GPCR chemotactic receptor family. Here we summarize the current knowledge on the expression and functions of the atypical receptor CCRL2 mostly based on the results obtained in gene targeting experiments.



REGULATION OF CCRL2 EXPRESSION

In humans, two different CCRL2 splice variants are present, namely CCRL2A (or CRAM-A) coding for a 357 amino acid protein and CCRL2B (or CRAM-B) coding for a shorter receptor, lacking the first 12 amino acids in the amino-terminal domain (Yoshimura and Oppenheim, 2011; Del Prete et al., 2013). By contrast, mouse CCRL2 consists only of one single variant corresponding to CCRL2B. These orthologs are quite divergent in sequence, with only 51% identity, as compared to 80% of most of the other mouse-to-man GPCR receptor pairs (Fan et al., 1998; DeVries et al., 2006). The identity raises to 81% when considering only the first 16 amino-terminal amino acids, a short-conserved sequence that may represent the critical binding domain for chemerin (Zabel et al., 2008). However, the impact on ligand binding, if any, of the longer amino-terminal domain of CCRL2A has never been assessed. In general, only a few studies clearly indicate which variant is being investigated, or address possible differences in their expression and regulation; this is partly due to the paucity of specific reliable reagents. Nevertheless, it is becoming increasingly clear that the two isoforms may be differentially expressed and regulated: for example, CCRL2A expression is restricted to pre-B cells while other B cell-maturation stages express mainly CCRL2B (Hartmann et al., 2008). Furthermore, CCRL2A can be specifically upregulated in certain pathological conditions, such as in breast cancer by IFN-γ (Sarmadi et al., 2015). Thus, the two splice variants may possess so far unknown different biological roles and significance.

CCRL2 is expressed by cells in the hematopoietic and non-hematopoietic compartments. Among the hematopoietic cells, both CCRL2 mRNA and protein were detected in monocytes, macrophages, neutrophils, CD4 and CD8 positive T lymphocytes, B cells, monocyte-derived dendritic cells, and CD34 positive cells (Patel et al., 2001; Migeotte et al., 2002; Galligan et al., 2004; Auer et al., 2007; Hartmann et al., 2008; Catusse et al., 2010; Del Prete et al., 2013). In agreement with the first description of CCRL2 as an early LPS-inducible gene in the mouse macrophage cell line RAW264 (Shimada et al., 1998), in most of the cases, CCRL2 expression is upregulated by proinflammatory stimuli. In human monocytes, LPS alone or in combination with IFN-γ induced CCRL2 expression (Patel et al., 2001; Migeotte et al., 2002). CCRL2 mRNA was rapidly upregulated in mouse bone marrow-derived dendritic cells activated with LPS, Poly (I:C) or CD40L, reaching peak levels after 2–4 h, and decreased afterward, while CCRL2 protein levels peaked later at around 12 h and declined at the basal levels after 40 h of stimulation (Otero et al., 2010). In human neutrophils, the expression of CCRL2 was increased by proinflammatory stimuli, such as LPS or TNF-α alone or in combination with IFN-γ or GM-CSF (Galligan et al., 2004) and in neutrophils isolated from inflamed joints of arthritis patients (Auer et al., 2007). Similar CCRL2 expression kinetics was shown in mouse neutrophils (Del Prete et al., 2017). Furthermore, in mouse mast cells, CCRL2 was found to be constitutively expressed and to be further upregulated in vitro in BM-derived cells (Zabel et al., 2008). Also microglia and astrocytes were shown to express CCRL2 both in vitro and in vivo under inflammatory conditions (Zuurman et al., 2003; Brouwer et al., 2004). Within the non-hematopoietic compartment, CCRL2 mRNA was detected in inflamed bronchial epithelium (Oostendorp et al., 2004). Other reports described CCRL2 expression in hepatic stellate cells (Zimny et al., 2017), in adipocytes (Muruganandan et al., 2010), in skin (Banas et al., 2015) and in different cancer tissues including breast (Sarmadi et al., 2015) and prostate cancers (Reyes et al., 2017). In primary human endothelial cells, either derived from umbilical veins, dermal microvascular or brain vasculature, CCRL2 was significantly upregulated by proinflammatory stimuli (e.g., the combination of LPS, IFN-γ, and TNF-α) (Monnier et al., 2012). In endothelial cells freshly isolated from mouse lung, CCRL2 was found constitutively expressed, while in mouse liver the expression was strongly increased by inflammatory stimuli (Monnier et al., 2012). CCRL2 regulation was detected also in vitro in lymphatic endothelial cells stimulated with retinoid acid (Gonzalvo-Feo et al., 2014). Organ specific regulation may underscore specific functional properties of CCRL2 in different anatomical districts.



ROLE OF CCRL2 IN THE REGULATION OF LEUKOCYTE MIGRATION

A detailed analysis of CCRL2 membrane trafficking confirmed that CCRL2 efficiently binds the chemotactic protein chemerin without triggering receptor internalization, ligand scavenging, or calcium mobilization (Mazzotti et al., 2017). These results depict a unique functional profile of CCRL2 among members of non-signaling seven-transmembrane domain receptor family.

Two main functions have been described for CCRL2, both having a role in leukocyte trafficking (Figure 1). First, CCRL2, when expressed on the surface of barrier cells, such as endothelial and epithelial cells, can increase the local concentration of chemerin to form a membrane-bound chemotactic gradient for leukocytes expressing the functional chemerin receptor CMKLR1 (Zabel et al., 2008; Bondue et al., 2011; Monnier et al., 2012; Gonzalvo-Feo et al., 2014). CCRL2 binds chemerin at the N-terminus leaving the C-terminal peptide sequence accessible for the interaction with CMKLR1 (Zabel et al., 2008). By this mean, CCRL2 may promote the recruitment of CMKLR1-expressing cells, such monocytes/macrophages, dendritic cells, plasmacytoid dendritic cells, and NK cells (Del Prete et al., 2006; Sozzani et al., 2010; Tiberio et al., 2018). This CCRL2/CMKLR1 axis was shown to be active in vivo in the regulation of dendritic cells, mast cells, and NK cells trafficking (Parolini et al., 2007; Zabel et al., 2008; Otero et al., 2010; Monnier et al., 2012; Gonzalvo-Feo et al., 2014; Del Prete et al., 2019; Figure 1A).


[image: image]

FIGURE 1. Potential mechanisms of CCRL2 regulation of leukocyte migration. (A) CCRL2, expressed on barrier cells, such as epithelial or endothelial cells, can act as a chemerin presenting molecule. CCRL2 binding to the N-terminus leaves chemerin C-terminus available for the interaction with CMKLR1, the functional chemerin receptor expressed by different leukocyte subsets, such as NK cells. (B) CCRL2 regulates CXCR2 membrane expression and integrin-mediated arrest of neutrophils on endothelial cells forming CCRL2/CXCR2 heterodimers. (C) CCRL2 can favor the resolution of inflammation through the regulation of M1/M2 polarization balance.


A second proposed function is unrelated to the interaction with its ligand and consists in the formation of heterodimers with chemokine receptors. CCRL2/CXCR2 heterodimers were shown to represent a mechanism of fine-tuning of neutrophil migration in pathological contextures, such as inflammatory arthritis (Del Prete et al., 2017). The feature of G-protein coupled receptors to form oligomers has emerged as a physiological phenomenon that can affect several aspects of receptor functions, such as ligand targeting, signaling, and internalization properties (Mellado et al., 2001; de Poorter et al., 2013). Heterodimerization of chemokine receptors is a potential crucial step for the proper function of immune cells and represents an additional level of complexity in the promiscuous chemokine system (Mellado et al., 2001; Thelen et al., 2010; Martínez-Muñoz et al., 2018). FRET analysis revealed that CCRL2/CXCR2 heterodimers were detectable both at the cell membrane and in the cytoplasm, suggesting that the CCRL2 is involved in the intracellular retention of the CCRL2/CXCR2 heterocomplexes. Indeed, modulation of CXCR2 membrane expression by CCRL2 was shown both in transfected cells and in primary bone marrow-derived neutrophils where Ccrl2 deficiency was related with increased CXCR2 membrane expression (Del Prete et al., 2017). CCRL2 expression was also associated with increased CXCR2 signaling through ERK1/2 and small GTPases phosphorylation, and activation of β2-integrin, as detected both in vitro and in vivo by underflow and intravital microscopy (see below; Figure 1B; Del Prete et al., 2017). Collectively, these findings identify CXCR2 as a target of CCRL2 regulation. The involvement of CCRL2 in the regulation of other chemotactic receptors needs to be further explored.



ROLE OF CCRL2 IN INFLAMMATORY DISEASES

The role of CCRL2 has emerged by the use of Ccrl2-deficient mice tested in several experimental models of inflammatory diseases (Otero et al., 2010; Gonzalvo-Feo et al., 2014; Mazzon et al., 2016; Del Prete et al., 2017). In a model of OVA-induced airways hypersensitivity, the genetic ablation of CCRL2 caused defective trafficking of antigen-loaded dendritic cells from the lung to mediastinal lymph nodes (Otero et al., 2010). In these experimental conditions, Ccrl2-deficient mice showed a protected phenotype, characterized by reduced recruitment of eosinophils and mononuclear cells to the bronchoalveolar compartment and decreased production of lung Th2 cytokines and chemokines. The defect in Th2-skewed response was directly ascribed to impaired dendritic cells migration, since it was abrogated by the intratracheal instillation of wild type dendritic cells (Otero et al., 2010). Considering the ability of CCRL2 to form heterodimers as a way to regulate chemotactic receptor function (Del Prete et al., 2017), it is possible that CCRL2 might play an unpredicted ligand-independent role in the control of pulmonary dendritic cell trafficking by the molecular interaction with CCR7, the main lymph node homing dendritic cell receptor. Similarly, CCRL2 increased tissue swelling and leukocyte infiltration in an IgE-mediated experimental model of passive cutaneous anaphylaxis (Otero et al., 2010; Gonzalvo-Feo et al., 2014; Mazzon et al., 2016; Del Prete et al., 2017). Ccrl2-deficient mice were also protected in experimental models of inflammatory arthritis. The mechanism of protection was mostly due to a defective neutrophils recruitment in the inflamed joints (Del Prete et al., 2017). The process of tissue neutrophils infiltration is implicated in the pathophysiology of rheumatoid arthritis and is controlled by a well-defined temporally and spatially cascade of chemoattractants and their cognate receptors, being the CXCL8/CXCR2 axis a major player (Chou et al., 2010; Wright et al., 2014). CCRL2 expression was described in neutrophils purified from the synovial fluid of rheumatoid arthritis patients (Galligan et al., 2004). In Ccrl2-deficient mice, CXCL8-induced neutrophils recruitment to the peritoneal cavity was found to be impaired. Similarly, neutrophils infiltration to inflamed joints was impaired in Ccrl2-deficient mice tested in collagen induced-and serum transfer induced- arthritis, two experimental models of inflammatory arthritis. In both experimental conditions, Ccrl2-deficient mice showed decreased severity of disease, lower incidence and delayed clinical onset, with reduced histopathological score. Disease protection was reversed by the adoptive transfer of CCRL2 competent neutrophils. Intravital microscopy clearly revealed that Ccrl2-deficient neutrophils displayed a strong reduction in their ability to adhere to the surface of endothelial cells in the vessels present in inflamed knee, with an increased number of rolling neutrophils on the endothelial surface. Similar results were obtained in experiments performed under flow conditions showing defective capacity of Ccrl2-deficient neutrophils to undergo rapid β2 integrin-mediated arrest in response to CXCL8. Taken together, these results support a role for CCRL2 in the regulation of CXCR2-mediated inside-out β2-integrin activation (Del Prete et al., 2017). Using different models of acute inflammation induced by zymosan and thioglycolate, Regan-Komito et al. (2017) reported that Ccrl2-deficient mice expressed an exacerbated phenotype characterized by increased neutrophils infiltration associated to increased local and systemic levels of chemerin and CXCL1. It is possible that different experimental conditions might be responsible for this apparently contrasting phenotype. Of note, the role of CCRL2 in mast cell activation in vivo was previously reported to be influenced by the strength of the response (Zabel et al., 2008).

A possible role for CCRL2 in the resolution phase of inflammation emerged in the chronic phase of MOG-induced experimental autoimmune encephalitis (EAE), a model that resembles the inflammatory process that characterizes multiple sclerosis (Mazzon et al., 2016; Figure 1C). In the central nervous system, CCRL2 was expressed by infiltrating mononuclear cells at the peak of clinical development of the disease. Ccrl2-deficient mice displayed increased mortality and severity of clinical score compared to control animals. In addition, the histopathological examination revealed enlarged demyelination areas and hyperactivation of microglia with unbalanced M1/M2 rate of polarization, especially during the recovery phase of the disease (Mazzon et al., 2016). Furthermore, in a model of DSS-induced colitis, chemerin has been associated with mononuclear cell polarization (Lin et al., 2014). These findings highlight a potential involvement of the chemerin/CCRL2 axis in the dynamic process of macrophage polarization, a fundamental step in the resolution of inflammation and tissue repair. Taken together, the use of mice with genetic deletion of CCRL2 has provided important insights in deciphering the molecular mechanisms of CCRL2-mediated regulation of leukocyte trafficking and pathological conditions.



ROLE OF CCRL2 IN TUMORS

CCRL2 expression was described in different cancer cells, including prostate and breast carcinoma, colorectal cancer liver metastasis and glioblastoma (Yin et al., 2012; Wang et al., 2015; Akram et al., 2016; Reyes et al., 2017). However, the functional role of CCRL2 in cancer is still unknown and needs further investigations. In NSCLC patients, elevated expression of CCRL2 was found to have a beneficial effect on overall survival and correlated with better clinical outcome, particularly at the early phase of lung tumor progression (Del Prete et al., 2019; Treeck et al., 2019).

During lung carcinogenesis CCRL2 exerts a protective role in different experimental models. Indeed, CCRL2 deficiency was associated with increased tumor burden in urethane-induced lung carcinogenesis and in a genetic model of Kras/Tp53-driven (KrasG12D/+/p53LoxP) lung tumor. Similarly, Ccrl2-deficient mice were more permissive for tumor growth following orthotopic injection of a tumor cell line obtained from KrasG12D/+/p53LoxP mice. In all these experimental conditions, lung tumor microenvironment revealed the decrease of some myeloid cell subsets, such as monocytes, macrophages and neutrophils, and a consistent reduction of lung NK cell frequency, with the more mature NK cell subset (CD27– CD11b+) being the most affected one. Since CCRL2 is not expressed by mouse NK cells, but was found expressed by CD31+ cells in the lung of tumor-bearing mice, these results further support the role of CCRL2 expression by endothelial cells in the regulation of NK cell recruitment to the lung. CCRL2 present on the surface of lung endothelial cells may act as a chemerin-presenting molecule regulating the recruitment of CMKLR1+ NK cells. By this mechanism, CCRL2 may shape the immune tumor microenvironment in lung cancer (Del Prete et al., 2019). This mechanism may have a more general relevance for lung tumor and metastasis (Pachynski et al., 2012). Whether the CCRL2/CMKLR1 axis is a selective pathway for the recruitment of NK cells to the lung microenvironment or rather is a pathway shared by different organs is still under investigation.



CONCLUSION AND FUTURE PERSPECTIVES

Chemokines and chemotactic agonists play a crucial role in the control of leukocyte trafficking acting at different levels of regulation. Over the last few years ACKRs, a small subset of GPCRs, attracted the attention for their ability to regulate inflammatory responses. CCRL2 is closely related to ACKRs but differs from them since it does not bind chemokines or possess ligand scavenging functions (De Henau et al., 2016; Mazzotti et al., 2017). CCRL2 regulates leukocyte migration and is involved in the control of both innate and adaptive immune responses in different inflammatory diseases and cancer. Depending on the cellular context and pathological condition, CCRL2 may act as a chemerin presenting molecule or modulate the function of chemokine receptors in a ligand-independent manner. Many aspects of the biology and activity of CCRL2 remain still unexplored and need to be further elucidated. A better understanding of the precise role of this atypical receptor may pave the way toward novel and improved therapeutic strategies for the control of inflammation and tumor immune surveillance.



AUTHOR CONTRIBUTIONS

TS and FS conceptualized the contents. TS, FS, IB, SS, IB, DB, AD, and SS contributed to writing the manuscript. IB prepared the figure. AD and SS supervised the final version of the review manuscript. All authors contributed to the article and approved the submitted version.



FUNDING

This work was supported by the Italian Association for Cancer Research (AIRC, IG 2017-20776 to SS), Ministero dell’Istruzione, dell’Università e della Ricerca (MIUR) (PRIN 2017 to SS), and Ministero della Salute (ID 2020010161 to SS). TS was a recipient of a fellowship from Fondazione Veronesi.



REFERENCES

Akram, I. G., Georges, R., Hielscher, T., Adwan, H., and Berger, M. R. (2016). The chemokines CCR1 and CCRL2 have a role in colorectal cancer liver metastasis. Tumour Biol. 37, 2461–2471. doi: 10.1007/s13277-015-4089-4

An, P., Li, R., Wang, J. M., Yoshimura, T., Takahashi, M., Samudralal, R., et al. (2011). Role of exonic variation in chemokine receptor genes on AIDS: CCRL2 F167Y association with pneumocystis pneumonia. PLoS Genet. 7:e1002328. doi: 10.1371/journal.pgen.1002328

Auer, J., Bläss, M., Schulze-Koops, H., Russwurm, S., Nagel, T., Kalden, J. R., et al. (2007). Expression and regulation of CCL18 in synovial fluid neutrophils of patients with rheumatoid arthritis. Arthritis Res. Ther. 9:R94. doi: 10.1186/ar2294

Bachelerie, F., Ben-Baruch, A., Burkhardt, A. M., Combadiere, C., Farber, J. M., Graham, G. J., et al. (2014). International Union of Basic and Clinical Pharmacology. [corrected]. LXXXIX. Update on the extended family of chemokine receptors and introducing a new nomenclature for atypical chemokine receptors. Pharmacol. Rev. 66, 1–79. doi: 10.1124/pr.113.007724

Banas, M., Zegar, A., Kwitniewski, M., Zabieglo, K., Marczynska, J., Kapinska-Mrowiecka, M., et al. (2015). The expression and regulation of chemerin in the epidermis. PLoS One 10:e0117830. doi: 10.1371/journal.pone.0117830

Biber, K., Zuurman, M. W., Homan, H., and Boddeke, H. W. (2003). Expression of L-CCR in HEK 293 cells reveals functional responses to CCL2, CCL5, CCL7, and CCL8. J. Leukoc. Biol. 74, 243–251. doi: 10.1189/jlb.0802415

Bondue, B., Wittamer, V., and Parmentier, M. (2011). Chemerin and its receptors in leukocyte trafficking, inflammation and metabolism. Cytokine Growth Factor Rev. 22, 331–338. doi: 10.1016/j.cytogfr.2011.11.004

Bonecchi, R., and Graham, G. J. (2016). Atypical chemokine receptors and their roles in the resolution of the inflammatory response. Front. Immunol. 7:224. doi: 10.3389/fimmu.2016.00224

Brouwer, N., Zuurman, M. W., Wei, T., Ransohoff, R. M., Boddeke, H. W., and Biber, K. (2004). Induction of glial L-CCR mRNA expression in spinal cord and brain in experimental autoimmune encephalomyelitis. Glia 46, 84–94. doi: 10.1002/glia.10352

Catusse, J., Leick, M., Groch, M., Clark, D. J., Buchner, M. V., Zirlik, K., et al. (2010). Role of the atypical chemoattractant receptor CRAM in regulating CCL19 induced CCR7 responses in B-cell chronic lymphocytic leukemia. Mol. Cancer 9:297. doi: 10.1186/1476-4598-9-297

Chou, R. C., Kim, N. D., Sadik, C. D., Seung, E., Lan, Y., Byrne, M. H., et al. (2010). Lipid-cytokine-chemokine cascade drives neutrophil recruitment in a murine model of inflammatory arthritis. Immunity 33, 266–278. doi: 10.1016/j.immuni.2010.07.018

David, B. A., and Kubes, P. (2019). Exploring the complex role of chemokines and chemoattractants in vivo on leukocyte dynamics. Immunol. Rev. 289, 9–30. doi: 10.1111/imr.12757

De Henau, O., Degroot, G. N., Imbault, V., Robert, V., De Poorter, C., Mcheik, S., et al. (2016). Signaling properties of chemerin receptors CMKLR1, GPR1 and CCRL2. PLoS One 11:e0164179. doi: 10.1371/journal.pone.0164179

de Poorter, C., Baertsoen, K., Lannoy, V., Parmentier, M., and Springael, J. Y. (2013). Consequences of ChemR23 heteromerization with the chemokine receptors CXCR4 and CCR7. PLoS One 8:e58075. doi: 10.1371/journal.pone.0058075

Del Prete, A., Bonecchi, R., Vecchi, A., Mantovani, A., and Sozzani, S. (2013). CCRL2, a fringe member of the atypical chemoattractant receptor family. Eur. J. Immunol. 43, 1418–1422. doi: 10.1002/eji.201243179

Del Prete, A., Locati, M., Otero, K., Riboldi, E., Mantovani, A., Vecchi, A., et al. (2006). Migration of dendritic cells across blood and lymphatic endothelial barriers. Thromb. Haemost. 95, 22–28.

Del Prete, A., Martínez-Muñoz, L., Mazzon, C., Toffali, L., Sozio, F., Za, L., et al. (2017). The atypical receptor CCRL2 is required for CXCR2-dependent neutrophil recruitment and tissue damage. Blood 130, 1223–1234. doi: 10.1182/blood-2017-04-777680

Del Prete, A., Sozio, F., Schioppa, T., Ponzetta, A., Vermi, W., Calza, S., et al. (2019). The atypical receptor CCRL2 is essential for lung cancer immune surveillance. Cancer Immunol. Res. 7, 1775–1788. doi: 10.1158/2326-6066.CIR-19-0168

DeVries, M. E., Kelvin, A. A., Xu, L., Ran, L., Robinson, J., and Kelvin, D. J. (2006). Defining the origins and evolution of the chemokine/chemokine receptor system. J. Immunol. 176, 401–415. doi: 10.4049/jimmunol.176.1.401

Fan, P., Kyaw, H., Su, K., Zeng, Z., Augustus, M., Carter, K. C., et al. (1998). Cloning and characterization of a novel human chemokine receptor. Biochem. Biophys. Res. Commun. 243, 264–268. doi: 10.1006/bbrc.1997.7981

Galligan, C. L., Matsuyama, W., Matsukawa, A., Mizuta, H., Hodge, D. R., Howard, O. M., et al. (2004). Up-regulated expression and activation of the orphan chemokine receptor, CCRL2, in rheumatoid arthritis. Arthritis Rheum. 50, 1806–1814. doi: 10.1002/art.20275

Gonzalvo-Feo, S., Del Prete, A., Pruenster, M., Salvi, V., Wang, L., Sironi, M., et al. (2014). Endothelial cell-derived chemerin promotes dendritic cell transmigration. J. Immunol. 192, 2366–2373. doi: 10.4049/jimmunol.1302028

Hartmann, T. N., Leick, M., Ewers, S., Diefenbacher, A., Schraufstatter, I., Honczarenko, M., et al. (2008). Human B cells express the orphan chemokine receptor CRAM-A/B in a maturation-stage-dependent and CCL5-modulated manner. Immunology 125, 252–262. doi: 10.1111/j.1365-2567.2008.02836.x

Hughes, C. E., and Nibbs, R. J. B. (2018). A guide to chemokines and their receptors. FEBS J. 285, 2944–2971. doi: 10.1111/febs.14466

Leick, M., Catusse, J., Follo, M., Nibbs, R. J., Hartmann, T. N., Veelken, H., et al. (2010). CCL19 is a specific ligand of the constitutively recycling atypical human chemokine receptor CRAM-B. Immunology 129, 536–546. doi: 10.1111/j.1365-2567.2009.03209.x

Lin, Y., Yang, X., Yue, W., Xu, X., Li, B., Zou, L., et al. (2014). Chemerin aggravates DSS-induced colitis by suppressing M2 macrophage polarization. Cell. Mol. Immunol. 11, 355–366. doi: 10.1038/cmi.2014.15

Martínez-Muñoz, L., Villares, R., Rodríguez-Fernández, J. L., Rodríguez-Frade, J. M., and Mellado, M. (2018). Remodeling our concept of chemokine receptor function: from monomers to oligomers. J. Leukoc. Biol. 104, 323–331. doi: 10.1002/JLB.2MR1217-503R

Mazzon, C., Zanotti, L., Wang, L., Del Prete, A., Fontana, E., Salvi, V., et al. (2016). CCRL2 regulates M1/M2 polarization during EAE recovery phase. J. Leukoc. Biol. 99, 1027–1033. doi: 10.1189/jlb.3MA0915-444RR

Mazzotti, C., Gagliostro, V., Bosisio, D., Del Prete, A., Tiberio, L., Thelen, M., et al. (2017). The atypical receptor CCRL2 (C-C chemokine receptor-like 2) does not act as a decoy receptor in endothelial cells. Front. Immunol. 8:1233. doi: 10.3389/fimmu.2017.01233

Mellado, M., Rodríguez-Frade, J. M., Vila-Coro, A. J., Fernández, S., Martín de Ana, A., Jones, D. R., et al. (2001). Chemokine receptor homo- or heterodimerization activates distinct signaling pathways. EMBO J. 20, 2497–2507. doi: 10.1093/emboj/20.10.2497

Migeotte, I., Franssen, J. D., Goriely, S., Willems, F., and Parmentier, M. (2002). Distribution and regulation of expression of the putative human chemokine receptor HCR in leukocyte populations. Eur. J. Immunol. 32, 494–501.

Monnier, J., Lewén, S., O’Hara, E., Huang, K., Tu, H., Butcher, E. C., et al. (2012). Expression, regulation, and function of atypical chemerin receptor CCRL2 on endothelial cells. J. Immunol. 189, 956–967. doi: 10.4049/jimmunol.1102871

Muruganandan, S., Roman, A. A., and Sinal, C. J. (2010). Role of chemerin/CMKLR1 signaling in adipogenesis and osteoblastogenesis of bone marrow stem cells. J. Bone Miner. Res. 25, 222–234. doi: 10.1359/jbmr.091106

Oostendorp, J., Hylkema, M. N., Luinge, M., Geerlings, M., Meurs, H., Timens, W., et al. (2004). Localization and enhanced mRNA expression of the orphan chemokine receptor L-CCR in the lung in a murine model of ovalbumin-induced airway inflammation. J. Histochem. Cytochem. 52, 401–410. doi: 10.1177/002215540405200311

Otero, K., Vecchi, A., Hirsch, E., Kearley, J., Vermi, W., Del Prete, A., et al. (2010). Nonredundant role of CCRL2 in lung dendritic cell trafficking. Blood 116, 2942–2949. doi: 10.1182/blood-2009-12-259903

Pachynski, R. K., Zabel, B. A., Kohrt, H. E., Tejeda, N. M., Monnier, J., Swanson, C. D., et al. (2012). The chemoattractant chemerin suppresses melanoma by recruiting natural killer cell antitumor defenses. J. Exp. Med. 209, 1427–1435. doi: 10.1084/jem.20112124

Parolini, S., Santoro, A., Marcenaro, E., Luini, W., Massardi, L., Facchetti, F., et al. (2007). The role of chemerin in the colocalization of NK and dendritic cell subsets into inflamed tissues. Blood 109, 3625–3632. doi: 10.1182/blood-2006-08-038844

Patel, L., Charlton, S. J., Chambers, J. K., and Macphee, C. H. (2001). Expression and functional analysis of chemokine receptors in human peripheral blood leukocyte populations. Cytokine 14, 27–36. doi: 10.1006/cyto.2000.0851

Regan-Komito, D., Valaris, S., Kapellos, T. S., Recio, C., Taylor, L., Greaves, D. R., et al. (2017). Absence of the non-signalling chemerin receptor CCRL2 exacerbates acute inflammatory responses. Front. Immunol. 8:1621. doi: 10.3389/fimmu.2017.01621

Reyes, N., Benedetti, I., Rebollo, J., Correa, O., and Geliebter, J. (2017). Atypical chemokine receptor CCRL2 is overexpressed in prostate cancer cells. J. Biomed. Res. 33, 17–23. doi: 10.7555/JBR.32.20170057

Sarmadi, P., Tunali, G., Esendagli-Yilmaz, G., Yilmaz, K. B., and Esendagli, G. (2015). CRAM-A indicates IFN-γ-associated inflammatory response in breast cancer. Mol. Immunol. 68(2 Pt C), 692–698. doi: 10.1016/j.molimm.2015.10.019

Shimada, T., Matsumoto, M., Tatsumi, Y., Kanamaru, A., and Akira, S. (1998). A novel lipopolysaccharide inducible C-C chemokine receptor related gene in murine macrophages. FEBS Lett. 425, 490–494. doi: 10.1016/s0014-5793(98)00299-3

Sozzani, S., Del Prete, A., Bonecchi, R., and Locati, M. (2015). Chemokines as effector and target molecules in vascular biology. Cardiovasc. Res. 107, 364–372. doi: 10.1093/cvr/cvv150

Sozzani, S., Vermi, W., Del Prete, A., and Facchetti, F. (2010). Trafficking properties of plasmacytoid dendritic cells in health and disease. Trends Immunol. 31, 270–277. doi: 10.1016/j.it.2010.05.004

Thelen, M., Muñoz, L. M., Rodríguez-Frade, J. M., and Mellado, M. (2010). Chemokine receptor oligomerization: functional considerations. Curr. Opin. Pharmacol. 10, 38–43. doi: 10.1016/j.coph.2009.09.004

Tiberio, L., Del Prete, A., Schioppa, T., Sozio, F., Bosisio, D., and Sozzani, S. (2018). Chemokine and chemotactic signals in dendritic cell migration. Cell. Mol. Immunol. 15, 346–352. doi: 10.1038/s41423-018-0005-3

Treeck, O., Buechler, C., and Ortmann, O. (2019). Chemerin and cancer. Int. J. Mol. Sci. 20:3750. doi: 10.3390/ijms20153750

Wang, L. P., Cao, J., Zhang, J., Wang, B. Y., Hu, X. C., Shao, Z. M., et al. (2015). The human chemokine receptor CCRL2 suppresses chemotaxis and invasion by blocking CCL2-induced phosphorylation of p38 MAPK in human breast cancer cells. Med. Oncol. 32:254. doi: 10.1007/s12032-015-0696-6

Wright, H. L., Moots, R. J., and Edwards, S. W. (2014). The multifactorial role of neutrophils in rheumatoid arthritis. Nat. Rev. Rheumatol. 10, 593–601. doi: 10.1038/nrrheum.2014.80

Yin, F., Xu, Z., Wang, Z., Yao, H., Shen, Z., Yu, F., et al. (2012). Elevated chemokine CC-motif receptor-like 2 (CCRL2) promotes cell migration and invasion in glioblastoma. Biochem. Biophys. Res. Commun. 429, 168–172. doi: 10.1016/j.bbrc.2012.10.120

Yoshimura, T., and Oppenheim, J. J. (2011). Chemokine-like receptor 1 (CMKLR1) and chemokine (C-C motif) receptor-like 2 (CCRL2); two multifunctional receptors with unusual properties. Exp. Cell Res. 317, 674–684. doi: 10.1016/j.yexcr.2010.10.023

Zabel, B. A., Nakae, S., Zúñiga, L., Kim, J. Y., Ohyama, T., Alt, C., et al. (2008). Mast cell-expressed orphan receptor CCRL2 binds chemerin and is required for optimal induction of IgE-mediated passive cutaneous anaphylaxis. J. Exp. Med. 205, 2207–2220. doi: 10.1084/jem.20080300

Zimny, S., Pohl, R., Rein-Fischboeck, L., Haberl, E. M., Krautbauer, S., Weiss, T. S., et al. (2017). Chemokine (CC-motif) receptor-like 2 mRNA is expressed in hepatic stellate cells and is positively associated with characteristics of non-alcoholic steatohepatitis in mice and men. Exp. Mol. Pathol. 103, 1–8. doi: 10.1016/j.yexmp.2017.06.001

Zuurman, M. W., Heeroma, J., Brouwer, N., Boddeke, H. W., and Biber, K. (2003). LPS-induced expression of a novel chemokine receptor (L-CCR) in mouse glial cells in vitro and in vivo. Glia 41, 327–336. doi: 10.1002/glia.10156

Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2020 Schioppa, Sozio, Barbazza, Scutera, Bosisio, Sozzani and Del Prete. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.










	 
	ORIGINAL RESEARCH
published: 14 December 2020
doi: 10.3389/fcell.2020.603148





[image: image]

Mucin-Like Domain of Mucosal Addressin Cell Adhesion Molecule-1 Facilitates Integrin α4β7-Mediated Cell Adhesion Through Electrostatic Repulsion

MengYa Yuan1†, YanRong Yang1†, Yue Li1,2, ZhanJun Yan3, ChangDong Lin1* and JianFeng Chen1,2*

1State Key Laboratory of Cell Biology, Shanghai Institute of Biochemistry and Cell Biology, Center for Excellence in Molecular Cell Science, Chinese Academy of Sciences, University of Chinese Academy of Sciences, Shanghai, China

2School of Life Science, Hangzhou Institute for Advanced Study, University of Chinese Academy of Sciences, Hangzhou, China

3Suzhou Ninth People’s Hospital, Soochow University, Suzhou, China

Edited by:
Yuqing Huo, Augusta University, United States

Reviewed by:
Simone Diestel, University of Bonn, Germany
Maja Vulovic, University of Kragujevac, Serbia

*Correspondence: ChangDong Lin, linchangdong@sibcb.ac.cn; JianFeng Chen, jfchen@sibcb.ac.cn

†These authors have contributed equally to this work

Specialty section: This article was submitted to Cell Adhesion and Migration, a section of the journal Frontiers in Cell and Developmental Biology

Received: 05 September 2020
Accepted: 24 November 2020
Published: 14 December 2020

Citation: Yuan M, Yang Y, Li Y, Yan Z, Lin C and Chen J (2020) Mucin-Like Domain of Mucosal Addressin Cell Adhesion Molecule-1 Facilitates Integrin α4β7-Mediated Cell Adhesion Through Electrostatic Repulsion. Front. Cell Dev. Biol. 8:603148. doi: 10.3389/fcell.2020.603148

The homing of lymphocytes from blood to gut-associated lymphoid tissue is regulated by interaction between integrin α4β7 with mucosal vascular addressin cell adhesion molecule 1 (MAdCAM-1) expressed on the endothelium of high endothelial venules (HEVs). However, the molecular basis of mucin-like domain, a specific structure of MAdCAM-1 regulating integrin α4β7-mediated cell adhesion remains obscure. In this study, we used heparan sulfate (HS), which is a highly acidic linear polysaccharide with a highly variable structure, to mimic the negative charges of the extracellular microenvironment and detected the adhesive behaviors of integrin α4β7 expressing 293T cells to immobilized MAdCAM-1 in vitro. The results showed that HS on the surface significantly promoted integrin α4β7-mediated cell adhesion, decreased the percentage of cells firmly bound and increased the rolling velocities at high wall shear stresses, which was dependent on the mucin-like domain of MAdCAM-1. Moreover, breaking the negative charges of the extracellular microenvironment of CHO-K1 cells expressing MAdCAM-1 with sialidase inhibited cell adhesion and rolling velocity of 293T cells. Mechanistically, electrostatic repulsion between mucin-like domain and negative charges of the extracellular microenvironment led to a more upright conformation of MAdCAM-1, which facilitates integrin α4β7-mediated cell adhesion. Our findings elucidated the important role of the mucin-like domain in regulating integrin α4β7-mediated cell adhesion, which could be applied to modulate lymphocyte homing to lymphoid tissues or inflammatory sites.
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INTRODUCTION

Integrins are important cell surface adhesion molecules, which are widely expressed on the cell membrane. They are heterodimers formed by non-covalent bonds between α and β subunits. In vertebrates, 18 α subunits and 8 β subunits combine to form 24 different integrins, specifically or cross-recognizing multiple extracellular matrix ligands (Hynes, 2002; Takada et al., 2007). Based on EM and atomic structures of integrins, the extracellular domain of integrin exists in at least three distinct global conformational states: (i) bent with a closed headpiece, (ii) extended with a closed headpiece, (iii) extended with an open headpiece. The closed and open headpieces of integrin have a low and high affinity for the ligand, respectively (Wang et al., 2018).

The homing of lymphocytes from blood to secondary lymphoid nodes or inflammatory sites is regulated by interaction with specific capillary venules, especially high endothelial venules (HEVs) (Ager, 2017). A highly ordered adhesion cascade mediates the recruitment process, including tethering and rolling of lymphocytes along vessel walls of HEVs, chemokine-induced integrin activation, firm arrest and transendothelial migration (von Andrian and Mempel, 2003; Lin et al., 2019). During this process, α4 integrins (α4β1 and α4β7) and β2 integrins (e.g., αLβ2 and αMβ2) on lymphocytes bind to their distinct ligands on vascular endothelial cells to mediate cell adhesion and migration. Among these integrins, α4 integrins, especially integrin α4β7 mediates both rolling and firm adhesion to mucosal vascular addressin cell adhesion molecule 1 (MAdCAM-1) (Berlin et al., 1993; Sun et al., 2014; Wang et al., 2018), which plays an important role to support efficient lymphocyte homing.

MAdCAM-1 is the primary ligand of integrin α4β7, specifically expressed on the endothelium of HEVs in the gut and gut-associated lymphoid tissues such as Peyer’s patches (PPs) and mesenteric lymph nodes (MLNs) (Springer, 1994; Cox et al., 2010). Integrin α4β7-MAdCAM-1 binding-mediated pathological lymphocyte recruitment to the gut initiates and accelerates inflammatory bowel disease (IBD), consisting of ulcerative colitis (UC) and Crohn’s disease (CD) (Hoshino et al., 2011). Thus, the regulation of lymphocyte adhesion mediated by the interaction between integrin α4β7 and MAdCAM-1 need to be further illustrated. MAdCAM-1 is a type I transmembrane glycoprotein molecule and belongs to a subclass of the immunoglobulin superfamily (IgSF), containing two Ig-like domains and a mucin-like domain (Tan et al., 1998). Mucin-like domain is a serine/threonine-rich region which serves as a backbone to support the interaction with lymphocytes (Briskin et al., 1993). Although the crystal structure of MAdCAM-1 has revealed that MAdCAM-1 binds directly to integrin α4β7 via Asp42 in the CD loop of Ig-like domain 1 (D1), and an unusual long D strand in Ig-like domain 2 (Ig-like domain 2) is also necessary for α4β7 binding (Tan et al., 1998), the function and molecular basis of mucin-like domain on the regulation of integrin α4β7-mediated cell adhesion is poorly understood. Considering the extracellular parts of plasma membrane proteins are generally glycosylated, which gives the microenvironment of plasma membrane negative charges, whether mucin-like domain forms electrostatic repulsion with the extracellular microenvironment, so as to affect integrin α4β7-mediated cell adhesion remains obscure.

In this study, we used heparan sulfate (HS) to mimic the negative charges of the extracellular microenvironment and detected the adhesive behaviors of integrin α4β7 expressing 293T cells to immobilized MAdCAM-1 in vitro. The results showed that HS on the surface promoted integrin α4β7-mediated cell adhesion to immobilized MAdCAM-1, which was dependent on the mucin-like domain of MAdCAM-1. Moreover, breaking the negative charges of the extracellular microenvironment of CHO-K1 cells expressing MAdCAM-1 with sialidase inhibited cell adhesion and rolling velocity of 293T cells. Mechanistically, electrostatic repulsion between mucin-like domain and negative charges of the extracellular microenvironment led to a more upright conformation of MAdCAM-1, which facilitates integrin α4β7-mediated cell adhesion. Our findings elucidated the important role of the mucin-like domain in regulating integrin α4β7-mediated cell adhesion, which could be applied to modulate lymphocyte homing to lymphoid tissues or inflammatory sites.



RESULTS


Negative Charges on the Surface Facilitates Integrin α4β7-Mediated Cell Adhesion to Immobilized MAdCAM-1

To study whether negative charges of the extracellular microenvironment affect integrin α4β7-mediated cell adhesion to MAdCAM-1 in vitro, we firstly purified Fc/His tagged extracellular domain of MAdCAM-1 (including Ig-like-1, Ig-like-2 and mucin-like domains, Met1-Gln317) in 293T cells (Figure 1A). Then we examined the effect of negative charges on cell adhesion to immobilized MAdCAM-1 in the presence of physiological cations (1 mM Ca2+ + Mg2+). Heparan sulfate (HS) was used to mimic the extracellular microenvironment, which is a highly acidic linear polysaccharide with a very variable structure (Simon Davis and Parish, 2013). It is widely expressed on cell surfaces and the presence of sulfate groups at specific positions in HS chains imparts an overall high negative charge (Esko and Lindahl, 2001; Weiss et al., 2017). Firstly, we studied the adhesive behavior of 293T cells stably expressing integrin α4β7 (293T-α4β7) on MAdCAM-1 with HS or not in shear flow using flow chamber system. The shear stress was increased incrementally and the velocity of rolling cells at each increment was determined. At the wall shear stress of 1 dyn/cm2, HS coated on the surface significantly increased the numbers of both firmly adherent cells (7.25 ± 0.75 vs. 10.5 ± 1.04) and rolling cells (15.25 ± 2.18 vs. 34.75 ± 4.03) (Figure 1B and Supplementary Movies S1–S5). Meanwhile, cells did not directly adhere to HS at all and cells pre-treated with α4β7 blocking antibody Act-1 did not adhere to MAdCAM-1 (Figure 1B), indicating that the adhesion is specifically integrin α4β7 dependent. The percentage of cells firmly bound to ligand decreased from 35.86 to 23.70% by the addition of HS (Figure 1C), which means HS might prefer to promote rolling adhesion. Consistent to the hypothesis, the average rolling velocity of cells was upregulated at the wall shear stress of 2 dyn/cm2 and 4 dyn/cm2 (Figure 1D). Furthermore, we tested the effect of HS on the strength of α4β7-mediated adhesion to MAdCAM-1 by calculating the cell resistance to detachment by increasing wall shear stresses. Cells adhered to the surface with HS detached much more rapidly from MAdCAM-1 (Figure 1E). These data demonstrate that HS on the surface promotes integrin α4β7-mediated cell adhesion to immobilized MAdCAM-1, which might be due to the negative charges of sulfate groups in HS chains.
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FIGURE 1. HS on the surface promotes integrin α4β7-mediated cell adhesion to immobilized MAdCAM-1. (A) Schematic diagram of the structure of MAdCAM-1, the extracellular domain of MAdCAM-1 includes Ig-like-1, Ig-like-2 and mucin-like (serine/threonine-rich) three domains. (B–E) Adhesive behaviors of 293T-α4β7 cells on immobilized HS (100 μg/ml) or MAdCAM-1 (25 μg/ml) substrates in 1 mM Ca2+/Mg2+. The number of rolling and firmly adherent 293T-α4β7 cells was measured at a wall shear stress of 1 dyn/cm2. Cells were pre-treated with murine IgG (10 μg/ml) or α4β7 blocking antibody Act-1 (10 μg/ml) for 10 min at 37°C (B). Percentage of cells firmly bound to ligand at a wall shear stress of 1 dyn/cm2 (C). Average rolling velocity of 293T-α4β7 cells that adhered to MAdCAM-1 substrates at indicated wall shear stresses (D). Resistance of 293T-α4β7 cells to detachment at increasing wall shear stresses. The total number of cells remaining bound at each indicated wall shear stress was determined as a percent of adherent cells at 1 dyn/cm2 (E). One representative result of three independent experiments is shown in (B–E). Data represent the mean ± SEM (n ≥ 3) in (B–E). *p < 0.05, **p < 0.01, ***p < 0.001, ns: not significant (Student’s t-test).




Mucin-Like Domain of MAdCAM-1 Is Responsible for HS-Enhanced Integrin α4β7-Mediated Cell Adhesion

Mucin-like domain contains a serine/threonine-rich region, which may form an electrostatic repulsion with negative charges of the extracellular microenvironment. To investigate whether this specific domain play a role in supporting the interaction with lymphocytes, we deleted the mucin-like domain from the full length MAdCAM-1 (MAdCAM-1-Δmucin). Fc/His tagged extracellular domain of MAdCAM-1-Δmucin (including only Ig-like-1 and Ig-like-2, Met1-His225) (Figure 2A) was also purified in 293T cells. Then we examined the adhesive behavior of 293T-α4β7 cells to immobilized MAdCAM-1-Δmucin with HS or not. As expected, HS coated on the surface could not influence the number and the percentage of either firmly adherent cells (17.00 ± 2.05 vs. 17.33 ± 1.93) or rolling cells (22.50 ± 1.80 vs. 23.17 ± 0.98) at the wall shear stress of 1 dyn/cm2 (Figures 2B,C). Similarly, the average rolling velocities of cells adhered to MAdCAM-1-Δmucin with HS or not showed to be comparable at all indicated wall shear stresses (Figure 2D) and the cell resistance to detachment from MAdCAM-1-Δmucin was also not changed by the addition of HS on the surface (Figure 2E). Taken together, HS-enhanced integrin α4β7-mediated cell adhesion is dependent on mucin-like domain of MAdCAM-1.
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FIGURE 2. HS-enhanced integrin α4β7-mediated cell adhesion is dependent on mucin-like domain of MAdCAM-1. (A) Schematic diagram of the structure of the extracellular domain of MAdCAM-1 with a deletion of mucin-like domain. (B–E) Adhesive behaviors of 293T-α4β7 cells on immobilized HS (100 μg/ml) or MAdCAM-1-Δmucin (100 μg/ml) substrates in 1 mM Ca2+/Mg2+. The number of rolling and firmly adherent 293T-α4β7 cells was measured at a wall shear stress of 1 dyn/cm2. Cells were pre-treated with murine IgG (10 μg/ml) or α4β7 blocking antibody Act-1 (10 μg/ml) for 10 min at 37°C (B). Percentage of cells firmly bound to ligand at a wall shear stress of 1 dyn/cm2 (C). Average rolling velocity of 293T-α4β7 cells that adhered to MAdCAM-1-Δmucin substrates at indicated wall shear stresses (D). Resistance of 293T-α4β7 cells to detachment at increasing wall shear stresses (E). One representative result of three independent experiments is shown in (B–E). Data represent the mean ± SEM (n ≥ 3) in (B–E). ns: not significant (Student’s t-test).




Breaking the Negative Charges of the Extracellular Microenvironment Suppresses Integrin α4β7-Mediated Cell Adhesion

To assess the requirement of negative charges of the extracellular microenvironment for integrin α4β7-mediated cell adhesion, CHO-K1 cells stably expressing full length MAdCAM-1 (CHO-K1/MAdCAM-1) were established (Supplementary Figure S1). Sialidase (also known as neuraminidase) was used to remove cell surface anionic sialic acid of glycoconjugate, so as to break the negative charges of the extracellular microenvironment (Thaysen-Andersen et al., 2013; Ashdown et al., 2020). CHO-K1/MAdCAM-1 cells were pre-treated with sialidase or not and then used in flow chamber assay to study the adhesive behavior of 293T-α4β7 cells in shear flow. At the wall shear stress of 1 dyn/cm2, the numbers of both firmly adherent cells (59.33 ± 2.85 vs. 39.50 ± 5.32) and rolling cells (33.67 ± 2.67 vs. 20.25 ± 1.60) decreased significantly when CHO-K1/MAdCAM-1 cells were pre-treated with sialidase (Figure 3A). Of note, although 293T-α4β7 cells were pre-treated with α4β7 blocking antibody Act-1, there existed some cells adhered to the surface of CHO-K1/MAdCAM-1 cells (Figure 3A), suggesting that the remaining cell adhesion is integrin α4β7 independent. Meanwhile, pre-treatment with sialidase upregulated the percentage of cells firmly bound to CHO-K1/MAdCAM-1 cells from 64.00 to 70.52% (Figure 3B) and decreased the average rolling velocity of 293T-α4β7 cells at the wall shear stress of 2 and 4 dyn/cm2 (Figure 3C). Furthermore, 293T-α4β7 cells showed to be more resistant to detachment by increasing wall shear stresses when adhered to the surface of CHO-K1/MAdCAM-1 cells pre-treated with sialidase (Figure 3D). These data indicate that breaking the negative charges of the extracellular microenvironment by sialidase suppresses integrin α4β7-mediated cell adhesion to MAdCAM-1 expressed on CHO-K1 cells.
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FIGURE 3. Breaking the negative charges of the extracellular microenvironment suppresses integrin α4β7-mediated cell adhesion. Adhesive behaviors of 293T-α4β7 cells on CHO-K1/MAdCAM-1 cells. (A) The number of rolling and firmly adherent 293T-α4β7 cells was measured at a wall shear stress of 1 dyn/cm2. Cells were pre-treated with murine IgG (10 μg/ml) or α4β7 blocking antibody Act-1 (10 μg/ml) for 10 min at 37°C. (B) Percentage of cells firmly bound to CHO-K1/MAdCAM-1 cells at a wall shear stress of 1 dyn/cm2. (C) Average rolling velocity of 293T-α4β7 cells that adhered to CHO-K1/MAdCAM-1 cells at indicated wall shear stresses. (D) Resistance of 293T-α4β7 cells to detachment at increasing wall shear stresses. One representative result of three independent experiments is shown. Data represent the mean ± SEM (n ≥ 3). *p < 0.05, **p < 0.01, ***p < 0.001, ns: not significant (Student’s t-test).




Deletion of Mucin-Like Domain of MAdCAM-1 Abolishes the Influence of Sialidase on Integrin α4β7-Mediated Cell Adhesion to CHO-K1 Cells

Above data have demonstrated that mucin-like domain of MAdCAM-1 is responsible for negative charges-enhanced integrin α4β7-mediated cell adhesion. To further confirm the results, CHO-K1 cells stably expressing MAdCAM-1-Δmucin (CHO-K1/MAdCAM-1-Δmucin) were established, which showed a similar level to that of CHO-K1/MAdCAM-1 cells (Supplementary Figure S1). Then we examined the adhesive behavior of 293T-α4β7 cells on CHO-K1/MAdCAM-1-Δmucin cells. Pre-treatment of sialidase did not influence the number and the percentage of either firmly adherent cells (51.67 ± 1.20 vs. 51.00 ± 2.08) or rolling cells (30.67 ± 0.88 vs. 30.67 ± 4.10) and the average rolling velocity at all wall shear stresses (Figures 4A–C). Furthermore, the cell resistance to detachment from CHO-K1/MAdCAM-1-Δmucin cells was also not changed by the treatment of sialidase (Figure 4D). Thus, mucin-like domain of MAdCAM-1 is responsible for the interaction with negative charges of the extracellular microenvironment, which is derived from cell surface anionic sialic acid of CHO-K1 cells.
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FIGURE 4. Deletion of mucin-like domain of MAdCAM-1 abolishes the influence of sialidase on integrin α4β7-mediated cell adhesion to CHO-K1 cells. Adhesive behaviors of 293T-α4β7 cells on CHO-K1/MAdCAM-1-Δmucin cells. (A) The number of rolling and firmly adherent 293T-α4β7 cells was measured at a wall shear stress of 1 dyn/cm2. Cells were pre-treated with murine IgG (10 μg/ml) or α4β7 blocking antibody Act-1 (10 μg/ml) for 10 min at 37°C. (B) Percentage of cells firmly bound to CHO-K1/MAdCAM-1-Δmucin cells at a wall shear stress of 1 dyn/cm2. (C) Average rolling velocity of 293T-α4β7 cells that adhered to CHO-K1/MAdCAM-1-Δmucin cells at indicated wall shear stresses. (D) Resistance of 293T-α4β7 cells to detachment at increasing wall shear stresses. One representative result of three independent experiments is shown. Data represent the mean ± SEM (n ≥ 3). ns: not significant (Student’s t-test).




Electrostatic Repulsion Between Mucin-Like Domain and Negative Charges of the Extracellular Microenvironment Affects the Conformation of MAdCAM-1

Next, we examined the conformational change of MAdCAM-1 ectodomain using fluorescence resonance energy transfer (FRET). To assess the orientation of MAdCAM-1 ectodomain relative to the plasma membrane, Ig-like-1 domain was labeled with Alexa Fluor 488-conjugated 8C1 Fab fragment as the FRET donor. The plasma membrane was labeled with FM 4-64FX as the FRET acceptor (Figure 5A). Pre-treatment with sialidase significantly increased FRET efficiency in CHO-K1/MAdCAM-1 cells (3.33 ± 0.29 vs. 6.05 ± 0.42) but not in CHO-K1/MAdCAM-1-Δmucin cells (10.31 ± 0.28 vs. 10.01 ± 0.33) (Figure 5B), indicating that sialidase-induced bent conformation of MAdCAM-1 ectodomain was dependent on mucin-like domain. Furthermore, the results showed that the FRET efficiency in CHO-K1/MAdCAM-1 cells was much lower than that in CHO-K1/MAdCAM-1-Δmucin cells in the absent of sialidase, which could be due to the fact that deletion of mucin-like domain lowers the height of MAdCAM-1 molecule and Ig-like-1 domain closes to the plasma membrane (Figure 5B). Thus, electrostatic repulsion between mucin-like domain and negative charges of the extracellular microenvironment leads to a more upright conformation of MAdCAM-1, which facilitates integrin α4β7-mediated cell adhesion.
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FIGURE 5. Electrostatic repulsion between mucin-like domain and negative charges of the extracellular microenvironment affects the conformation of MAdCAM-1. (A) Experiment setup for measuring FRET efficiency between Ig-like-1 domain and the plasma membrane. A composite of all molecules used is depicted. (B) FRET efficiency of CHO-K1/MAdCAM-1 and CHO-K1/MAdCAM-1-Δmucin cells before and after treatment with sialidase. Data represent the mean ± SEM (n ≥ 3). ***p < 0.001, ns: not significant (Student’s t-test).




DISCUSSION

Gut-associated lymphoid tissue (GALT), including isolated and aggregated lymphoid follicles (PPs, MLNs et al.), is one of the largest lymphoid organs in the body (Corr et al., 2008). It contains 70% of the body’s lymphocytes and plays vital roles in gastrointestinal mucosal immunity (Hoshino et al., 2011). The homing of lymphocytes to GALT is dependent of the interaction between integrin α4β7 and MAdCAM-1. The disfunction of integrin α4β7-mediated cell adhesion to MAdCAM-1 could result in pathological lymphocyte recruitment to the gut and the initiation and progression of IBD (Hoshino et al., 2011). In the previous studies, most work focused on the regulation of integrin conformational changes. Chemokine stimulations, inside-out signaling and metal ions all could influence global conformational change of the integrin extracellular domain and the subsequent the adhesin to the distinct ligand (Montresor et al., 2012; Springer and Dustin, 2012; Zhang and Chen, 2012). For example, in Ca2+, α4β7 mediates rolling adhesion, whereas in Mg2+ alone and in Mn2+, α4β7 mediates firm adhesion on MAdCAM-1, mimicking the two steps in lymphocyte accumulation in HEVs or the vasculature at inflammatory sites (de Chateau et al., 2001; Chen et al., 2003). However, little is known whether the conformation of MAdCAM-1 is affected by the extracellular microenvironment.

The crystal structure of MAdCAM-1 exhibits two protruding loops from the two Ig-like domains, the CC’ loop in D1 and DE loop in D2. These two loops are responsible for the interaction between MAdCAM-1 and α4β7 (Sun et al., 2011). Furthermore, a shift in D1 topology from the I2-set to I1-set was demonstrated by new crystals of MAdCAM-1 and two different Fabs, inducing a switch of integrin-binding loop from CC’ to CD (Yu et al., 2013). The different conformations seen in crystal structures suggest that the integrin-binding loop of MAdCAM-1 is inherently flexible, which may explain why MAdCAM-1 could mediate both rolling and firm adhesion by binding to integrin α4β7 in different conformational states.

A mucin-like domain of MAdCAM-1 is unique among integrin ligands, which connects the two Ig-like domains to the plasma membrane. In this respect, MAdCAM-1 resembles selectin ligands (Berg et al., 1993). Selectins selectively mediate rolling adhesion but not firm adhesion on blood vessels and recognize carbohydrate residues displayed on proteins consisting mucin-like regions (Springer, 1994). Furthermore, mucin-like domain is a serine/threonine-rich region. It is proposed that MAdCAM-1 molecule is repelled by the electrostatic repulsion between the highly negatively charged mucin-like region and the extracellular microenvironment, which could help orient the integrin-binding Ig-like domains on cell surface for recognition.

In this study, we found that HS on the surface significantly promoted integrin α4β7-mediated cell rolling adhesion and firm adhesion, decreased the percentage of cells firmly bound and increased the rolling velocities at high wall shear stresses, implying the negative charges of the extracellular microenvironment actually facilitates integrin α4β7-MAdCAM-1 function. Conversely, reducing the negative charges of CHO-K1/MAdCAM-1 extracellular microenvironment by sialidase inhibited cell adhesion and rolling velocity of α4β7 expressing 293T cells. The results of FRET assay gave the direct evidence that electrostatic repulsion between mucin-like domain and negative charges of the extracellular microenvironment leads to a more upright conformation of MAdCAM-1. It is speculated that this electrostatic repulsion-induced extended conformation could further affect the topology of integrin-binding loop in D1 and D2, thereby promoting the binding to integrin α4β7. The detailed conformational change needs to be further clarified with the crystal structures of MAdCAM-1 stabilized by the electrostatic repulsion. Moreover, the deletion of the mucin-like domain significantly increased the FRET efficiency between Ig-like-1 domain and the plasma membrane, indicating a lower height of MAdCAM-1 molecule. Thus, the distance between the binding sites of MAdCAM-1 and integrin α4β7 is also thought to influence the binding efficiency of these two molecules.

In conclusion, mucin-like domain of MAdCAM-1 facilitates integrin α4β7-mediated cell adhesion through electrostatic repulsion with negatively charged extracellular microenvironment (Figure 6), which could be applied to modulate lymphocyte homing to lymphoid tissues or inflammatory sites.
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FIGURE 6. Electrostatic repulsion between mucin-like domain and negative charges of the extracellular microenvironment facilitates integrin α4β7-mediated cell adhesion. Schematic diagram of the adhesion of lymphocytes from blood to the endothelium of HEVs in gut-associated lymphoid tissues. HEC, high endothelial cell; HSPG, heparan sulfate proteoglycan.




MATERIALS AND METHODS


Protein Expression and Purification

Recombinant human extracellular domain of MAdCAM-1 (Met1-Gln317) or MAdCAM-1-Δmucin (Met1-His225) was constructed in vector pHLsec-Fc/His using restriction enzymes AgeI and KpnI. 293T cells were transiently transfected with plasmids expressing MAdCAM-1 or MAdCAM-1-Δmucin by the method of Ca3(PO4)2 transfection as described (Chen et al., 2003). Recombinant proteins were purified with Protein A Agarose (Thermo Fisher Scientific).



Cell Lines

Human embryonic kidney HEK293T cells were cultured at 37°C with 5% CO2 in Dulbecco’s modified Eagle medium (DMEM) (Gibco) containing 2 mM L-glutamine, 100 U/mL penicillin, 100 μg/mL streptomycin, and 10% (vol/vol) fetal bovine serum (Gibco). CHO-K1 cells were cultured at 37°C with 5% CO2 in Ham’s F12 Medium (Corning) containing 2 mM L-glutamine, 100 U/mL penicillin, 100 μg/mL streptomycin, and 10% (vol/vol) fetal bovine serum (Gibco). CHO-K1 cells stably expressing full length MAdCAM-1 or MAdCAM-1-Δmucin by electroporation and selection by 0.2 mg/ml hygromycin (Amresco) as described (Yue et al., 2013).



Flow Chamber Assay

Flow chamber assay was performed as described (Chen et al., 2003; Lu et al., 2016). To study integrin α4β7-mediated cell adhesion to recombinant proteins, a polystyrene Petri dish was coated with a 5 mm diameter, 20 μl spot of HS (100 μg/ml), MAdCAM-1 (25 μg/ml) or MAdCAM-1-Δmucin (100 μg/ml) in coating buffer (PBS, 10 mM NaHCO3, pH 9.0) for 1 h at 37°C, and then treated by 2% BSA in coating buffer for 1 h at 37°C to block non-specific binding sites. Otherwise, CHO-K1/MAdCAM-1 or CHO-K1/MAdCAM-1-Δmucin cells were seeded to a polystyrene Petri dish the day before the experiment, and washed by HBS (20 mM Hepes, pH 7.4) twice to clean up the culture medium. Then CHO-K1 cells were treated with HBS or 0.01 U/ml sialidase in HBS for 20 min at 37°C to remove cell surface anionic sialic acid of glycoconjugate. Integrin α4β7 expressing 293T cells were washed twice with HBS containing 5 mM EDTA and 0.5% BSA and diluted to 1 × 106/ml in buffer A (HBS, 0.5% BSA) containing 1 mM Ca2+ + Mg2+. Then cells were infused in the chamber using a Harvard apparatus programmable syringe pump immediately. Cells were allowed to accumulate for 30 s at 0.3 dyn/cm2 and for 10 s at 0.4 dyn/cm2. Afterward, shear stress was increased every 10 s from 1 dyn/cm2 up to 32 dyn/cm2 in 2-fold increments. The rolling velocity at each shear stress was calculated from the average distance traveled by rolling cells in 3 s. A velocity of 1 μm/s corresponded to a movement of 1/2 cell diameter during the 3 s measurement interval. It was the minimum velocity required to define a cell adhesion behavior as rolling or firmly adherent. The number of cells remaining bound at the end of each 10 s interval was determined. Cells were pre-treated with murine IgG (10 μg/ml) or α4β7 blocking antibody Act-1 (10 μg/ml) for 10 min at 37°C before they were infused into the flow chamber.



Flow Cytometry

Flow cytometry was performed as described (Lu et al., 2016). CHO-K1/MAdCAM-1 or CHO-K1/MAdCAM-1-Δmucin cells were stained with monoclonal antibody 8C1 against human MAdCAM-1 and then measured using FACSCelestaTM (BD Biosciences). Data were analyzed using FlowJo 7.6.1 software.



Fluorescence Resonance Energy Transfer (FRET)

For detecting the orientation of MAdCAM-1 ectodomain relative to cell membrane, CHO-K1/MAdCAM-1 or CHO-K1/MAdCAM-1-Δmucin cells were seeded on poly-L-Lysine (100 μg/ml) coated surface in HBS and incubated for 30 min at 37°C. Adherent cells were treated with HBS or 0.01 U/ml sialidase in HBS for 20 min at 37°C to remove cell surface anionic sialic acid of glycoconjugate. Then cells were fixed with 3.7% paraformaldehyde for 10 min at room temperature. Non-specific sites were blocked by incubation with 10% serum in HBS for 10 min at room temperature. 20 μg/ml Alexa Fluor 488-conjugated 8C1 Fab fragment was used to stain cells for 30 min at 37°C. Then cells were washed twice with HBS and labeled with 10 μM FMTM 4-64FX (Invitrogen) for 1 min on ice. After one wash, cells were immediately mounted with Mowiol® 4-88 (Polysciences) mounting solution under a coverslip. The slides were kept in dark and subjected to photobleach FRET acquisition by a confocal microscope (TCS SP8, Leica). FRET efficiency (E) was calculated as E = 1–(Fdonor(d)Pre/Fdonor(d)Post), where Fdonor(d)Pre and Fdonor(d)Post are the mean donor emission intensity of pre- and post-photobleaching.



Quantification and Statistical Analysis

Statistical significance was determined by Student’s t test using Prism software (GraphPad, version 5.01). The resulting p values are indicated as follows: ns, not significant; ∗p < 0.05; ∗∗p < 0.01; ∗∗∗p < 0.001. Data represent the mean ± SEM of at least three independent experiments.
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Supplementary Figure 1 | MAdCAM-1 expression on CHO-K1/MAdCAM-1 and CHO-K1/MAdCAM-1-Δmucin cells. MAdCAM-1 expression on CHO-K1/MAdCAM-1 and CHO-K1/MAdCAM-1-Δmucin cells was determined by flow cytometry. Numbers within the panel showed the specific mean fluorescence intensities. Opened histogram: mock control.

Supplementary Movie 1 | Adhesive behaviors of 293T-α4β7 cells on immobilized HS (100 μg/ml).

Supplementary Movie 2 | Adhesive behaviors of 293T-α4β7 cells on immobilized MAdCAM-1 (25 μg/ml) substrates. Cells were pre-treated with murine IgG (10 μg/ml) for 10 min at 37°C.

Supplementary Movie 3 | Adhesive behaviors of 293T-α4β7 cells on immobilized HS (100 μg/ml) and MAdCAM-1 (25 μg/ml) substrates. Cells were pre-treated with murine IgG (10 μg/ml) for 10 min at 37°C.

Supplementary Movie 4 | Adhesive behaviors of 293T-α4β7 cells on immobilized MAdCAM-1 (25 μg/ml) substrates. Cells were pre-treated with α4β7 blocking antibody Act-1 (10 μg/ml) for 10 min at 37°C.

Supplementary Movie 5 | Adhesive behaviors of 293T-α4β7 cells on immobilized HS (100 μg/ml) and MAdCAM-1 (25 μg/ml) substrates. Cells were pre-treated with α4β7 blocking antibody Act-1 (10 μg/ml) for 10 min at 37°C.
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Extracellular RNA as a Versatile DAMP and Alarm Signal That Influences Leukocyte Recruitment in Inflammation and Infection
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Upon vascular injury, tissue damage, ischemia, or microbial infection, intracellular material such as nucleic acids and histones is liberated and comes into contact with the vessel wall and circulating blood cells. Such “Danger-associated molecular patterns” (DAMPs) may thus have an enduring influence on the inflammatory defense process that involves leukocyte recruitment and wound healing reactions. While different species of extracellular RNA (exRNA), including microRNAs and long non-coding RNAs, have been implicated to influence inflammatory processes at different levels, recent in vitro and in vivo work has demonstrated a major impact of ribosomal exRNA as a prominent DAMP on various steps of leukocyte recruitment within the innate immune response. This includes the induction of vascular hyper-permeability and vasogenic edema by exRNA via the activation of the “vascular endothelial growth factor” (VEGF) receptor-2 system, as well as the recruitment of leukocytes to the inflamed endothelium, the M1-type polarization of inflammatory macrophages, or the role of exRNA as a pro-thrombotic cofactor to promote thrombosis. Beyond sterile inflammation, exRNA also augments the docking of bacteria to host cells and the subsequent microbial invasion. Moreover, upon vessel occlusion and ischemia, the shear stress-induced release of exRNA initiates arteriogenesis (i.e., formation of natural vessel bypasses) in a multistep process that resembles leukocyte recruitment. Although exRNA can be counteracted for by natural circulating RNase1, under the conditions mentioned, only the administration of exogenous, thermostable, non-toxic RNase1 provides an effective and safe therapeutic regimen for treating the damaging activities of exRNA. It remains to be investigated whether exRNA may also influence viral infections (including COVID-19), e.g., by supporting the interaction of host cells with viral particles and their subsequent invasion. In fact, as a consequence of the viral infection cycle, massive amounts of exRNA are liberated, which can provoke further tissue damage and enhance virus dissemination. Whether the application of RNase1 in this scenario may help to limit the extent of viral infections like COVID-19 and impact on leukocyte recruitment and emigration steps in immune defense in order to limit the extent of associated cardiovascular diseases remains to be studied.
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BACKGROUND


DAMPs/Alarmins, PAMPs, and the Innate Immunity Response in Sterile Inflammation and Infection

Following cell stress, trauma, or exposure of the body to infectious or damaging factors, an immediate host response is mobilized by virtue of the innate immune system to recognize the external (pathogen-associated molecular patterns, PAMPs) or the body’s own (danger-associated molecular patterns, DAMPs) agonists and to provoke the release of alarm molecules, which is followed by a spatiotemporal and localized inflammatory response, including the release of cytokines (Tisoncik et al., 2012). The subsequent recruitment and accumulation of circulating leukocytes (neutrophils and monocytes/macrophages in a sequential order) to the site of inflammation culminates in their phagocytic action to remove cell debris and microbes with the help of the complement system. Both, intracellular killing (following phagocytosis of pathogens) and extracellular killing, which is carried out by neutrophils and involves “neutrophil extracellular traps” (NETs, de-condensed extracellular chromatin, a DNA-histone network on which neutrophil-derived components are concentrated), are vital parts of the innate host defense (Castanheira and Kubes, 2019). This is followed by the resolution of inflammation, including the recruitment of stem and endothelial cells, in order to restore tissue homeostasis. When DAMPs are cleared, the pro-inflammatory status of recruited leukocytes is changed to a reparative program, also directed by natural killer T cells (Van Kaer et al., 2013). As a consequence, neutrophils exit the site of inflammation by reverse transmigration back into the bloodstream (Zindel and Kubes, 2020). The concomitant tissue repair and regeneration process is achieved by platelet-dependent hemostasis and the blood coagulation machinery, resulting in temporary wound sealing by aggregated platelets and the formation of a stable fibrin network, which also prevents further entry of microorganisms (Kolaczkowska and Kubes, 2013).

Within the initial phase of innate immunity related to sterile inflammation, mediated by, e.g., hypoxia, hyperthermia, or oxygen radicals, the disturbed tissue homeostasis and cell damage is accompanied by the liberation of DAMPs or alarmins from necrotic cells or from activated immune cells (Figure 1). The structurally diverse and unrelated multifunctional alarmins include cytosolic, mitochondrial, or nuclear proteins (such as heat-shock proteins, histones, amphoterin/“high mobility group B1,” HMGB1 or neutrophilic calprotectin) as well as diverse self-nucleic acids (including nuclear DNA, ribosomal RNA, microRNAs) or heme and ATP. These DAMPs not only play an essential role inside cells prior to tissue injury but also serve multi-tasking functions (as “moonlighting factors”) outside cells by the activation of innate immune and vascular cells, including the recruitment of leukocytes and the sensing of antigen-presenting cells engaged in host defense and tissue repair (Bianchi, 2007). Upon uncontrolled release or overexpression, alarmins also play a pathophysiological role in a wide range of sterile or infection-induced immune and inflammatory disorders (Ehrchen et al., 2009; Andersson and Tracey, 2011). Alarmins may also induce the adaptive arm of the immune response via direct or indirect activation of antigen-presenting cells, including dendritic cells, thereby providing a relevant link between the innate and adaptive parts of the immune response (Bianchi and Manfredi, 2007). Hence, the diverse functional repertoire of alarmins renders them intriguing therapeutic targets, both, to reduce unwanted hyper-inflammation as well as to uncouple the innate and adaptive immune responses in chronic pathologies, including autoimmune disorders (Chan et al., 2012). Finally, alarmins may serve as useful diagnostic and prognostic biomarkers in inflammatory disorders.
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FIGURE 1. Endogenous cytokine release induced by alarmins upon sterile inflammation and potential targets for therapeutic interventions. Upon diverse types of cellular stress and activation of tissue and immune cells, a variety of alarmins or DAMPs (“Danger-associated molecular patterns”) such as HMGB1, extracellular RNA and DNA (exRNA, exDNA), CIRP (“Cold-inducible RNA-binding protein”) or calprotectin, are liberated and become recognized by various “Pattern recognition receptors” (PRRs), including Toll-like receptors (TLRs) and the “Receptor of advanced glycation end-products” (RAGE). Their subsequent signal transduction culminates in the promotion of, e.g., NF-κB activation in vascular cells and leukocytes (predominantly neutrophils and monocytes/macrophages) to trigger an enhanced cytokine release within the innate immune response, resulting in subsequent inflammatory reactions. Potential therapeutic targets for immunomodulation in both acute and chronic inflammatory diseases are alarmins, PRRs, and the induced downstream cytokines or cytokine receptors. Direct targeting can be achieved by inhibitory antibodies, by competitive inhibitors, by targeting the PRRs with antibodies or soluble decoy receptors. In the case of exRNA, RNase1 has been successfully used in preclinical animal models to prevent or inhibit the respective adverse outcome of inflammatory reactions.




Pattern Recognition Receptors for PAMPs and DAMPs, Including Self-ExRNA

In situations arising from bacterial or viral infections, the host’s primary line of microbial recognition and pathogen sensing is made up of pattern recognition receptors such as cell membrane or endosomal Toll-like receptors (TLRs), many of which have also a key role in the detection of endogenous alarmins through signaling events associated with the induction of anti-inflammatory genes (Gong et al., 2020). More than 10 different TLRs exist, which are able to bind diverse exogenous infectious ligands classified as PAMPs (including bacterial DNA, lipopolysaccharide, flagellin, peptidoglycans, or viral double-stranded RNA). Other TLRs like TLR13 (only expressed in mice) recognize a conserved 10-nucleotide sequence from bacterial 23S ribosomal RNA that trigger immune responses, whereas TLR8 senses specific motifs in bacterial and mitochondrial RNAs (Kruger et al., 2015; Wang et al., 2016).

The body’s own alarmins, including nucleic acids originating from stressed or dying host cells, were found to induce pathological inflammatory responses by direct activation of specific TLRs to promote cellular signaling pathways: These involve either myeloid differentiation factor 88 (MyD88) or Toll- interleukin-1 receptor domain-containing adaptor-inducing interferon β (TRIF), both leading to the activation of transcription factors such as c-Jun N-terminal kinase or nuclear factor (NF)-κB. As a consequence, cytokines including tumor necrosis factor (TNF)-α, interleukin (IL)-1β or IL-6 will be released (Barrat et al., 2005; Yu et al., 2010; Leifer and Medvedev, 2016). The adaptor molecule MyD88 is involved in all signaling pathways activated by TLRs except for endosomal TLR3, which recognizes (viral) double-stranded RNA, single-stranded RNA, and also self-RNA fragments that mediate cellular activation through TRIF (Yamamoto et al., 2003). TLR10 was shown to play a role as an RNA-sensing receptor by binding to double-stranded RNA and regulating interferon-dependent responses (Lee et al., 2018). In another example, myocardial infarction was found to be attenuated in TLR3-deficient mice as a result of the activation of the TLR3-TRIF pathway by extracellular RNA (exRNA) released from damaged tissue, although the authors did not define the source and identity of the RNA (Chen et al., 2014). Alternatively, self-exRNA (mainly consisting of ribosomal RNAs) can induce pro-inflammatory activities to a large extent by TLR-independent mechanisms, which are poorly defined thus far (Preissner and Herwald, 2017) (see below). Finally, while microRNAs (miRNAs) can also serve as ligands of TLRs, the therapeutic administration of structurally similar short-interfering RNAs (siRNAs) may lead to undesirable activation of particular TLRs, such as the induction of inflammatory responses via TLR3 (Li and Shi, 2013; Pirher et al., 2017).

Moreover, the same TLR-dependent recognition machinery, either on the cell surface or on intracellular endosomes of host immune cells, appears to be responsible for recognizing endogenous alarmins together with exogenous factors in order to foster and maintain inflammatory reactions and to initiate their eventual resolution. However, it is not surprising that DAMPs and PAMPs may exhibit functional overlaps, influence each other, or even synergize in their functional activities, eventually provoking severe inflammatory disorders or chronic inflammation. In any event, the recognition of PAMPs by the host’s immune system is followed by the recruitment of leukocytes to the site of inflammation or infection with the release of diverse cytokines and the engagement of their phagocytic activities, culminating in the catching and killing of microbial invaders by neutrophilic granulocytes and macrophages. At this stage, NETs provide a functional scaffold in immune defense that drives (micro-)thrombosis as a principal mechanism of inflammation-hemostasis crosstalk (also designated “immuno-thrombosis”) that ultimately prevents the dissemination of microbes (Engelmann and Massberg, 2013). Following neutrophil apoptosis and the subsequent clearance of dying cells by macrophages (known as “efferocytosis”), the final resolution stage of these cells under physiological conditions is characterized by an anti-inflammatory cytokine signature (Kourtzelis et al., 2020).



Scope

The aim of this review article is to provide an overview of the current state of the (patho-) physiological functions, particularly of ribosomal exRNAs as DAMP and alarmin, with special emphasis on their role in leukocyte recruitment as a central process in the innate immune response. Despite the fact that other extracellular RNA-species such as microRNAs and long non-coding RNAs do play an important role in inflammation and cardiovascular diseases as well (Weber et al., 2010; Heward and Lindsay, 2014), they would not be considered as DAMPs in the narrow sense and will not be dealt with here. Thus, ribosomal exRNAs with their multi-faceted roles as damaging factors in inflammation-driven diseases appear to be potential and challenging targets for therapeutic interventions using various approaches to antagonize exRNA-mediated pathophysiological actions (Sullenger and Nair, 2016; Bedenbender and Schmeck, 2020).



THE MULTI-STEP PROCESS OF LEUKOCYTE RECRUITMENT TO THE SITE OF INFLAMMATION

As part of the innate immune response, leukocyte recruitment is crucial in the pathways mediating sterile inflammation, infection, inflammatory disorders such as atherosclerosis, and autoimmune diseases like psoriasis, rheumatoid arthritis, vasculitis, or chronic lung diseases that involve a number of balanced cell-adhesive interactions between mobile blood cells and the activated endothelium (Muller, 2013; Kourtzelis et al., 2017). All of these pathophysiological situations are characterized by multiple forms of acute or chronic stress of cells and tissues, resulting in the appearance of a variety of DAMPs. A substantial increase in the levels of ribosomal exRNAs was observed in the circulation of patients (and preclinical animal models), and exRNAs were found concentrated at exposed sites in the vessel wall such as in atherosclerotic plaques (Simsekyilmaz et al., 2014; Zernecke and Preissner, 2016; Stieger et al., 2017). In any event, under the regimen of the innate immune system, leukocyte extravasation directs neutrophils within hours and macrophages within a few days to the extravascular site of inflammation or infection, comprising several cell-adhesive steps. A prerequisite for the leukocyte transmigration cascade, prior to the described cell–cell interactions, is the breakdown of the vessel wall permeability barrier by vasoactive mediators such as histamine that are generated via activation of perivascular mast cells and the complement system (Petri and Sanz, 2018). This allows the extravasation of blood solute and proteins near the site of inflammation before leukocytes initiate their rolling and extravasation process (Figure 2).
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FIGURE 2. The multi-step recruitment of leukocytes to the source of inflammation and the influence of exRNA at multiple sites during this process. In an inflammatory situation, either initiated by microbial agonists or in their absence (sterile inflammation), leukocytes in the blood stream approach the inflamed vessel wall to find the shortest way toward the source of inflammation/infection in the tissue. Following their capture on the vessel wall, leukocytes start rolling on the inflamed endothelium (indicated by stars) due to blood stream-mediated mechanical forces together with weak adhesive interactions between leukocytes and endothelial P- and E-selectins. Based on the close approximation of both cell types, heparan sulfate proteoglycan (syndecan)-fixed chemokines (such as Interleukin-8) can reach and activate their leukocytic receptors (inset) as well as induce “inside-out” activation of β2-integrins with the result that the tethered leukocytes become firmly attached to the vessel wall via ICAM-1 and start crawling toward the nearest point of emigration. The transmigration phase along a chemotactic gradient is also supported by β2-integrins, as is the subsequent recognition of complement-activated bacteria by leukocytes for the ultimate phagocytosis reaction within the inflamed tissue. This route of consecutive steps of immune cell recruitment is taken by neutrophils (within hours) and monocytes/macrophages (within a few days) to execute a proper immune response. Modified from Schymeinsky et al. (2011). Ribosomal extracellular RNA (exRNA) is capable of influencing cellular interactions at multiple sites during leukocyte recruitment (indicated by red numbers): (Tisoncik et al., 2012; Castanheira and Kubes, 2019). Fluid shear stress in the circulation can mediate liberation of exRNA from endothelial cells, and exRNA induces vascular permeability in a VEGF-receptor-2/neuropilin-1-dependent fashion as well as the release of components stored in Weibel–Palade granules. (Van Kaer et al., 2013) exRNA induces activation of leukocytes to acquire an adhesive phenotype and to release cytokines that further promote immune cell activation (Kolaczkowska and Kubes, 2013; Zindel and Kubes, 2020). As a consequence, exRNA-primed leukocytes are further promoted to firmly attach to the inflamed endothelium as a prerequisite for their transmigration. (Bianchi, 2007) exRNA can induce M1-polarization of monocytes/macrophages and thereby provoke a significant pro-inflammatory cytokine release by these cells. The details on exRNA-cell interactions in this context are outlined in the text.



Initial Selectin-Dependent Rolling of Leukocytes at the “Inflamed” Apical Side of the Vascular Endothelium

The motility of leukocytes in the bloodstream is slowed down near a locus of inflammation by their selectin-mediated rolling along the vessel wall in order to prepare these mobile cells for their transmigration toward the site of inflammation. Rolling interactions last seconds and are transient and reversible under conditions of blood flow due to the weak binding of P- and E-selectin to their common ligand, S-Lewis-x antigen. This is an oligosaccharide present in glycolipids and various glycoproteins on the surface of all mobile and stationary vascular cells. The expression of P- and E-selectins on the apical side of activated endothelial cells is a tightly regulated process that depends on the inflammatory conditions: Upon activation of the endothelium by various stimuli, including exRNA, P-selectin is immediately translocated from its storage site, the Weibel–Palade granules that serve as a vascular “emergency kit” (which also harbor IL-8, von Willebrand factor, tissue plasminogen activator, and RNase1), to the luminal endothelial cell surface (Fischer et al., 2011; Schillemans et al., 2019). This process allows the normally non-sticky and non-thrombogenic vessel wall surface to capture the patrolling leukocytes out of the bloodstream, providing a cell-to-cell approximation that is necessary for the subsequent leukocyte activation step mediated by chemokines. If the inflammatory stimulation of the endothelium continues for a longer period of time, E-selectin is expressed de novo on the apical side of the endothelium as well to augment leukocyte rolling.



Chemokine-Induced Leukocyte Activation and Integrin-Mediated Firm Adhesion of Immune Cells

In addition to functioning as a kind of brake, rolling interactions along the vessel wall allow neutrophils to sense chemokines (such as IL-8, which is released during the initial exocytosis from endothelial Weibel–Palade granules) that are tightly associated with the apical endothelial glycocalyx by ionic interactions via heparan sulfate proteoglycans. Other chemo-attractants (including complement anaphylatoxin C5a, leukotriene LTB4, platelet activating factor, or bacteria-derived formylated peptides) derived from activated mast cells and tissue macrophages, and vasoactive agents such as histamine, released in the very early phase of the innate immune response, help to induce rapid neutrophil adhesion. This is achieved by converting the low-affinity, selectin-mediated interaction into a high-affinity, integrin-dependent firm arrest (Ley et al., 2007). The firm adherence of leukocytes to endothelial cells adjacent to the locus of inflammation is mediated by leukocyte integrins such as VLA-4 (α4β1), α4β7-integrin, Mac-1 (αMβ2), and LFA-1 (αLβ2) and their endothelial counter-receptors of the immunoglobulin superfamily, including intercellular adhesion molecules (ICAMs) as well as vascular cell adhesion molecule-1 (VCAM-1), all of which had been upregulated on the inflamed endothelium prior to leukocyte adherence (Yonekawa and Harlan, 2005). In this regard, exRNA serves as one of the endothelial cell-activating agonists to promote integrin- rather than selectin-dependent leukocyte adhesion, as observed in the cremaster vascular inflammation model (Fischer et al., 2012). While VCAM-1 interacts with leukocytic VLA-4, both ICAM-1 and ICAM-2 predominantly bind to β2-integrins (including LFA-1 and Mac-1) on leukocytes.

Chemokine-induced leukocyte adherence is primarily regulated via conformational changes and clustering of the indicated integrins through “inside-out” signaling, particularly involving several GTPase-dependent pathways (Rot and von Andrian, 2004; Wittchen et al., 2005). Integrin-mediated adhesion is relevant for neutrophil extravasation and the immune response as demonstrated by studies that utilized either mice that were deficient in one or more leukocyte integrin or patients with “Leukocyte Adhesion Deficiency” (LAD I) syndrome who lack functional β2-integrins (Springer et al., 1984; Ding et al., 1999; Yonekawa and Harlan, 2005). Neutrophil adhesion to the inflamed endothelium is reinforced by integrin-mediated “outside-in” signaling as a result of receptor clustering and conformational changes due to integrin ligation by multivalent adhesive protein ligands such as fibronectin or collagens. In addition to ICAMs on the activated endothelium, the DAMP binding protein “Receptor for advanced glycation end-products” (RAGE) has been identified as a receptor particularly for leukocytic Mac-1 under strong inflammatory conditions as in diabetes. Thus, in a preclinical model of inflammation, only the inhibition of both ICAM-1 and RAGE resulted in the total blockade of leukocyte arrest and transmigration (Chavakis et al., 2003). Finally, alternative integrin activation signals appear to be operative as well in the fine-tuning during the early arrest phase of neutrophils (but not monocytes), since both zinc ions as well as the glycolipid-anchored urokinase receptor were shown to provide an essential contribution to integrin activation, as demonstrated in preclinical animal models (May et al., 1998; Chavakis et al., 1999).



Trans-Endothelial Migration of Leukocytes

After their firm adhesion, leukocytes crawl over the endothelial cell surface, involving their integrins Mac-1 and LFA-1 until they reach the nearest junction appropriate for transmigration (Schenkel et al., 2004). Trans-endothelial migration (also designated “diapedesis”) primarily takes place at the intercellular junctions in a para-cellular manner, whereby tricellular junctions as well as endothelial junctions positioned above thin-layer basement membranes have been proposed as preferential sites for transmigrating neutrophils in vivo (Burns et al., 1997; Wang et al., 2006). Alternatively, a minority of neutrophils and other leukocytes (about 5–10%) may enter the extravascular tissue via a transcellular route, i.e., through the endothelial cells, particularly when intravascular locomotion is disabled in vivo (Shaw et al., 2004; Nourshargh and Marelli-Berg, 2005; Phillipson et al., 2006). In essence, the preferred routing of emigrating leukocytes may depend on the level of the pro-inflammatory stimuli as well as the type of blood vessel (wall). In addition to their importance in leukocyte-endothelial adherence, ICAM-1 and ICAM-2 also participate in leukocyte trans-endothelial migration (Shang and Issekutz, 1998).

The subsequent sub-endothelial interstitial migration of leukocytes into the inflamed tissue is predominantly mediated by β1-integrin family members as well as by the β2-integrin Mac-1 that also binds to fibrin(ogen) in the wound matrix. This process is facilitated by leukocyte-associated or secreted proteases as well as by glycosaminoglycan-degrading enzymes, which help the neutrophils and macrophages to invade the extracellular matrix (Stamenkovic, 2003). After leukocytes have terminated their emigration, leaks in the vessel wall are prevented by contractile actin filaments surrounding the diapedesis pore, keeping this opening tightly closed around the transmigrating neutrophils, and platelets interacting with endothelial von Willebrand factor activate endothelial Tie-2 receptors to secrete angiopoietin-1, thereby preventing diapedesis-induced leakiness (Duong and Vestweber, 2020). Finally, leukocytes migrate along the sub-endothelial side, traverse the basement membrane, and invade the inflamed tissue toward the gradient of chemotactic activity (e.g., activated mast cells, complement-related anaphylatoxins), where they start their program of defensive actions as phagocytic cells to remove invading microbes and cell debris (Underhill et al., 2016; Voisin and Nourshargh, 2019). Although exRNAs bind to heparin-binding growth factors such as “Vascular endothelial growth factor” VEGF (Fischer et al., 2007), it remains to be demonstrated whether the extracellular matrix-bound ribonucleic acids could serve as a guidance cue for migrating phagocytes toward their destiny.



Contribution of Cell Adhesion Receptors to Leukocyte Diapedesis

Along the para-cellular diapedesis pathway, endothelial junctions are the major barriers for transmigrating leukocytes, whereby several types of junctions are involved (Bazzoni and Dejana, 2001): (i) Adherence junctions (zonula adherens) that mediate cell–cell contacts via homophilic, calcium-dependent binding between adjacent VE-cadherin molecules; (ii) the most apical tight junctions (zonula occludens), which form a close intercellular adhesive web that consists of three types of transmembrane proteins; and (iii) junctional adhesion molecules (JAMs), which are linked intracellularly to cytoskeletal signaling proteins such as zonula occludens-1 and which can form cell–cell contacts by homophilic interactions and can act as receptors for leukocyte integrins (Weber et al., 2007). As demonstrated in vitro by cell culture experiments as well as in vivo (brain edema), exRNA can disturb the integrity of the vessel wall by disconnecting cell–cell junctions in an irreversible fashion, as compared to thrombin which acts in a temporary manner as a permeability-increasing factor (Fischer et al., 2007, 2014).

A well-known adhesive component in leukocyte transmigration is platelet endothelial cell adhesion molecule-1 (PECAM-1), which is expressed both on platelets and leukocytes as well as at the inter-endothelial cell junctions. Like JAMs, it can interact in a homophilic as well as a heterophilic fashion to regulate leukocyte trans-endothelial migration (Sullivan and Muller, 2014). Here, PECAM-1 may recycle in vesicular structures between the junctions and the sub-junctional plasma-lemma and is thereby targeted to the sites of the vessel wall where leukocyte transmigration takes place. Altogether, the variable interactions of these transmembrane adhesion molecules, whose expression pattern differs at the leading and the trailing edges of each emigrating leukocyte as well as within the endothelial cell clefts, guide the transmigrating cells within minutes from the luminal to the basolateral side; however, their precise molecular coordination still remains a mystery (Vestweber, 2015; Duong and Vestweber, 2020).



exRNAs AS UBIQUITOUS DAMPS AND PRO-INFLAMMATORY FACTORS

More than 50 years ago, extracellular nucleic acids were identified in blood plasma and in extracellular body fluids as well as in cell supernatants, and their appearance was found to be associated with some disease states (Mandel and Metais, 1948). For example, RNA-proteolipid complexes and also free exRNA were initially identified in cancer patients and were proposed to mediate host-tumor interactions (Wieczorek et al., 1985; Kopreski et al., 1999, 2001). Basic research as well as clinical studies have provided experimental evidences that the body’s own extracellular nucleic acids are important players in the crosstalk between immunity and cardiovascular pathologies or other diseases. Following stress- or injury-induced liberation, these endogenous polyanionic macromolecules not only serve as alarmins/DAMPs or biomarkers of, e.g., cell necrosis, rather, their functional repertoire reaches far beyond their activities in innate immunity. In fact, (patho-) physiological functions of exRNAs and of extracellular DNA (exDNA) as well are associated with and in many cases causally related to, e.g., arterial and venous thrombosis, atherosclerosis, ischemia/reperfusion injury, or tumor progression, especially in association with the elevated inflammatory status of these diseases (Fischer et al., 2007, 2012, 2013; Kannemeier et al., 2007; Simsekyilmaz et al., 2014; Cabrera-Fuentes et al., 2015b). However, many of the underlying molecular mechanisms are far from being completely understood. Interestingly enough, novel in vitro and in vivo approaches, including natural endonucleases or synthetic nucleic acid binding/neutralizing polymers as antagonists, seem to be promising and safe therapeutic options for future investigations to combat the damaging nature of exRNA or exDNA (Preissner and Herwald, 2017; Naqvi et al., 2018; Thålin et al., 2019).

In the context of innate immunity, both in sterile inflammation as well as with regard to infectious conditions, exRNAs constitute typical DAMPs, which are released during tissue damage by either active or passive processes (Vénéreau et al., 2015) or following bacterial and viral infections (Chen et al., 2017; Kawasaki and Kawai, 2019). Depending on their size, composition, and complexity, exRNAs are involved in the typical recognition by membrane-bound PRRs as outlined above, including TLRs or RAGE (Bertheloot et al., 2016), as well as cytosolic receptors including retinoic acid-inducible gene I, melanoma differentiation-associated protein 5, or cyclic GMP-AMP synthase (Roers et al., 2016). Binding of exRNAs by such PRRs leads to the induction of different signaling pathways that result in the activation of transcription factors like c-Jun-N-terminal kinase or NF-κB and the subsequent release of cytokines including TNF-α, IL-1β, or IL-6 (Yu et al., 2010; Leifer and Medvedev, 2016). Ribosomal-type exRNAs (which constitute the majority of exRNAs in plasma) (Cabrera-Fuentes et al., 2015b) are different from other nucleic acid DAMPs, in that they fulfill a number of additional extracellular functions independent of recognition by PRRs, particularly related to the onset and progression of different cardiovascular diseases as will be outlined below.


Types of ExRNAs and Their Characteristics

Extracellular RNAs are a heterogenous group of ribonucleic acids, including small RNAs (e.g., miRNAs), mRNAs, tRNAs, ribosomal RNAs, and long non-coding as well as circular RNAs, each of which has different (extracellular) functions and a different impact on the respective cells and tissues in their microenvironment, either alone or together with other molecules. ExRNAs can be liberated from cells in a free form or bound to proteins or phospholipids as well as in association with extracellular vesicles (EVs) or apoptotic bodies (Valadi et al., 2007; Zernecke et al., 2009; Arroyo et al., 2011; Vickers et al., 2011; Creemers et al., 2012). Some mechanisms of exRNA biogenesis and its vesicular loading have been described elsewhere (Patton et al., 2015; Abels and Breakefield, 2016; Pérez-Boza et al., 2018). Analyses of EV-associated exRNAs indicated that miRNAs together with ribosomal RNAs form the majority of this fraction; yet, on a weight basis, ribosomal RNAs are the far most abundant type of exRNA in human blood plasma (Crescitelli et al., 2013; Danielson et al., 2017). The association of exRNA with various proteins or with ribonucleoprotein complexes as well as the binding to high-density lipoproteins not only provides protection of exRNAs from degradation by extracellular RNases, but these interactions may modulate the reactivity and immunogenicity of the respective binding partners (Wieczorek et al., 1985; Fischer and Preissner, 2013; Jaax et al., 2013). While only low levels of circulating exRNA can be detected in extracellular fluids under quiescent conditions in vivo and in vitro (<100 ng/ml), under conditions of cell activation or tissue injury such as hypoxia, infection, inflammation, or tumor growth the concentration of self-exRNAs can increase dramatically (Rykova et al., 2012; Zhou et al., 2019).

The majority of self-exRNAs (including microRNAs and ribosomal RNAs) is released in association with EVs by a wide range of cells under shear stress or following different types of stimulation by endogenous or exogenous inflammatory and other agonists (Lasch et al., 2019; O’Brien et al., 2020). EVs are divided into three subclasses depending on their site of origin inside the cells they are derived from: apoptotic bodies (large EVs: 800–5000 nm) are released from cells undergoing apoptosis; micro-vesicles (medium-sized EVs: 100–1000 nm) are released by budding from the plasma membrane; exosomes (small EVs: 30–150 nm) originate from the internal surface of multi-vesicular bodies in the endosomal compartment of cells (Kim et al., 2017). In particular, these nano-sized bodies provide intercellular communication functions by delivering intracellular material (such as miRNAs and mRNAs) to target cells and fulfilling regulatory functions by altering cell activities (Dinger et al., 2008; Ekström et al., 2012). These aspects are of particular relevance for exosome-delivered miRNAs, whose main intracellular functions are to regulate gene expression and translational processes in target cells, including those related to pathological processes in cancer, cardiovascular diseases, or autoimmune disorders (Kim et al., 2017). In contrast, ribosomal exRNAs, which constitute the majority of exRNA, are believed to fulfill a variety of functions outside of cells that will be discussed in more detail.

Upon microbial infection, with the appearance of viral or bacterial nucleic acids, several mechanisms exist to prevent a (counterproductive) activation of PRRs by self-nucleic acids. Generally, endosomal TLRs respond to double- or single-stranded viral or bacterial RNAs and DNAs, whereas cell-surface TLRs recognize a variety of other accessible microbial patterns. Viruses and bacteria typically enter the cells via endocytosis or phagocytosis, whereby their DNAs or RNAs are protected from degradation, e.g., by capsid proteins, until they are released within the endo-lysosomal compartment of host cells to trigger TLR-dependent signaling pathways. In contrast, self-extracellular nucleic acids are degraded by extracellular nucleases unless they are protected in association with nucleoprotein complexes or cell membranes (Marek and Kagan, 2011). Thus, under physiological conditions, self-nucleic acid-related signaling may be limited by nuclease activities, thus preventing their detection by nucleic acid sensors.



Analysis of Self-ExRNAs

Since exRNA-containing EVs are found in most body fluids, their potential use as biomarkers for particular disease conditions has been explored, and the “National Institutes of Health” and other institutions1 are evaluating the use of exRNAs, in particular miRNAs, as biomarkers for various human pathologies (Quinn et al., 2015; Das et al., 2019). The easy access and stability of EV-miRNAs in biological fluids makes them potentially suitable for use as diagnostic biomarkers, and in patients, different miRNA profiles implicate their participation in disease pathogenesis (Bellingham et al., 2012; Gui et al., 2015; Lugli et al., 2015). For example, the nature of a particular exRNA species contained in EVs can be assessed by RTqPCR (Bellingham et al., 2012; Gui et al., 2015; Lugli et al., 2015). The composition of exRNA is further analyzed by capillary electrophoresis and RNA sequencing (Tanriverdi et al., 2016; Yuan et al., 2016; Saugstad et al., 2017). Other methods, either qualitative/semi-quantitative or quantitative, depending on the respective reagent, utilize the specific reaction of fluorescent dyes with exRNA (Jones et al., 1998; Wu et al., 2020). Furthermore, methods currently available to isolate exRNA in biofluids have been compared and described previously, including the characteristics of exRNA-loaded EVs. They can be monitored by intra-vital microscopy and immunohistochemistry, provided EVs are fluorescently labeled via expression of palmitoylated green-fluorescent protein in donor cells (van der Vos et al., 2016; Small et al., 2018). Yet, the heterogeneity of exRNAs together with their presence in different cellular fractions require further modes of analyses and interpretations. In particular, the association of exRNA with multiple subtypes of EVs as well as with ribonucleoproteins and lipoprotein complexes or the formation of soluble vesicle-free supramolecular complexes with proteins, which are RNase-resistant, may complicate the analysis of exRNA (Tosar and Cayota, 2018; Das et al., 2019).



exRNA AND LEUKOCYTE RECRUITMENT IN THE CONTEXT OF INNATE IMMUNITY

Although several subtypes of exRNA, including miRNA, long non-coding RNA, and ribosomal exRNA, have been described in the context of inflammatory cell signaling, the following paragraphs will focus on exRNAs, mostly consisting of ribosomal RNA, as a direct/indirect DAMP in inflammatory situations that influences the different steps of leukocyte recruitment. This includes the role of exRNA as (i) an ubiquitous alarmin, (ii) a cofactor for bacteria-host cell interaction and microbial invasion, (iii) a hyper-permeability factor that induces vasogenic edema, (iv) a promoter of leukocyte interaction with the inflamed endothelium, (v) an inducer of cytokine release from macrophages, (vi) an important mediator of arteriogenesis, and (vii) a potent pro-thrombotic cofactor.


ExRNA as an Alarmin and DAMP and Recognition of Self- and Non-self-ExRNAs

To minimize the recognition of self-nucleic acids, the binding of non-self nucleic acid ligands to the signaling receptors (particularly belonging to the TLR family) will induce their sequestration away from the cell surface in the cytoplasm or in endosomes. Thus, isolated ribosomal exRNA appears not to be recognized by TLRs expressed on the cell surface in a classical way, unless prior modification or complexation of the ligand takes place. When self-nucleic acids are highly abundant, e.g., as a result of cell damage, defects in the degradation or processing machinery of nucleic acids, or in the binding and cellular uptake into endosomes, self-nucleic acids may activate endosomal PRRs (Bertheloot et al., 2016; Roers et al., 2016; Miyake et al., 2017). Self-exRNA may also reach endo-lysosomes and PRRs if bound to proteins or manipulated by transfection agents (Figure 3).
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FIGURE 3. Cellular recognition of exRNA by various unrelated cell surface proteins/receptors. Once the concentration of exRNA has reached a certain level upon cell necrosis or other stress situations, the ribonucleic acid can induce activation of immune and tissue cells either in isolated, in complexed form as indicated, or in association with extracellular vesicles. To simplify the illustration, the latter case has not been depicted (Tisoncik et al., 2012). ExRNA-polypeptide complexes are recognized by RAGE, which also serves as receptor site for other DAMPs and PAMPs (Castanheira and Kubes, 2019). Likewise, in complex with certain PAMPs such as lipopeptides, exRNA can be recognized in a synergistic way in a TLR2-dependent fashion and thereby augments the immune cell activation of the PAMP (Van Kaer et al., 2013). Macromolecular exRNA, which can be degraded by extracellular RNase1, can be taken up by cells and promotes cellular activation via endosomal TLR3 under certain conditions. All of these pathways culminate in activation of NF-κB-dependent signaling, ultimately leading to the expression and liberation of cytokines, often in excess to provoke hyper-inflammation (Zindel and Kubes, 2020). ExRNA can potentially trigger the activation of the sheddase “TNF-α converting enzyme” (TACE) to induce the proteolytic cleavage of cell surface-bound protein substrates such as the precursor form of TNF-α in order to release the active cytokine. Since TACE can act as a sheddase for a number of cell-bound substrates, it is proposed that exRNA can trigger this protease to generate a variety of (inflammatory) products at multiple sites in the body.


Autoimmune diseases like psoriasis serve as an example of how self-exRNA may play a role in immune responses. Complexes of self-exRNA and the antimicrobial peptide LL37 were shown to be recognized mainly by TLR7 and TLR8 to promote an autoimmune response (Zakrzewicz et al., 2016). LL37 constitutes the C-terminal portion of human cathelicidin from which LL37 is proteolytically released during immune cell activation. It serves as basic immune-modulatory peptide, and by forming complexes with polyanionic exRNA and exDNA it prevents their degradation. Together with exRNA derived from necrotic cells, LL37 activates “mitochondrial antiviral-signaling protein” and induces production of, e.g., interferon (IFN)-β to provoke maturation of dendritic cells (Zhang et al., 2016). Moreover, the exRNA-LL37 complex is capable of activating TLR7-expressing dendritic cells, thereby triggering the secretion of IFN-α, but not IL-6 or TNF-α. Also, exRNA-LL37 complex-mediated activation of TLR8 can lead to differentiation of myeloid dendritic cells and the release of IL-6 and TNF-α. Thus, the cationic antimicrobial peptide LL37 may convert self-exRNA into a trigger of TLR7/TLR8 in human dendritic cells in psoriatic lesions, allowing the initiation and progression of this autoimmune response (Ganguly et al., 2009). Interestingly enough, this complex was also found to trigger the TLR8/TLR13-mediated release of cytokines and NETs together with exRNA in neutrophils, thereby establishing a self-propagating vicious cycle that contributes to chronic inflammation in psoriasis (Herster et al., 2020).

There are other examples of the participation of self-and non-self-exRNA in immune responses. TLR7 (or TLR3), the classical receptors for small non-self-viral RNAs, appear not to be activated by exRNA alone in macrophage cell cultures, whereas a synergistic effect of exRNA together with the lipopeptide Pam2CSK4 on TLR2 activation was found, resulting in the synergistically elevated expression of cytokines in macrophages (Noll et al., 2017). Thus, certain isolated PAMPs are unable to mount a robust inflammatory response on their own unless self-exRNA (derived from trauma or necrosis) acts as a potent adjuvant. Moreover, in myocardial ischemia, cell-free exRNA has been proposed to promote apoptosis of cardiac muscle cells by activation of TLR3-TRIF signaling pathways (Chen et al., 2014). In this study, however, the nature of self-exRNA was not further defined, making it difficult to relate these results to our knowledge about self-exRNA-mediated pathways and their role in disease.

For endosomal TLRs in immune cells to be available for binding to non-self exRNAs upon infection and immune signaling, the access of self-nucleic acids from the extracellular environment to these TLRs needs to be limited. Here, cell-membrane expressed RAGE as a primary recognition site for glycated proteins fulfills functions as DAMP-receptor, for e.g., HMGB1, but has also been identified to promote the uptake of both exDNA and exRNA into endosomes. This may lower the immune recognition threshold for the activation of TLR9, the principal DNA-recognizing signaling receptor. Moreover, RAGE is important for the detection of nucleic acids in vivo, since mice deficient in RAGE were unable to mount an inflammatory response to exDNA in the lung (Sirois et al., 2013). In addition, RAGE was shown to bind self-exRNA in a sequence-independent manner to enhance cellular uptake of exRNA into endosomes. Gain- and loss-of-function studies demonstrated that RAGE increased the sensitivity of all single-stranded RNA-sensing TLRs (TLR7, TLR8, TLR13), indicating that RAGE appears to be an integral part of the endosomal nucleic acid-sensing system (Sirois et al., 2013).



ExRNA Interactions With Microbes During the Process of Infection

The adherence to and invasion of eukaryotic cells and tissues by pathogenic bacteria are the main mechanisms for microbial colonization, evasion of immune defenses, survival and propagation, and the cause for infectious diseases in their mammalian hosts. Several structurally and functionally distinct “adhesins” of bacteria facilitate their specific recognition and their interactions with host cell surfaces (e.g., by integrins) and the extracellular matrix (e.g., by fibronectin or vitronectin) (Hammerschmidt et al., 2019). In tissue fluids, the binding of microbial components to (adhesive) host proteins may alter their structure or can influence cellular mechanisms that determine cell and tissue invasion of pathogens (Hammerschmidt, 2009; Hammerschmidt et al., 2019). In addition to host plasma proteins such as plasminogen or vitronectin which serve as essential virulence factors for the invasion of several Gram-positive bacteria, self-exRNA in a dose-dependent manner was found to increase the binding and uptake of Streptococcus pneumoniae in alveolar epithelial cells (Bergmann et al., 2009; Zakrzewicz et al., 2016). Extracellular enolase, a plasminogen receptor, was identified as an exRNA-binding protein on the S. pneumoniae surface, with several basic amino acid residues serving as exRNA-binding sites. Moreover, additional exRNA-binding proteins were identified in the pneumococcal cell wall using mass spectrometry. Due to the high number of such RNA-interacting proteins on pneumococci, treatment with RNase1 successfully inhibited exRNA-mediated pneumococcal alveolar epithelial cell infection (Zakrzewicz et al., 2016). These data support further efforts to employ RNase1 as an antimicrobial agent to combat pneumococcal infectious diseases.



ExRNA and Vascular Permeability

The endothelium constitutes the inner lining of all blood and lymphatic vessels and functions as a natural barrier between the flowing blood or lymph and the underlying tissues. The balance in the exchange of molecules and mobile leukocytes across the vascular endothelium is maintained by several systemic as well as site-specific homeostatic transport mechanisms involving the dynamic contribution of junctional proteins and adhesion receptors, as indicated above. In response to a variety of (patho-)physiological stimuli, including histamine, thrombin, VEGF or activated neutrophils, endothelial cells immediately start to reorganize intercellular junctions to facilitate trans-endothelial flux resulting in an increased para-cellular leakage (Kumar et al., 2009). Likewise, edemagenic agonists as well as lipid mediators induce intracellular signaling pathways, involving different protein kinases as well as the cytoskletal machinery to disrupt cell–cell adhesion, resulting in hyper-permeability (Sukriti et al., 2014; Karki and Birukov, 2018). In fact, this scenario is a significant problem in vascular inflammation observed in a variety of pathologies, including, ischemia-reperfusion injury, sepsis, acute respiratory distress syndrome (ARDS) and others.

While the regulation and fine-tuning of endothelial barrier functions also involve the contribution of intracellular microRNAs (Cichon et al., 2014), platelet-derived EV-associated non-coding exRNAs (predominantly microRNAs) can functionally influence the integrity and other features of the endothelium, thereby providing a molecular communication between blood cellular components and the vessel wall (Randriamboavonjy and Fleming, 2018). In this regard, various exRNA species were shown to directly or indirectly disturb the permeability barrier of the endothelium by changing the expression profile of vasoactive molecules or altering the quality of cell-to-cell junctions (Fischer et al., 2007, 2014). Following the initial phase of DAMP- or PAMP-sensing mechanisms by host pattern recognition receptors (such as TLRs or RAGE) on immune and tissue cells, an immediate consequence is the release of a variety of cytokines, chemokines, and other factors (including exRNA) from mast cells, tissue macrophages, and endothelial cells. Thus, blood vessels in close proximity to the site of inflammation or the inflammatory agonists subsequently adopt an appreciable level of cellular activation to participate in the immune response. Here, endothelial cells are particularly prone to various stimuli and switch their phenotype from non-adhesive, non-thrombogenic to inflammatory, reflected by elevated cellular permeability, the expression of adhesion receptors (such as selectins, ICAMs), and the coating of their apical glycocalyx surface by chemokines to indicate this pro-inflammatory status. Together, these aspects are crucial in the primary phase of leukocyte attraction to the inflamed vessel wall, as previously outlined (Pober and Sessa, 2007; Petri et al., 2008).

In fact, ribosomal exRNA elicits an immediate and largely irreversible permeability-increasing activity in vascular endothelial cells in vitro that is associated with a robust rise in intracellular calcium ions; in vivo this is reflected by edema formation due to Sinus sagittalis thrombosis or stroke in animal models (Fischer et al., 2007; Walberer et al., 2009; Bálint et al., 2013). In particular, the exRNA-provoked increase in vessel permeability correlates with the disorganization of the tight and adherence junctional proteins zonula occludens-1, occludin, and VE-cadherin. Mechanistically, the permeability-enhancing function of exRNA is mediated by its direct high-affinity interaction with extracellularly bound VEGF, resulting in the activation of the VEGF-receptor-2/neuropilin-1 signaling complex that is reminiscent of the function of cell-surface heparan sulfate proteoglycans which act as co-receptors for VEGF (Fischer et al., 2009, 2014). This is followed by activation of phospholipase C and intracellular release of calcium ions, which together promote hyper-permeability of the endothelium. Also, fluid shear stress in blood vessels may lead to the release of endothelial cell-derived exRNA, which subsequently interacts (like heparin) with VEGF to promote vascular hyper-permeability in a VEGF-receptor-2/neuropilin-1-dependent fashion. In addition, locally enhanced VEGF-dependent signaling results in the exocytosis of Weibel–Palade granules (Lasch et al., 2019) to provide additional alarming molecules such as the chemokine IL-8, as will be detailed below for the process of arteriogenesis.

Due to its ability to induce cytokine release in monocytes/macrophages, exRNA also indirectly contributes to cytokine-mediated destabilization of the endothelium. Although direct activation of endothelial TLR3 (an endosomal receptor for non-self, double-stranded RNA) by ribosomal self-exRNA does not play a dominant role in vascular permeability changes (Fischer et al., 2009), synthetic virus-mimicking double-stranded RNA or the TLR3-agonists poly (I:C) caused a permeability increase of the blood-brain-barrier or provoked lung endothelial barrier dysfunction, respectively (Huang et al., 2016; Noda et al., 2018). It remains to be clarified, however, whether exRNA released in situ may also promote the activity of other vasodilators such as bradykinin, since exRNA was found to be a potent auto-activating cofactor for the precursor protein of this peptide, high-molecular-weight kininogen (HMWK), as well as of other proteins of the contact phase system of blood coagulation, including factors XI and XII (Kannemeier et al., 2007).



ExRNA, Leukocyte Transmigration, and Inflammation-Based Pathologies

Besides the established inflammatory agonists mentioned above, the exposure of quiescent endothelial cells (in vitro as well as in vivo) toward ribosomal exRNA not only induces vascular permeability to allow the enhanced trans-endothelial trafficking of molecules, but also triggers the recruitment of inflammatory cells to the vessel wall. This was demonstrated in vivo using a murine cremaster muscle vasculature model (Fischer et al., 2012). The observed exRNA-induced expression of ICAM-1 on the endothelium, which was comparable in its extent to the agonistic action of TNF-α, reduced the selectin-dependent rolling of leukocytes and promoted their firm adhesion and extravasation by utilizing activated β2-integrins. Moreover, exRNA-induced leukocyte adhesion and transmigration was shown to depend on the activation of the VEGF-receptor 2 system and to be reinforced by exRNA-mediated release of cytokines such as monocytic TNF-α, which by itself already aggravates the inflammatory process. Furthermore, exRNA facilitated the acute hypoxia-induced leukocyte adhesion and infiltration in murine lungs through TLR-interferon-γ-STAT1 signaling pathways (Biswas et al., 2015). Since RNase1 was shown to significantly prevent the exRNA-provoked inflammatory outcome in the indicated preclinical animal models, the endonuclease might constitute a new type of therapeutic intervention for patients with inflammation-based diseases (see below).

The indicated functional relationships between exRNA and inflammatory responses has been corroborated in patients (presented with elevated plasma levels of exRNA) and especially in authentic animal models of atherosclerosis and rheumatoid arthritis, two established pathological scenarios of chronic inflammation. Under disease conditions, significantly increased levels of exRNA were found to be deposited at the typical sites of injury in atherosclerotic lesions as well as in affected joints in patients with rheumatoid arthritis (Simsekyilmaz et al., 2014; Zimmermann-Geller et al., 2016). Moreover, under conditions of ischemia-reperfusion injury, following intervention in occluded carotid arteries in vivo, exRNA was found to be a potent damaging factor, leading to cytokine (particularly TNF-α) release and cardiomyocyte death as well as to the accumulation of macrophages (Cabrera-Fuentes et al., 2014). The fatal situations in all of the in vivo models cited were prevented or dampened by degrading exRNA with the help of RNase1 administration, which thereby acts as an efficient anti-inflammatory and tissue-protective factor for improving the overall outcome (see below).



ExRNA-Induced Release Reactions in Immune Cells (Macrophages, Mast Cells)

The levels of both exRNA and TNF-α were found to be concomitantly increased under the inflammatory conditions in the animal models discussed above as well as in human blood plasma in the transient perioperative ischemic situation associated with cardiac surgery (Cabrera-Fuentes et al., 2015b). The same elevation of these parameters was found in an ischemia-reperfusion injury model in mice and in isolated rat hearts, whereby cardiomyocytes could be identified as a major source of ribosomal exRNA. Functionally, exRNA and TNF-α appear to act in a feed-forward loop to promote cardiac ischemia-reperfusion injury: the increase in exRNA leads to an accumulation of TNF-α, and in turn, TNF-α activation of adjacent cells via TNF-receptor-1 provokes an increase in exRNA as well, resulting in a hyper-inflammatory situation (Cabrera-Fuentes et al., 2014). As an example, exRNA and TNF-α together induce the expression of reactive oxygen species (ROS) and inducible NO synthase or monocyte chemo-attracting protein (MCP)-1 to amplify the extent of inflammation (Cabrera-Fuentes et al., 2014).

In vitro studies using different tissue and immune cell cultures revealed the prominent exRNA-induced expression (via the intracellular NF-κB signaling machinery) and the release of TNF-α, supported by data from in vivo tumor models (Fischer et al., 2013; Cabrera-Fuentes et al., 2014; Han et al., 2019; Tielking et al., 2019). This reaction requires specific intracellular proteolytic processing as well as cleavage of the premature transmembrane form of TNF-α by TNF-α-converting enzyme (TACE, also denoted as ADAM17) (Figure 3). Here, exRNA was found to promote this shedding process to liberate the functionally active trimeric TNF-α from macrophages or other cells (Scheller et al., 2011). Since TACE recognizes and cleaves more than 50 cell membrane-anchored substrates other than pro-TNF (such as IL-6 receptor, VEGF-receptor 2, ICAM-1, E-selectin, NOTCH), the majority of which are directly or indirectly related to inflammation, it was proposed that exRNA could serve as a universal DAMP or alarmin, triggering such events at an early time point and at any site in the body (Zunke and Rose-John, 2017; Lambrecht et al., 2018). Yet, further experimental proof for such molecular mechanisms that would govern the exRNA-TNF-α axis or other TACE-related inflammatory reactions is still needed.

When exposed to external stimuli, monocytes/macrophages respond with rapid changes in the expression of various inflammation-related genes while undergoing polarization toward the M1-like (pro-inflammatory) or the M2-like (anti-inflammatory) phenotype. While both, extracellular microRNAs and long-non-coding RNAs could influence macrophage polarization, associated with “meta-inflammation” (Li et al., 2018), the exposure of murine bone marrow-derived macrophages (which were differentiated with mouse macrophage colony-stimulating factor) toward ribosomal exRNA resulted in their robust polarization toward the M1-like phenotype. A variety of typical M1 markers, including TNF-α, iNOS, IL-1β, or IL-6, were highly expressed, whereas anti-inflammatory genes, such as macrophage mannose receptor-2 (CD206) and other M2-markers, were significantly downregulated (Cabrera-Fuentes et al., 2015a). Likewise, treatment of human peripheral blood monocytes with exRNA followed by microarray analyses of the whole human genome revealed an appreciable upregulation of more than 70 genes, many of which are coupled to inflammation and the related signal transduction. Since the described macrophage responses to exRNA are independent of TLR3- or TLR7/TLR8-related signaling pathways (Cabrera-Fuentes et al., 2015a), it is fair to assume that ribosomal exRNA-mediated cytokine mobilization is largely independent of TLR-induced signaling, as was already noted for the transmigration of leukocytes (Zernecke and Preissner, 2016; Fischer, 2018). However, the typical TLR3-agonist poly (I:C) was capable of inducing M1-like polarization of tumor-associated macrophages, thereby inhibiting the tumor growth in a subcutaneous transplantation tumor model (Liu et al., 2016).

Together, these relationships are consistent with a still hypothetical but possibly general type of exRNA-dependent endogenous inflammatory cascade that begins with the liberation of exRNA (as a universal alarmin or DAMP) at a damage or infection site in any tissue of the body. Based on the ubiquitous expression of TACE, exRNA may induce the production of inflammatory products derived from proteolytic cleavage of the corresponding substrate(s) by TACE in a cell type-specific manner (as described for macrophage TNF-α). Thus, the “non-specific” alarmin exRNA could be capable of promoting “site-specific” cellular responses, some of which are of profound relevance for inflammation. Based on these considerations, not only is RNase1 an anti-inflammatory antagonist for exRNA-induced reactions, but TACE, the sheddase responsible for the release of TNF-α and other products (Preissner and Herwald, 2017), appears to be a considerable target as well. In fact, the TACE inhibitor TAPI has been demonstrated to inhibit exRNA-mediated shedding of TNF-α in peripheral blood mononuclear cells as well as in different preclinical in vivo models of cardiovascular disease, such as cardiac ischemia-reperfusion injury (Fischer et al., 2012; Cabrera-Fuentes et al., 2014). The increased adhesion of leukocytes to endothelial cells induced by exRNA in vivo was also attenuated by TAPI (Fischer et al., 2012).

Tissue-resident, perivascular mast cells are well known for their role as primary DAMP- or PAMP-sensing immune cells in inflammatory responses as well as for their immediate response in allergic and anaphylactic reactions. Their contribution to the process of arterial remodeling will be discussed below. In mature mast cells, secretory granules are located in close proximity to ribosomes and cytosolic ribosomal RNAs, and following cell activation and degranulation, these are released together with the content of granules (such as cytokines, lipid mediators, vasoactive substances) (Dvorak et al., 2003). In vitro, various agonists were found to induce the degranulation of mast cells and the concomitant release of appreciable amounts of EV-associated exRNA (Elsemuller et al., 2019). Although exRNA is not located in granules, the liberation of exRNA can be prevented by mast cell stabilizers or by abolishing the increase of intracellular Ca2+ levels in these cells. Mast cell-derived and EV-associated exRNA was further shown to promote the increased expression and release of cytokines (such as MCP-1 or IL-6) in vascular endothelial cells in a dose-dependent manner. These data indicate that exRNA-containing EVs from mast cells are likely to be involved in inflammatory responses and support earlier observations on the pivotal role of EVs in inflammation (Chen et al., 2019). However, which mechanistic route such EV-associated exRNA may take to activate and even enter target cells, possibly by using connexin-43 hemi-channels (Willebrords et al., 2016), needs to be further investigated.



ExRNA and Arteriogenesis: A Blueprint for the Creation of Natural Vessel Bypasses Through Innate Immunity Reactions

Collateral artery growth, defined as arteriogenesis, is the only natural way for the body to spontaneously create blood vessel bypasses to counteract and circumvent the disastrous consequences of arterial occlusion, as in association with myocardial infarction (Faber et al., 2014). The initial trigger for this multistep intricate process is an increased fluid shear stress in pre-existing arterioles; this mediates endothelial cell activation, leukocyte recruitment, cytokine release, and subsequent endothelial and smooth muscle cell proliferation to finally induce controlled blood vessel expansion (Pipp et al., 2004; Lasch et al., 2019). Yet, how these different steps all work together for blood vessel regeneration remained unanswered for a long time (Deindl and Schaper, 2005). Based on the recent findings that exRNA is liberated from shear stress-exposed endothelium, we hypothesized that exRNA may serve as a trigger and promoter of collateral vessel growth, including endothelial activation, leukocyte recruitment and cytokine release as well as stimulation of the VEGF signaling axis (Kluever et al., 2019; Lasch et al., 2019; Figure 4).


[image: image]

FIGURE 4. The multi-step cycle of exRNA-initiated arteriogenesis: a blueprint for blood vessel regeneration based on leukocyte recruitment. Upon occlusion of a feeding artery (e.g., in the heart), blood flow is redirected into collateral blood vessels that are formed by arteriogenesis from pre-existing arterioles within several days, thereby circumventing the stenosed artery. Due to the initially disturbed blood flow causing increased fluid shear stress, exRNA is released from endothelial cells and serves as a mechano-transducer, provoking further activation of vascular cells (in a VEGF-dependent manner). Thus, activated endothelial cells liberate von Willebrand factor (vWF) and other components from their Weibel–Palade granules, leading to platelet activation and formation of platelet-neutrophil aggregates with the production of reactive oxygen species (ROS). These, in turn, are essential for the activation of perivascular mast cells with the release of vasoactive factors (such as histamine) and chemo-attractive cytokines, a prerequisite for the recruitment of leukocytes that boost vascular cell proliferation by supplying growth factors and cytokines to promote collateral vessel growth. When collaterals reach a critical size of their lumen and vessel wall, allowing them to substitute for the function of the occluded artery, blood flow is normalized, and the collaterals cease to grow. Modified from Lasch et al. (2019).


As investigated in appropriate animal models, elevated fluid shear stress proximal to the occluded vessel(s) leads to the release of exRNA from endothelial cells and to platelet activation. Together, these reactions promote the exocytosis of Weibel–Palade granules with the release of von Willebrand factor from endothelial cells in a VEGF-receptor 2-dependent manner (Chandraratne et al., 2015; Lasch et al., 2019). In turn, von Willebrand factor initiates further activation of platelets and the formation of platelet-neutrophil aggregates, which release several pro-inflammatory agonists, including ROS, in the perivascular zone. Subsequent activation and degranulation of perivascular mast cells, which appear to orchestrate the extravascular reactions, result in the local increase and bioavailability of pro-inflammatory cytokines such as TNF-α and MCP-1, feeding a positive-feedback loop for the recruitment of more neutrophils, additional monocytes, and T cells (Chillo et al., 2016). Together, these factors all promote vascular cell proliferation and positive outward remodeling of the vessel wall, finally resulting in an arterial bypass that compensates the dysfunction of an occluded artery. The different steps of leukocyte recruitment appear to be a blueprint for arteriogenesis taken from the respective steps in innate immunity, whereby exRNA is considered in this context not to be a damaging component but rather a vessel and tissue regenerating factor. Although the aforementioned process of collateral artery growth also entails reactions of vasculogenesis and angiogenesis at distant sites, a definitive role of exRNA here is still speculative (Lasch et al., 2020). Nevertheless, in an ex vivo cellular spheroid model of vasculogenesis, exRNA was found to stimulate the formation of new vessels and leukocyte differentiation in embryonic bodies via increased VEGF-dependent signaling and ROS production (Sharifpanah et al., 2015). The underlying mechanisms remain to be described.



exRNA AND VASCULAR DEFENSE SYSTEMS (CONTACT PHASE/COAGULATION, BLOOD PRESSURE REGULATION)

Based on the recent characterization of new humoral and cellular factors, hemostasis as part of the wound healing process has gained considerable interest as contributor to the body’s life-saving defense mechanism that is embedded in the functional context of innate immunity. Here, self-exRNA and -exDNA were found to be potent cofactors in the initiation of blood coagulation, whereby the neutrophil-derived exDNA/histone scaffolds (designated as NETs) not only serve as potent anti-inflammatory gate-keepers that catch and kill microbes but also work as promoters of thrombotic situations in a variety of diseases (Fuchs et al., 2010; Massberg et al., 2010; von Brühl et al., 2012; Döring et al., 2017; Sorvillo et al., 2019; Thålin et al., 2019; Thiam et al., 2020). Since the identification of exRNA as a cofactor for several coagulation and platelet-derived proteins, the exRNA-mediated link between the discussed processes of innate immunity/leukocyte recruitment and the hemostasis system has become apparent.

The four plasma proteins factor XII, factor XI, prekallikrein, andHMWK are designated as “contact phase proteins” because they bind with high affinity to negatively charged surfaces on which they eventually become (auto-) activated and/or they reciprocally activate each other in a zinc ion-dependent manner (Kannemeier et al., 2007; Schmaier, 2016). Under in vitro settings or conditions of severe trauma in vivo this self-amplifying system promotes the intrinsic pathway of blood coagulation, culminating in thrombin generation and fibrin clot formation (Schmaier, 2016; Amiral and Seghatchian, 2019). Bioactive surfaces that promote contact phase activation include the activated endothelium and platelets, leukocytes, bacteria, and denatured proteins. Although factor XII appears to be dispensable for physiological hemostasis, under pathological situations associated with thrombotic complications the contact phase system contributes to enhanced clot formation, particularly in arterial thrombosis (Maas et al., 2011). This appears to be due to exposed collagens, sulfatides, platelet-derived polyphosphates, and misfolded proteins as well as exRNA and exDNA, which become accessible under conditions of severe trauma or inflammation or upon vascular pathologies and thereby serve as major natural activators or cofactors of contact phase activation (Kannemeier et al., 2007; Björkqvist et al., 2014; Naudin et al., 2017). These poly-anionic molecules induce auto-activation of factor XII and factor XI with major consequences for enhanced thrombin formation and thrombosis; they also promote selective generation of kallikrein, which in turn induces bradykinin formation from HMWK, relevant for vasodilation in the context of inflammation and edema (Schmaier, 2018). In order to prevent uncontrolled clotting, histidine-rich glycoprotein in plasma has been identified and characterized as exRNA- and factor XIIa-binding protein to attenuate their capacity to trigger coagulation (Vu et al., 2015). In fact, carotid artery occlusion was accelerated in histidine-rich glycoprotein-deficient mice which could be counteracted for by RNase administration as indicated above, supporting the pro-thrombotic role of exRNA in hemostasis. Independent of its function in coagulation, factor XII/XIIa exerts mitogenic activity in vascular cells, upregulates neutrophil functions, contributes to macrophage polarization, and induces T-cell differentiation (Schmaier and Stavrou, 2019). Thus, the exRNA-factor XII axis not only influences hemostasis and wound repair but may also contribute to other reactions in innate immunity (Bender et al., 2017; Renné and Stavrou, 2019).

In this context it is worthwhile mentioning that complex formation of exRNA (or exDNA) with basic platelet proteins such as platelet factor 4 (exposed during trauma, surgery, or infection) induces neo-epitopes in this basic protein that provoke the formation of autoantibodies, designated as HIT (“Heparin-induced thrombocytopenia”) antibodies (Jaax et al., 2013). Once the titer of these HIT antibodies increases, e.g., by administration of heparin in the same patient several years later, a thrombo-embolic scenario is generated due to the autoimmune character of HIT with the formation of micro-thrombi and the reduction of circulating platelets (Greinacher et al., 2017). These data indicate that exRNA (and other poly-anions) can induce autoimmunity in connection with the adaptive part of the immune system. Moreover, additional pathological situations have been recognized in neurological disorders in association with cellular damage, where autoantibodies against intracellular RNA-binding proteins have been recognized in plasma, possibly contributing to the onset or progress of autoimmune diseases such as Opsoclonus-Myoclonus syndrome (Blaes et al., 2007).



THE EXTRACELLULAR RNA/RNASE SYSTEM

The lifespan as well as the reactivity of exRNA species in the vasculature or in other extracellular body fluids depends to a large degree on the type of complexes formed with proteins, EVs, or cell surfaces. Despite these constraints, exRNA is continuously degraded in the vascular system by circulating RNases, of which the thermo-stable RNase1 is the by far most powerful natural antagonist of exRNA. RNase1 belongs to the RNaseA family, which consists of eight members that have endonuclease activities and which are secreted by a large variety of different tissues and cells (Koczera et al., 2016). Eosinophil (RNase 2, RNase3) or epithelial cell-derived RNase7 serves as an anti-microbial protein, whereas RNase5 (also designated angiogenin) has potent angiogenic functions without having an appreciable ribonucleolytic activity (Cho et al., 2005; Sorrentino, 2010). Extracellular RNases can also be internalized by cells via endosomal pathways (Haigis and Raines, 2003), but due to the action of RNase inhibitor, which binds mammalian RNaseA family members with an extremely high affinity, these endonucleases are immediately inactivated and do not express any intracellular cytotoxic activity (Dickson et al., 2005; Rutkoski and Raines, 2008).

Pancreatic RNase1 is produced in the exocrine pancreas and constitutes the major ribonuclease of the gastrointestinal tract, whereas vascular RNase1 is predominantly expressed and released by endothelial cells from medium and large vessels as well as in the umbilical vein (Landré et al., 2002; Barrabés et al., 2007; Fischer et al., 2011; Eller et al., 2014; Ohashi et al., 2017). Interestingly, the counteracting function of RNase1 that, as we reported in various preclinical cardiovascular models, combats the damaging functions of exRNA is robust and safe due to the fact that RNase inhibitor with its extremely high affinity for RNases is present in all cell types of the body (Arnold, 2011). Thus, RNase1 bears considerable potential as new therapeutic agent based on its tissue- and vessel-protective functions that all may translate into anti-inflammatory properties in different pathological situations (Cabrera-Fuentes et al., 2015b; Kleinert et al., 2016; Zernecke and Preissner, 2016; Ma et al., 2017; Stieger et al., 2017; Table 1).


TABLE 1. ExRNA-counteracting properties of RNase1 as studied in vitro and in preclinical disease models.

[image: Table 1]Different stimulatory agonists or conditions such as pro-inflammatory or pro-thrombotic agents, exRNA itself, vasopressin as well as ischemic conditioning may induce the short-term release of RNase1 from its endothelial storage sites, the Weibel–Palade granules. Consequently, the exRNA/RNase1 system can be considered as an integral regulatory part of vascular homeostasis, vessel wall integrity, and the innate immune response, including the recruitment of leukocytes (Fischer et al., 2011; Zernecke and Preissner, 2016; Lomax et al., 2017). Under inflammatory conditions, however, such as long-term stimulation by thrombin or TNF-α, the expression and protein synthesis of the protective RNase1 in endothelial cells was found to be repressed as a result of epigenetic mechanisms (Gansler et al., 2014; Bedenbender et al., 2019). The inhibitory and protective effects of RNase1 are most likely due to the degradation and the elimination of damaging exRNA species; whether the hydrolysis products of exRNA, such as (oligo-) nucleotides or nucleosides (as vaso- or neuro-active compounds) that are generated, may contribute to the overall protective function of RNase1 in the body remains to be investigated. Studies of plasma from RNase1-deficient mice demonstrated that its pro-coagulant status was much higher than the plasma of wild-type mice, which confirmed that one of the physiological functions of RNase1 is to degrade exRNA in blood plasma and to serve potent anticoagulant functions (Kannemeier et al., 2007; Garnett et al., 2019). RNase1 is furthermore involved in immune responses by inducing phenotypic and functional maturation of dendritic cells and viral defense mechanisms, e.g., in the inactivation of HIV (Lee-Huang et al., 1999; Yang et al., 2004).

Based on the different exRNA/inflammation-driven preclinical pathological situations discussed above, in a rat model of cerebral stroke initiated by Sinus sagittalis thrombosis, the edema formation and infarct size were significantly reduced after pretreating the animals with RNase1 but not with DNase, confirming the permeability-increasing activity of exRNA in vivo (Fischer et al., 2007). Likewise, in a preclinical mouse model of myocardial infarction (ligation of the left anterior descending coronary artery), increased levels of exRNA were found to provoke myocardial edema formation 24 h after ligation as compared with controls. Consequently, the systemic application of RNase1 (but not DNase) markedly increased the area of vital myocardium (Stieger et al., 2017). Thus, RNase1 efficiently counteracts exRNA-induced edema formation and preserves perfusion of the infarction border zone, resulting in a reduction of infarct size and the protection of cardiac function after myocardial infarction. Finally, successful translational approaches are underway to target the adverse functions of extracellular nucleic acids in patients by using nucleic-acid binding polymers such as poly-amidoamine dendrimers as novel anti-inflammatory and anti-thrombotic drugs (Lee et al., 2011; Holl et al., 2013; Naqvi et al., 2018). Together, these approaches underline the utmost importance of further defining and understanding the (patho-) physiological role of exRNA in immune defense.



PERSPECTIVES AND HYPOTHESES: POSSIBLE CONTRIBUTIONS OF EXRNA IN SPREADING CARDIOPULMONARY AND VASCULAR DISEASES IN ASSOCIATION WITH COVID-19

At present, a detailed characterization of the interactions of exRNA with viruses in general and with severe acute respiratory syndrome-related coronavirus 2 (SARS-CoV-2) in particular is pending; however, as alluded to in the topics discussed here, self-exRNA may serve a prominent role in promoting and disseminating a viral infection and its subsequent adverse side effects in the human host (Figure 5). This hypothesis is based on the fact that virus infections in particular are known to damage and destroy host cells with the liberation of a number of DAMPs and that cardiovascular diseases appear to be serious adverse effects of coronavirus infections. In fact, HMGB1 or NETs could serve as potential targets for therapies in coronavirus disease (COVID-19) (Andersson et al., 2020; Cicco et al., 2020).
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FIGURE 5. Hypothetical contribution of exRNA to virus infection and subsequent cardiovascular disease. Upon infection of the tissue (vascular endothelium) by (SARS-CoV-2) virus, DAMPS including exRNA are released from tissue cells (Tisoncik et al., 2012; Castanheira and Kubes, 2019). Virus particles activate tissue and immune cells of the host to release inflammatory mediators, including exRNA, which in turn can induce vascular hyper-permeability in a VEGF-receptor-2-neuropilin-1 (NRP1)-dependent manner (Van Kaer et al., 2013). This allows virus particles to further invade particular tissue sites to disseminate their infection potential, including the liberation of cytokines (Kolaczkowska and Kubes, 2013; Zindel and Kubes, 2020). A major docking site for SARS-Cov-2 is the endothelial cell-associated metalloproteinase ACE2, whose processing, carried out by ADAM17, could be triggered by exRNA to allow virus entry (Bianchi, 2007; Andersson and Tracey, 2011). Together, these mostly hypothetical exRNA-mediated processes not only could provoke a robust cytokine release, associated with hyper-inflammation and cardiovascular disease. In addition, exRNA as a pro-thrombotic cofactor can further induce the intrinsic pathway of blood coagulation, resulting in the thrombotic phenotype of COVID-19 patients. As a general antagonist or potential therapeutic agent, RNase1 may inhibit or prevent the multiple actions of the damaging exRNA, associated with viral infections and their adverse side effects. For details please see text.


Severe acute respiratory syndrome-related coronavirus 2 is a positive-sense, single-stranded enveloped RNA virus responsible for the ongoing COVID-19 that initially appeared in China in 2019 (Perlman and Netland, 2009; Huang et al., 2020; Ren et al., 2020; Zhu et al., 2020). Several types of coronaviruses with a zoonotic potential have been described to infect humans and animals. While those viruses mainly infecting the upper respiratory tract cause only minor symptoms, the coronaviruses infecting the lower respiratory tract (with SARS-CoV-2 and MERS-CoV among them) can also provoke fatal pathological side effects associated with cardiovascular diseases, with an estimated mortality rate between 3 (SARS-CoV-2) and 35% (MERS) (Labò et al., 2020; Tay et al., 2020). The case fatality for COVID-19 caused by SARS-CoV2 has been variably estimated between <1 and 15% (Rajgor et al., 2020). ARDS, sepsis, and multi-organ failure involving the kidney and heart were described as causes of mortality in the majority of severe SARS-CoV-2 infections (Chen et al., 2020; Goh et al., 2020; Wu and McGoogan, 2020). Accordingly, it is of major interest to understand the fundamental molecular and immunological mechanisms of SARS-CoV-2-caused pathologies, and identifying effective drugs for treating patients and combating viral infection will be critical.

To initiate a viral infection with SARS-CoV-2, the protein spike subunit S12 is recognized by several host cell-surface receptors, the prominent one being angiotensin-converting enzyme 2 (ACE2), which triggers the endocytosis of the virus (Tay et al., 2020). To facilitate host cell entry, the virus engages the cellular transmembrane protease serine 2 (TMPRSS2), which processes the viral spike protein, a prerequisite for coronavirus entry (Hoffmann et al., 2020). TMPRSS2 is also able to cleave ACE2 and thereby competes with the sheddase TACE: While TACE-induced proteolysis is associated with the release of TNF-α, only TMPRSS2-mediated shedding appears to augment the amplification of viral entry upon SARS-CoV-2 infection (Haga et al., 2008; Heurich et al., 2014). Here, it would be relevant to analyze the influence of exRNA on these proteolytic processing events, since we have proposed that there is a direct effect of exRNA on triggering TACE to augment substrate cleavage (Fischer et al., 2013). Moreover, exRNA was shown to directly affect the (auto-)activation of proteases in blood plasma such as contact phase enzymogens or factor VII-activating protease (Nakazawa et al., 2005; Fischer et al., 2013).

Recent data indicated that neuropilin-1 significantly potentiates SARS-Cov-2 infectivity, implying a particular role in viral pathogenicity for this co-receptor of VEGF-receptor-2 (Cantuti-Castelvetri et al., 2020; Moutal et al., 2020). Based on the expression of neuropilin-1 in endothelial and epithelial cells of the olfactory and respiratory system, its upregulation in SARS-CoV-2-infected blood vessels of COVID-19 patients was associated with vascular endothelialitis, angiogenesis, and thrombosis (Ackermann et al., 2020). Considering the previously described relations of exRNA to these components in provoking vascular permeability, angiogenesis, and inflammatory reactions, it is fair to propose an influence of exRNA on the VEGF-receptor-2/neuropilin-1 system in the context of virus infection, thereby enhancing the leakiness of blood vessels and promoting dissemination of virus and its penetration into tissues (Figure 5).

Cellular infections by cytopathic viruses such as SARS-Cov-2 cause cell damage and pyroptosis, a highly inflammatory form of cell death, which results in release of DAMPs such as cellular nucleic acids, including self-exRNA (Tay et al., 2020). These inflammatory agonists are recognized by neighboring tissue and immune cells to trigger the release of pro-inflammatory cytokines and chemokines, including IL-6, IFN-γ, and MCP-1 as described (Tay et al., 2020). In this context, exRNA as well could amplify this response, also by attracting leukocytes and other immune cells in a VEGF-receptor-2-dependent manner, as demonstrated in several preclinical studies (Fischer et al., 2012; Kluever et al., 2019; Lasch et al., 2019). In the ultimate phase of inflammation under physiological conditions, the attracted neutrophils and macrophages need to clear the site of infection/inflammation by phagocytosis and induce the final inflammatory step of resolution and recovery. In patients with severe COVID-19, however, a dysfunctional immune response results in further mobilization of immune cells causing an amplification of the cytokine storm with fatal consequences not only for the lung but also for other organs (Huang et al., 2020; Sariol and Perlman, 2020). Based on the observed cell damage under these pathological conditions, it might be speculated whether exRNA is involved in this self-amplifying cytokine storm and whether administration of RNase1 might help to suppress this fatal scenario (Figure 5).

There might be another, yet undefined connection between exRNA and the systemic cytokine storm, hemorrhage, and sepsis that are the major causes of death in COVID-19 patients. This potential connection is based on the role of “cold-inducible-RNA binding protein” (CIRP) and its relevance for community-acquired pneumonia, whose severity is related to microbial pathogenicity and virus load (Guo et al., 2020). As a typical DAMP, nuclear CIRP is liberated by macrophages and other cells upon stress and promotes inflammatory responses (cytokine release) via the TLR4-myeloid differentiation factor 2 complex, also causing endothelial dysfunction (Qiang et al., 2013; Figure 1). The blockade of CIRP using antisera to CIRP has been shown to attenuate inflammatory cytokine release and mortality after hemorrhage and sepsis. CIRP was also documented to induce NET formation, which causes tissue damage in lungs during sepsis, whereas for COVID-19 patients it was noted that organ dysfunction was due to vascular occlusion by NETs (Ode et al., 2019; Leppkes et al., 2020). Interestingly, injection of CIRP into mice caused vascular leakage, edema formation, and leukocyte infiltration with cytokine production in the lungs that was accompanied by endothelial cell activation and pyroptosis (Yang et al., 2016). Altogether, these observations are reminiscent of the multiple functions of exRNA as a DAMP and damaging factor, as summarized in this review, suggesting that CIRP and exRNA might work together and amplify each other as potent inflammatory companions, as was demonstrated for TLR2-ligands and exRNA (Noll et al., 2017). In fact, complexes of DAMPs such as HMGB1 or CIRP with exRNA could drastically enhance the stimulatory function of each factor, e.g., to induce TNF-α expression and release in macrophages (Andersson et al., 2020). Moreover, treatment of mice suffering from septic cardiomyopathy with RNase1 resulted in a reduction of cardiac apoptosis, TNF-α expression, cardiac injury, and dysfunction (Zechendorf et al., 2020). Together, these data demonstrate that exRNA could play a crucial role in the patho-physiology of organ dysfunction in sepsis, a very critical situation in COVID-19 patients.

The observed vascular damage in SARS-CoV-2 infections is related to virus-mediated endothelial cell injury that exacerbates endothelial dysfunction, as it is known from aging, hypertension, and obesity, and which is likely to be associated with the complications and mortality observed in COVID-19 patients (Amraei and Rahimi, 2020). Endothelial dysfunction in COVID-19 is linked to hypercoagulability as indicated by increased fibrinogen and von Willebrand factor levels as well as elevated numbers of activated platelets and their complexes with leukocytes together with abnormal coagulation parameters (Spiezia et al., 2020; Tang et al., 2020b). Whether exRNA and other procoagulant DAMPs such as NETs might directly or indirectly worsen this thrombogenic situation in COVID-19 patients remains to be confirmed (Thierry and Roch, 2020). In order to tackle a given thrombotic risk situation, anticoagulants such as heparin have been successfully administered as versatile drugs to treat COVID-19 patients to reduce their mortality rate (Tang et al., 2020a; Thachil, 2020). The high affinity of different types of heparin for the SARS-CoV-2 spike protein appears to be relevant for these poly-anions to interfere with the mechanism of virus entry into host cells (Kwon et al., 2020). Although heparin and exRNA are known to compete in binding to several cytokines and growth factors that contain basic heparin binding sites, data showing competition between exRNA and virus proteins are not available (Fischer et al., 2007). Taking these findings together, one can speculate that elimination of exRNA as an endogenous prothrombotic cofactor by RNase1 might help to reduce the adverse thrombotic complications in COVID-19 patients.

Finally, the involvement of vascular components like ACE2 as the SARS-CoV-2 entry site of host cells has a profound influence on the homeostasis of blood pressure regulation via the renin-angiotensin-aldosterone system. Not only does virus docking to ACE2 cause its masking and downregulation, but there is also a concurrent loss of protease activity to generate angiotensin (Bianchi, 2007; Andersson and Tracey, 2011; Tisoncik et al., 2012; Kolaczkowska and Kubes, 2013; Van Kaer et al., 2013; Castanheira and Kubes, 2019; Zindel and Kubes, 2020) from angiotensin II (Amraei and Rahimi, 2020). This leads to a substantial drop in the intrinsic control of the hypertensive arm of the system, resulting in cardiovascular complications in COVID-19 patients. Moreover, ACE2 is expressed in endothelial cells of capillaries, arterioles, arteries, and veins in many organs of the body, and ACE2 knockdown in mice was found to be associated with increased expression of inflammatory cytokines, metalloproteinases, and endothelial adhesion receptors, all molecules that are relevant for leukocyte recruitment (Hamming et al., 2004; Thomas et al., 2010). This would indicate that a reduction or loss of ACE2 under conditions of SARS-CoV-2 infection might lead to an accentuation of vascular inflammation and even atherosclerosis. However, in retrospective studies no higher risk of infection in patients with ACE inhibitors was found (Chung et al., 2020). Whether these critical situations can be counteracted in COVID-19 patients by intervention with RNase1 as described above remains to be investigated. Nevertheless, at different steps and the respective host responses during a SARS-CoV-2 infection, there are several scenarios where exRNA appears to be involved or serves as a virulence factor, and the antagonistic role of RNase1 may provide general anti-viral and tissue-protective functions. Further research activities are needed to prove this hypothesis.
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The ability of phagosomes to halt microbial growth is intimately linked to their ability to acidify their luminal pH. Establishment and maintenance of an acidic lumen requires precise co-ordination of H+ pumping and counter-ion permeation to offset the countervailing H+ leakage. Despite the best efforts of professional phagocytes, however, a number of specialized pathogens survive and even replicate inside phagosomes. In such instances, pathogens target the pH-regulatory machinery of the host cell in an effort to survive inside or escape from phagosomes. This review aims to describe how phagosomal pH is regulated during phagocytosis, why it varies in different types of professional phagocytes and the strategies developed by prototypical intracellular pathogens to manipulate phagosomal pH to survive, replicate, and eventually escape from the phagocyte.
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INTRODUCTION TO PHAGOCYTOSIS

Innate immune cells such as macrophages, neutrophils and dendritic cells (DC) carry out an astounding variety of functions, ranging from killing invading pathogens to cytokine production, antigen presentation, and tissue homeostasis. Phagocytosis, an essential response of these cells –collectively termed professional phagocytes– is an elegant and complex process involving the recognition, engulfment, and degradation of foreign or dead material, which has unquestionable importance in innate immunity. Phagocytes are endowed with an assortment of receptors that initiate the internalization of diverse target particles. Some phagocytic receptors recognize endogenous patterns on the surface of the foreign target, while others identify their prey indirectly by interacting with opsonins (serum components) bound to the target’s surface (Flannagan et al., 2012). Independently of the receptors and ligands involved, their interaction spawns an intricate intracellular signaling system culminating in the protrusion of the plasma membrane around the target, leading to its complete envelopment and internalization (Niedergang and Grinstein, 2018). After internalization, phagosomes acquire microbicidal and degradative capacity by a graded process called phagosome maturation. The nascent phagosome sequentially fuses with early endosomes, late endosomes, and ultimately, lysosomes, leading to the accrual of vacuolar proton (H+)-pumping ATPases (V-ATPases), NADPH oxidase, and a variety of microbicidal peptides and degradative enzymes (Flannagan et al., 2012). Regulation of the phagosomal pH is of importance for most phagosomal functions. V-ATPases –that are normally enriched in late endosomes and lysosomes– are gradually acquired by phagosomes during the course of their maturation and are the source of their luminal acidification; they utilize energy derived from ATP hydrolysis to pump cytosolic H+ into the phagosome lumen. Regulation of the phagosomal pH is, however, an intricate process, also depending on the permeability to counter-ions and the “leak” of H+ equivalents. Why these events are of high importance, how they are strictly regulated, and how pathogens share strategies to subvert phagosomal pH are further discussed in this review.



WHY IS THERE A NEED FOR PHAGOSOMAL pH REGULATION?

Phagosomal acidification is a hallmark of phagosome maturation, and the progressive luminal acidification results from the gradual increase of active V-ATPases. Various key functions of professional phagocytes require phagosomal acidification. For example, phagocytic receptors, including Fcγ receptors, integrins, and C-type lectin receptors such as dectin-1, are initially internalized along with the prey but need to be recycled to the cell surface. pH alters the affinity of the interaction between the phagocytic receptors and their ligands. The intraphagosomal acidification enables the dissociation and recycling of phagocytic receptors back to the plasmalemma (Buckley et al., 2016).

Perhaps more apparent is the role of phagosomal acidification in facilitating the microbicidal response. Low pH is critical for the converting of zymogens, such as nucleases, lipases, and proteases, to their active, degradative form. For example, cathepsin B is delivered to immature phagosomes as pro-cathepsin B. Progression to the more acidic mature phagosome (or phagolysosome) is accompanied by a conformational change of the pro-cathepsin B followed by its autoactivation and cleavage, yielding the mature enzyme (Pungercar et al., 2009). Additionally, the NADPH oxidase requires H+ to generate hydrogen peroxide (H2O2), an important microbicidal reactive oxygen species (ROS), inside the phagosome (Figure 1). Superoxide anions (O2–), the primary product of the NADPH oxidase, are spontaneously dismutated into H2O2 in an acidic environment, consuming luminal H+ (Nauseef, 2019; Figure 1). Along with chloride (Cl–), H+ are also required for the generation of hypochlorous acid (HOCl) from H2O2 by phagosomal myeloperoxidase (MPO) (Figure 1). HOCl is yet another powerful antimicrobial agent, and similar to H+, a deficient supply of this anion in phagosomes is linked to defects in innate immunity (Wang, 2016).
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FIGURE 1. Regulation of phagosomal pH in phagocytes. V-ATPases hydrolyze ATP to pump 3H+ into the phagosome. As the V-ATPase is electrogenic, its continued operation is dependent on parallel counter-ion influxes. These can be provided by rheogenic anion antiporters like ClC-7 and ClC-3 and/or through cation efflux via channels such as TPC2 and TRPML1. Conversion of PI(3)P into PI(3,5)P2 by PIKfyve regulates TRPML1, TCP-2 and possibly also the V-ATPase itself. A number of pathways promote the “leakage” of H+ out of phagosomes. These include monovalent and divalent cation/H+ antiporters (NHE and CHE) or symporters (NRAMP1), Hv1 H+-selective channels and amino acid-H+ cotransporters of the SLC family. In addition, H+ is consumed during antimicrobial activities by products of the NADPH oxidase to produce hydroxyl radicals, HOCl, and H2O2. Low luminal pH is required for the autoactivation of various phagosomal proteases and for protonation of microbicidal effectors.


Phagocytes can also exert microbiostatic or microbicidal effects by limiting the macro- and micro-nutrients available to the ingested pathogen while inside the phagosome. To limit intraphagosomal microbial replication, the membrane-associated transporter of divalent metal cations natural resistance-associated macrophage protein 1 (NRAMP1, also known as SLC11A1) depletes the phagosome of Fe2+, Mn2+, and Mg2+ (Figure 1). The force driving the efflux of these essential metal ions is the transmembrane H+ gradient generated by the V-ATPase. Attesting to its importance, mutations in NRAMP1 impair the resistance of mice to infections with intracellular pathogens such as Salmonella, Leishmania, and Mycobacterium (Govoni and Gros, 1998), and susceptibility to leprosy is linked to the human NRAMP1 gene (Abel et al., 1998). Luminal H+ are likewise crucial for nutrient absorption after microbial killing. For example, amino acids derived from the degradation of dead microbial or apoptotic cells are transported out of the phagolysosome into the cytosol via H+-coupled solute carrier (SLC) transporters (Figure 1).

Protonation of microbial components in the acidic phagosomal lumen will, in some cases, stimulate acid stress responses of the microorganism, which can either facilitate or impair their ability to survive intracellularly (Guan and Liu, 2020).

Lastly, precise regulation of the phagosomal pH is also required for optimal antigen presentation, an essential reaction linking the innate and acquired immune systems. DCs, the quintessential antigen-presenting cells, must degrade incoming proteins to generate peptides suitable for presentation to lymphoid cells. Unrestrained degradation, however, will yield inappropriately small peptides; thus, an intermediate phagosomal pH is required to prevent excessive proteolysis of antigens prior to loading onto MHC class II glycoproteins.



HOW IS PHAGOSOMAL pH REGULATED?

Phagocytosis can be conceptually divided into two events: phagosome formation and phagosome maturation. Phagosome formation refers to the binding of the target particle followed by the actin-dependent extension of pseudopodia and lamellipodia that are often circular that encircle and ultimately trap the prey in a sealed vacuole, the nascent phagosome (see review (Niedergang and Grinstein, 2018) for how to build a phagosome). Immediately after closure and scission, the nascent phagosome’s luminal pH reflects the extracellular pH, as the bulk fluid inside the lumen originates from the surrounding milieu. As stated earlier, a gradual maturation process ensues, whereby early endosomes, late endosomes, and lysosomes fuse with phagosomes. Phosphoinositides, Rab GTPases, soluble N-ethylmaleimide-sensitive-factor attachment protein receptors (SNAREs) and coat/tubulating proteins dictate maturation by signaling and mediating fusion and fission events at the phagosomal membrane (Fairn and Grinstein, 2012). These events ensure that the phagosomal membrane and luminal contents transition into a degradative and microbicidal structure, while maintaining its size approximately constant. Fusion of the late phagosome with lysosomes is a fundamental event. This is the stage where most of the V-ATPases are acquired, an event accompanied by the profound luminal acidification that reaches pH ≤ 5 (Levin et al., 2016). V-ATPases, are large, multi-subunit complexes that convert chemical energy stored in ATP into mechanically driven H+ translocation (Forgac, 2007). Clearly, the number of V-ATPases inserted into the phagolysosomal membrane will be an important determinant of the rate and extent luminal acidification. However, not all the V-ATPases will be equally active at all times and the factors controlling the rate of pumping need to be considered (Maxson and Grinstein, 2014). Remarkably, little is known about the regulation of mammalian V-ATPases. Their activity is affected by the lipid composition of the lysosomal membrane: sphingolipids are required for optimal ATP hydrolysis, and lack of these sphingolipids results in impaired acidification (Chung et al., 2003). Moreover, the phosphoinositide PtdIns(3,5)P2, which has gotten much attention lately as a regulator of phagosomal ion channels, is suggested to be required for acidification. At least in some systems, absence of PtdIns(3,5)P2 is associated with decreased V-ATPase activity and H+ pumping rate (Li et al., 2014).

Active V-ATPases transport 3H+ per ATP hydrolyzed; the V-ATPases deliver H+ across the membrane unaccompanied by other ions and, as such, are electrogenic. It follows that counter-ion fluxes must occur in parallel to enable measurable changes in pH; in their absence, an electrical potential would be generated that would oppose significant H+ flux. The source of counter-ion fluxes that neutralize the electrogenic H+ flux is uncertain; one promising candidate is the influx of Cl– via channels or rheogenic antiporters (Kornak et al., 2001; Di et al., 2006; Graves et al., 2008). To our knowledge, counter-ion fluxes have not been directly analyzed in phagolysosomes. However, as the phagolysosomal membrane resembles that of lysosomes, it is reasonable to assume that H+ fluxes are similarly regulated. Therefore, extrapolation of the knowledge obtained from lysosomes seems warranted. Some Cl– conductive pathways function as bona fide channels: these include Cl– intracellular channels, cystic fibrosis transmembrane conductance regulator (CFTR), and the volume-regulated anion channel (VRAC or LRRC8) plasmalemmal regulated channels, the presence and operation of which in lysosomes is still debated. Others, originally thought to be conductive channels, were subsequently found to operate as antiporters: members of the Cl– channel (ClC) family mediate the uptake of 2 Cl– ions in exchange for a luminal H+. The resulting charge imbalance renders these antiporters rheogenic, effectuating the net uptake of one negative charge when operating in their “normal” forward direction. Some members of the ClC family, namely, ClC-4, ClC-5, and ClC-6 are found in early compartments of the endosomal pathway, whereas ClC-3 is found in early/late endosomes, and ClC-7 predominantly localizes to lysosomes (Kornak et al., 2001; Wang, 2016), and therefore most likely also to phagolysosomes. At first glance, operation of ClC-7 as a 2Cl–/H+ antiport would appear counterproductive, as it tends to decrease the accumulation of luminal H+ that is the objective of the V-ATPases. However, it should be borne in mind that exchange of 2 cytosolic Cl– for one luminal H+ results in the net intraphagosomal gain of 3 negative charge equivalents, and that V-ATPases translocate 3H+ per functional cycle. Thus, sacrificing the loss of one H+ to enable the neutralization of the two net H+ gained appears justified.

The role of ClC-7 in establishing the acidification of lysosomes (and presumably, by extension, of phagolysosomes) can best be established by knocking out the antiporters. This seemingly definitive and straightforward approach, however, has yielded contradictory results, with some authors reporting impairment of lysosomal acidification (Graves et al., 2008), while others found no significant effect (Steinberg et al., 2010; Weinert et al., 2010). It is clear, nevertheless, that the antiporter is required for the function of lysosomes in at least some specialized settings since mice deficient in ClC-7 display severe osteopetrosis and retinal degeneration presumably associated with improper endolysosomal acidification (Kornak et al., 2001). It is nevertheless puzzling that ClC-7 knockout mice show neurodegeneration and severe lysosomal storage disease without elevated lysosomal pH (Kasper et al., 2005).

Redundancy with other anion transporters could explain the apparent discrepancies reported in ClC-7-deficient animals. ClC-3 also functions as a late endo(lyso)somal 2Cl–/H+ exchanger. However, due to the strong voltage-dependence of ClC-3, luminal positive voltage or acidic phagosomal pH could shift the exchange mode to a conductive Cl– channel (Matsuda et al., 2010; Stauber et al., 2012). On the other hand, an alternative –but not mutually exclusive– mechanism could counteract the V-ATPase’s electrogenic nature. Specifically, it has been suggested that an efflux of luminal cations (as opposed to the influx of anions) may serve to neutralize the electrogenicity of H+ pumping via the V-ATPase. Steinberg et al. (2010) investigated the role of both anion influx and cation efflux from lysosomes, assessing their individual contribution to luminal acidification. In their study, replacement of cytosolic Cl– with impermeant anions did not significantly alter the rate of V-ATPase pumping. These authors found that lysosomes acidified similarly in CFTR- and ClC-7-deficient cells. Instead, they demonstrated that lysosomes required Na+ and K+ efflux for proper luminal acidification (Steinberg et al., 2010). A similar efflux of Na+ and K+ could support (phago)lysosomal acidification.

Besides Na+ and K+, (phago)lysosomes also store Ca2+ (Westman et al., 2019). Lysosomes are thought to accumulate Ca2+, at least in part, via Ca2+/H+ exchange; accordingly, V-ATPase inhibition using well-established pharmacological agents impairs Ca2+ loading. The Ca2+ accumulated by this ostensibly electroneutral exchange (two H+ are thought to exchange for each Ca2+) could in principle be released via conductive pathways, serving as a counter-ion. Lysosomal Ca2+ is predominantly released via TRPML1 and, to some extent, via two-pore channels (TPC) (Jin et al., 2020). Though not widely acknowledged in the literature, TPCs are considerably more permeable to Na+ than Ca2+ (Morgan and Galione, 2014; Guo et al., 2017). As such, these channels could provide the route for the efflux of monovalent cationic counter-ions needed to neutralize the electrogenic H+ pumping. Consistent with this notion, studies of lysosomal pH in macrophages from mice lacking TPC-1 and TPC-2 show that lysosomes exhibited elevated lysosomal pH under starvation (Cang et al., 2013).

Other divalent cations, including Zn2+, Cu2+ and Fe2+ are also transported across endosomes and lysosomes by carriers coupled to the H+ gradient, including the above mentioned NRAMP1 and also NRAMP2. While there has been some discrepancy regarding the mode of NRAMP coupling (i.e., co- vs. counter-transport), it is nevertheless clear that these transporters are essential for heavy metal homeostasis and for proper host responsiveness to pathogens (Forbes and Gros, 2001). In contrast, it is clear that the endomembrane Zn2+ transporters (ZnT) of the SLC30 family function as H+ antiporters (Baltaci and Yuce, 2018).

The concomitant efflux (“leak”) of H+ from (phago)lysosomes is another important determinant of their steady state pH. Multiple pathways contribute to the leak and some are probably unsuspected at present. Known pathways include the ClC-7 (2Cl–/H+), ClC-3 (2Cl–/H+), and CHE (Ca2+/2H+) antiporters mentioned above, as well as monovalent cation NHE (Na+ and or K+/H+) antiporters, H+-conductive channels such as the voltage-gated Hv1 (El Chemaly et al., 2014), and H+-coupled amino acid symporters. How active each of these systems is and how much they contribute to the regulation of pH is not at all clear, although they are collectively active at steady state. This is readily demonstrated by the alkalinization initiated immediately after inhibition of the V-ATPases by specific blockers like concanamycin or bafilomycin.

The acidifying effects of the V-ATPase are offset by H+ leakage, but also by H+ (equivalent) consumption by metabolic reactions occurring in the organellar lumen. Especially in neutrophils, which produce large amounts of ROS, H+ are consumed inside phagosomes in the course of O2– dismutation and during the generation of H2O2 and HOCl. Hydrolytic reactions involved in cargo degradation are similarly likely to involve H+ consumption (Figure 1).

Lastly, it is worth mentioning that the lysosomal pH will inevitably be affected by changes in the pH of the surrounding cytosol. In this regard, it was recently reported that phagosomal acidification is dependent on the activity of the plasma membrane bicarbonate transporter SLC4A7, which determines the cytosolic pH. Knockout of SLC4A7 leads to cytosolic acidification and an associated impairment in phagosomal maturation, v-ATPase function, and acquisition of the NADPH oxidase (Sedlyarov et al., 2018).



HOW DO PROFESSIONAL PHAGOCYTES AND THEIR PHAGOSOMES DIFFER IN pH REGULATION?

Macrophages, DCs and neutrophils all internalize pathogens, apoptotic and necrotic debris with varying efficiency and for different purposes (Flannagan et al., 2012; Westman et al., 2020a). Depending on their localization and on environmental stimuli, phagocytes respond by undergoing cell polarization into distinct functional phenotypes. For macrophages these phenotypes can be divided into classically activated (M1-like) macrophages and alternatively activated (M2-like) macrophages. Naturally, macrophage polarization affects the properties of their phagosomes. M1-like macrophages (classically activated by LPS + IFNγ) are associated with engulfment and killing of pathogens, while M2-like macrophages (alternatively activated by IL-4) prioritize efferocytosis. The buffering capacity and H+ leakage permeability remain relatively unaltered between the two subtypes, which, however, show drastic changes in V-ATPase-dependent H+ pumping (Canton et al., 2014). In M1-like macrophages, the elimination of pathogens via NADPH oxidase activity is given priority at the expense of delayed acidification. Accordingly, M1-like macrophages show alkaline oscillations caused by H+ consumption upon O2– dismutation, and the ROS generated delay the acquisition of V-ATPases. In contrast, M2-like macrophages, have reduced NADPH oxidase activity, rapidly acidify to clear apoptotic and necrotic debris.

Phagosomes formed by neutrophils are less acidic than those of macrophages and DCs (Nordenfelt and Tapper, 2011). Similar to phagosomes of M1-like polarized macrophages, neutrophil phagosomes are more alkaline for various reasons, all related to phagosomal ROS generation. Firstly, ROS production increases the permeability of the phagosomes, leading to increased H+ leak. Secondly, as in M1-like macrophages, O2– dismutation associated with the robust NADPH oxidase activity consumes the majority of phagosomal H+. As the lumen remains neutral or even slightly alkaline, H+ enter the phagosome via voltage-gated Hv1 channels to facilitate the continuous production of high amounts of ROS. Lastly, H2O2 has been shown to impair V-ATPase recruitment to the neutrophil phagosome, further excluding it from the phagosome, which consequently decreases H+ influx (Jankowski et al., 2002; El Chemaly et al., 2014).

Phagocytosis plays a significantly different role in DCs compared to macrophages and neutrophils. Their primary role as professional antigen-presenting cells is to alert the immune system of the ongoing infection, rather than clearing the invading microorganisms. How DCs process antigenic epitopes directly affects the efficiency of their presentation to T cells (Delamarre et al., 2005). DCs sample the extracellular environment, engulf protein- and lipid-containing material, and process and present antigens to lymphocytes, which is essential for their differentiation, clonal expansion, and antibody production. In comparison to macrophages, the phagosomes of DCs acidify to a lower extent. Accordingly, phagosomes of DCs acquire lower amounts of the V-ATPase, and luminal H+ are continuously consumed by products of the NADPH oxidase. Moreover, the oxidase tightly regulates the level of proteolysis in the phagosomes of DCs. The consequence of the intermediate phagosomal pH and decreased protease activity is a more moderate digestion of epitopes, required for processing and presentation of microbial antigens (Mantegazza et al., 2008).

Monocytes circulating in the bloodstream supply peripheral tissues with monocyte-derived macrophages and DCs. Besides participating in the clearance of circulating platelets, monocytes can also internalize pathogens, a phenomenon that might play a protective role during disseminated bacterial infection and sepsis. Accordingly, certain monocytic populations increase their phagocytic activity during early stages of sepsis (Döring et al., 2015). Yet, remarkably little is known about how monocytes establish and regulate their phagosomal pH (Döring et al., 2015).

Cells other than mammalian innate immune cells can also ingest foreign particles. A well-studied example is Dictyostelium discoideum, a soil-dwelling ameba which feeds on bacteria (Dunn et al., 2018). Indeed, several important findings of phagocyte behavior have been unveiled studying D. discoideum, which has been used as a model system because many of its genes are homologous to human genes. As in mammalian phagocytes, the D. discoideum phagosome creates an antimicrobial environment via V-ATPase-dependent acidification, delivery of hydrolytic enzymes, generation of ROS, and regulation of metal ions fluxes (Dunn et al., 2018). The D. discoideum phagosome acidifies within 10–30 min by fusing with endo-lysosomes, that deliver V-ATPases (Clarke et al., 2002). Lysosomes of D. discoideum have been reported to acidify to ≤pH 3.5 (Marchetti et al., 2009) and it has therefore been suggested that their phagosomes could reach a comparable level of acidity. However, others report that D. discoideum phagosomes reach pH ≈5.0 (Rupper et al., 2001a,b; Sattler et al., 2013), similar to that of mammalian phagosomes. Following processing of their contents, D. discoideum phagosomes give rise to a post-lysosomal structure containing non-digestible bacterial remnants. Of note, this post-lysosome has a neutral pH as the V-ATPases, together with lysosomal enzymes, are removed for reuse by a mechanism involving the WASH complex (Carnell et al., 2011). The luminal contents of such post-lysosomes are expelled from the cells by exocytosis.



HOW DO PATHOGENS HIJACK PHAGOSOMAL pH?

Even though phagocytes are efficient in killing most pathogens (Figure 2A), several species can survive and adapt after phagocytic uptake. Mechanisms for survival differ, but many unrelated pathogens focus their efforts on preventing phagosomal acidification. Some pathogens prevent the V-ATPase-dependent H+ accumulation by interfering with the endolysosomal fusion machinery (Figure 2B); others escape the phagosome. Inhibition of lysosomal fusion is a strategy shared by several distantly related bacteria including Mycobacterium spp. and Salmonella spp. (Buchmeier and Heffron, 1991; Russell, 2001). M. tuberculosis (Mtb) can arrest lysosomal insertion into phagosomes (at least partially) by producing the phosphatases SapM and MptpB. These target different phosphatidylinositol derivates that signal and direct phagosomal maturation (Walpole et al., 2018). Moreover, Mtb secretes the glycolipids phosphatidylinositol mannosides (PIM) and lipoarabinomannan (ManLAM), which redirect lipid-mediated trafficking by acting as decoys of mammalian lipids (Chua et al., 2004; Mishra et al., 2011). Mtb was also reported to regulate phagosomal acidification by interfering with the retention of the V-ATPases at the phagosomal surface (Wong et al., 2011). S. enterica employs a type III secretion system (TTSS) to inject bacterial effectors, including SopB, into the cytosol. Although the enzymatic activity of SopB is still under debate, it is clearly involved in the impairment of the maturation of the Salmonella-containing phagosome (Norris et al., 1998; Hernandez et al., 2004; Mallo et al., 2008). Shigella flexneri similarly inserts effectors into its host cells using a TTSS. One of its main effectors, IpgD, is a homolog of S. enterica SopB and similarly dephosphorylates plasmalemmal and phagosomal phosphoinositides (Niebuhr et al., 2002).
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FIGURE 2. Strategies employed by pathogens to subvert or adapt to the acidic phagosomal pH. (A) Phagosome maturation leads to luminal acidification and subsequent killing of the internalized prey. (B) Mycobacteria and Salmonella enterica arrest phagosome maturation by impairing endo-lysosome insertion into the maturing phagosome. (C) Legionella pneumophila secretes into the host cytosol the effector sidK that binds and inhibits H+ pumping by the V-ATPase, leading to impaired acidification. (D) Listeria monocytogenes secretes the pore-forming toxin listeriolysin O and phospholipases, leading to a rupture of the phagosomal membrane. (E) Candida albicans survives and grows as filaments inside the acidic phagosome. The C. albicans-containing phagosome expands and remains acidic for hours before permanent rupture causes H+ leakage.


Some pathogens survive in phagosomes by directly targeting the V-ATPase. Legionella pneumophilia, the causative agent of Legionnaires’ Disease, allows phagosomes to mature but not acidify. The bacterium produces several effectors to create a niche supportive of its replication. Amongst these is sidK, which Legionella secretes into the cytosol where it directly binds to the V-ATPase, inhibiting its function (Zhao et al., 2017; Figure 2C). Listeria monocytogenes escape phagosomes by secreting listeriolysin O and phospholipases (Smith et al., 1995; Nguyen et al., 2019; Figure 2D). Other intraphagosomal pathogens, such as H. pylori, Mtb, and Candida albicans have been reported to produce and secrete NH3, which in principle can bind to and buffer phagolysosomal H+, leading to phagosomal alkalinization (Schwartz and Allen, 2006; Song et al., 2011; Vylkova and Lorenz, 2014). Similarly, Mtb was proposed to release an antacid compound in an attempt to neutralize acidic phagosomes (Buter et al., 2019). However, the C. albicans-containing phagosome was recently shown to be permeable to NH3. Instead, it was demonstrated that C. albicans yeast convert into filaments that grow inside acidic phagosomes and that phagosomal alkalinization resulted from phagosomal H+ leakage caused by the associated mechanical strain (Westman et al., 2018). Whether the NH3-mediated buffering hypothesis applies in the cases of H. pylori and Mtb remains to be confirmed.

Other pathogens transcriptionally adapt to survive and grow within the microbicidal and nutrient-deprived environment of the phagosome. C. albicans, Staphylococcus aureus, and Coxiella burnetti all adapt to the microbicidal phagosome. Instead of interfering with phagosomal pH, these unrelated microorganisms use a convergent strategy, adapting metabolically to the nutrient-deprived environment inside acidic phagolysosomes (Lorenz et al., 2004; Voth and Heinzen, 2007; Flannagan et al., 2016). Like innate immune cells, engulfed microbes depend on amino acid/H+ symporters for nutrient acquisition and therefore require an inward H+ gradient. Most bacteria can pump excess H+ out of their cytoplasm to maintain pH homeostasis (Guan and Liu, 2020), and many manage to grow and even replicate within phagosomes. However, their intraphagosomal growth does not necessarily lead to phagosomal escape. In this regard, it was recently demonstrated that when subjected to the mechanical stress imposed by growing microorganisms, phagosomes have means to expand their surface area. This remarkable response is mediated by a secondary wave of lysosome insertion that maintains phagosome integrity and preserves the microbiostatic environment (Westman et al., 2020b; Figure 2E).



CONCLUDING REMARKS AND FUTURE DIRECTIONS

While the ability of phagosomes to acidify has been appreciated for more than a century, since Metchnikoff made his pioneering observations, the underlying determinants and its biological significance remain incompletely understood. The importance of the luminal acidification is highlighted by the convergent strategies developed by diverse pathogens to neutralize or bypass it. They appreciated these subtleties long before researchers did and developed means to manipulate the luminal pH to secure their survival and proliferation.

As should be apparent from this review, our understanding of phagosomal pH regulation and its role in immune function are woefully incomplete. While we have made major progress in understanding some aspects of pH regulation during phagosome maturation, we are just beginning to appreciate the existence and importance of phagosome resolution and know little about pH regulation at this stage. Also, as pathways connecting phagocytosis, microbial survival within phagosomes, and metabolic reprogramming in both host and pathogen are progressively revealed, the role of pH in these processes needs to be evaluated in detail. Indeed, metabolite transport and utilization are both exquisitely pH sensitive events. As such, the establishment and regulation of the luminal pH should remain a central component of future studies of host-pathogen interactions.

Lastly, it is worth emphasizing that past studies on pH regulation have been essentially limited to in vitro and ex vivo studies using isolated cells. We anticipate that advances in intravital imaging will extend these analyses to more complex, physiological settings.
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Myeloid cells, including monocytes/macrophages, primarily rely on glucose and lipid metabolism to provide the energy and metabolites needed for their functions and survival. AMP-activated protein kinase (AMPK, its gene is PRKA for human, Prka for rodent) is a key metabolic sensor that regulates many metabolic pathways. We studied recruitment and viability of Prkaa1-deficient myeloid cells in mice and the phenotype of these mice in the context of cardio-metabolic diseases. We found that the deficiency of Prkaa1 in myeloid cells downregulated genes for glucose and lipid metabolism, compromised glucose and lipid metabolism of macrophages, and suppressed their recruitment to adipose, liver and arterial vessel walls. The viability of macrophages in the above tissues/organs was also decreased. These cellular alterations resulted in decreases in body weight, insulin resistance, and lipid accumulation in liver of mice fed with a high fat diet, and reduced the size of atherosclerotic lesions of mice fed with a Western diet. Our results indicate that AMPKα1/PRKAA1-regulated metabolism supports monocyte recruitment and macrophage viability, contributing to the development of diet-induced metabolic disorders including diabetes and atherosclerosis.

Keywords: AMPKα1/PRKAA1, glycolysis, monocyte recruitment, macrophage viability, metabolic disorders


INTRODUCTION

Metabolic syndrome, including obesity and diabetes as well as their vascular complications such as atherosclerosis, are chronic inflammatory diseases (Ross, 1999; Libby, 2002; Weisberg et al., 2003; Xu et al., 2003; Lumeng and Saltiel, 2011). These diseases are initiated by recruitment of circulating leukocytes, including monocytes, T cells, neutrophils, and NK cells, to the metabolic organs/tissues and vascular walls (Ley et al., 2007; Shi and Pamer, 2011). The infiltrated leukocytes survive in the affected organs/tissues, modulate their activation status and subsequently conquer the progression of these metabolic disorders and their complications. The importance of leukocyte recruitment and activation in the development and progression of these diseases has been demonstrated in various studies in which disease development is suppressed by genetic or pharmacologic blockade of leukocyte recruitment molecules such as selectins, selectin ligands, integrins, ligands for integrins, chemokines and chemokine receptors (Ley et al., 2007; Wu and Ballantyne, 2020). Furthermore, reduction of survival and activation of these infiltrated leukocytes are also able to inhibit these metabolic disorders and their complications (Murray and Wynn, 2011).

The role of cellular metabolism in redirecting the fate of leukocytes and their activities has attracted interest in the field. A large number of studies focused on the metabolic status of leukocytes and its dynamic changes during homeostasis and inflammation and highlighted that the metabolic status of leukocytes can undergo reprogramming in response to environmental stimuli (Webb et al., 2017; Marelli-Berg and Jangani, 2018). Aerobic glycolysis appears to be the most important metabolic pathway in leukocytes to produce ATP rapidly and sufficiently to support leukocyte recruitment and migration. It has been reported that macrophage HIF1α deficiency significantly suppressed migration under hypoxia conditions, and the results suggest that glycolysis sustains macrophage migration into inflamed tissues (Semba et al., 2016). In addition to macrophage migration, it has been demonstrated that macrophages largely depend on glucose supply through glycolysis-induced ATP production in cell spreading and protrusion formation (Venter et al., 2014). However, less is known about the impact of metabolic alterations on leukocyte recruitment and survival in diet-induced metabolic syndrome.

AMPK/PRKA acts as a major cellular energy sensor and a master regulator of metabolic homeostasis, including regulating the signals involved in glucose, lipid and cholesterol metabolism (Hardie and Hawley, 2001; Hardie, 2004). In mammals, AMPK/PRKA exists as a conserved serine/threonine kinase comprised of a catalytic subunit (α) and two regulatory subunits (β and γ). AMPKα1/PRKAA1 is the predominant isoform found in vascular cells and monocytes/macrophages, while AMPKα2/PRKAA2 is the catalytic isoform expressed in the liver, muscle and hypothalamus (Kahn et al., 2005; Fisslthaler and Fleming, 2009; Hardie, 2011). A few groups have extensively studied the role of AMPKα1/PRKAA1 in regulating cardiovascular functions and the development of cardiovascular diseases (Cai et al., 2016; Ding et al., 2017; Wu and Zou, 2020). In most of these studies, the kinase function of AMPKa1/PRKAA1 has been emphasized. AMPKa1/PRKAA1 is a well-characterized molecule for modulating cellular metabolism, including metabolism of glucose and fatty acid oxidation, in metabolic tissue/organs (Garcia and Shaw, 2017; Boudaba et al., 2018; Wu et al., 2018). For cardiovascular cells, we recently examined the role of AMPKa1/PRKAA1/Prkaa1 in glucose metabolism of cultured human endothelial cells and mouse endothelial cells in vivo (Yang et al., 2018); the role of AMPKa1/PRKAA1/Prkaa1 in macrophage metabolism, such as glucose metabolism, has not been studied. Here, we examined glycolysis in Prkaa1-deficient myeloid cells and the effects of this changed metabolism to myeloid cell recruitment and survival, as well as to the development of chronic inflammatory diseases, including diet-induced diabetes and atherosclerosis.



MATERIALS AND METHODS


Mouse Generation and Breeding

Prkaa1-floxed (Prkaa1Lox/Lox, Prkaa1WT) mice were kindly provided by Dr. Benoit Viollet (Institut Cochin, Paris, France). These mice were first crossed with myeloid-specific Cre recombinase-expressing mice (LysmCre/Cre mice, Cat. No. 004718, the Jackson Laboratory, Bar Harbor, ME, United States) to generate Prkaa1Lox/Lox; LysmCre/+ (Prkaa1Δ Mφ) mice, and then these mice were further bred with apolipoprotein E-deficient mice (Apoe–/– mice, Cat. No. 002052, the Jackson Laboratory, Bar Harbor, ME, United States) to generate Apoe–/–/Prkaa1Δ Mφ and Apoe–/–/Prkaa1WT mice. All mice were bred on the C57BL/6J background. In this study, both male and female deficient mice and their littermate controls were used for experiments. Mice were generally maintained on a 12:12-h of light: dark cycle in temperature-controlled cages and had free access to water and diet. All animal experiments were performed in accordance with the National Institutes of Health guidelines and approved by the IACUC (Institutional Animal Care & Use Committee) of Augusta University.



Glucose and Insulin Tolerance Tests

Six-week-old Prkaa1ΔMφ and Prkaa1WT mice were fed a high-fat diet (HFD) (Cat. No. D12492, Research Diet, New Brunswick, NJ, United States) for 12 weeks. For glucose tolerance test (GTT), mice fed with HFD for 10 weeks were fasted for 6 h and administered D-glucose (1 g/kg; Cat. No. G8270, Sigma-Aldrich, St. Louis, MO, United States) by intraperitoneal (IP) injection. Insulin tolerance was assessed after 4 h fast by IP injection of insulin (1 U/kg; Cat. No. HI0219, Lilly, Indianapolis, IN, United States). Blood samples were collected from the tail vein and the blood glucose was measured with a glucometer (OneTouch UltraEasy, Johnson & Johnson, New Brunswick, NJ, United States) at the indicated time after injection.



Evaluation of Energy Homeostasis

The volume of carbon dioxide production (VCO2), volume of oxygen consumption (VO2), energy expenditure, and food and drink intake were monitored individually in Prkaa1ΔMφ and Prkaa1WT mice fed the HFD for 12 weeks with Comprehensive Lab Animal Monitoring System (CLAMS) (Columbus Instruments, Columbus, OH, United States). The ratio of VCO2 to VO2 was calculated for the respiratory exchange ratio (RER). Body composition of fat and lean mass was determined by a nuclear magnetic resonance (NMR) system (MiniSpec LF90II TD-NMR Analyzer, Bruker, Billerica, MA, United States).



Leukocyte Sorting From Adipose Tissue

Epididymal adipose tissue was excised from Prkaa1ΔMφ and Prkaa1WT mice and minced into small pieces, digested with collagenase type I (5 mg/ml, Cat. No. 4194, Worthington, Lakewood, NJ, United States) in DMEM (Cat. No. 11054020, Gibco, Waltham, MA, United States) for 30 min at 37°C with shaking. After centrifugation at 500 g for 5 min, the stromal vascular fraction (SVF) was resuspended in FACS buffer (0.5% FBS in PBS) and passed through a 70-μm cell strainer. The cells were incubated with FcR blocking reagent (Cat. No. 553142, BD Biosciences, San Jose, CA, United States) for 10 min at 4°C, then incubated with 7-AAD (Cat. No. 559925, BD Biosciences, San Jose, CA, United States), PE anti-mouse CD31 (4 μg/ml; Cat. No. 553373, BD Biosciences, San Jose, CA, United States) and APC anti-mouse CD45 (3 μg/ml; Cat. No. 558702, BD Biosciences, San Jose, CA, United States) for 30 min at 4°C. After washing, the cells were sorted using a FACS Caliber. The CD45+CD31–7-AAD– population was collected for RT-PCR analysis.



Atherosclerotic Lesion Analysis

Apoe–/–/Prkaa1ΔMφ and Apoe–/–/Prkaa1WT male and female mice at 7 weeks of age were fed a Western diet (Cat. No. TD88137, ENVIGO, Indianapolis, IN, United States) for 16 weeks. Mice were anesthetized and the blood samples were collected. After that, mouse hearts and aorta were dissected after perfusion with phosphate buffered saline (PBS) (Cat. No. BP665-1, Fisher Scientific, Pittsburgh, PA, United States) and 4% paraformaldehyde (PFA) (Cat. No. sc281692, Santa Cruz Biotechnology, Dallas, TX, United States), respectively. Tissues were then fixed with 4% PFA overnight. For the preparation of aortas, the periadventitial fat and connective tissue were removed, and atherosclerotic lesions on the aortas were stained with 2% Oil Red O (Cat. No. O0625, Sigma-Aldrich, Louis, MO, United States). The size of atherosclerotic lesions was evaluated by a quantification of en face Oil Red O staining with Image-Pro Plus software (Media Cybernetics, Bethesda, MD, United States) in a blinded manner.

For the preparation of aortic sinus, one-third of the heart with aortic root was cut transversally and embedded in optimum cutting temperature (OCT) compound (Cat. No. 23-730-571, Fisher Scientific, Waltham, MA, United States) and further processed to 5-μm-thick frozen sections of aortic sinus for Hematoxylin and Eosin (HE) and Oil Red O staining. The size of necrotic cores and lipid deposition in the aortic sinus were quantified with Image-Pro Plus software in a blinded manner. Nine sections were quantified for each mouse in each group.



Histology

To characterize the necrotic areas in atherosclerotic lesions, HE staining was performed on 5 μm-thick sections of aortic sinus with Hematoxylin (Cat. No. 22050111, Thermo Scientific, Waltham, MA, United States) and Eosin (Cat. No. 22050110, Thermo Scientific, Waltham, MA, United States). For analysis of collagen and fibrosis, Masson trichrome staining was performed on 5 μm-thick sections of aortic sinus with Masson’s Trichrome Stain Kit (Cat. No. KTMTR, American MasterTech, Lodi, CA, United States) according to the manufacturer’s instruction. For Mac-2 immunohistochemistry staining on mouse adipose, sections of adipose were quenched with 3% hydrogen peroxide and blocked with 10% goat serum. Sections were then incubated with anti-Mac-2 (3 μg/ml, Cat. No. ACL8942F, Accurate Chemical & Scientific, Westbury, NY, United States) at 4°C overnight. Biotinylated secondary antibodies were incubated and VECTASTAIN® ABC kit (Cat. No. PK-6100, Vector Labs, Burlingame, CA, United States) were applied according to the manufacturer’s instructions. Necrotic area and collagen content and Mac-2 staining area were quantified with Image-Pro Plus software.



Immunofluorescence Analysis

Frozen sections were fixed with 4% PFA and permeabilized with PBS containing 0.5% Triton X-100. Paraffin sections were heated in citric acid buffer (10 mM, PH6.0) at 98°C for 10 min for antigen retrieval. Tissues were blocked with 10% normal goat serum (Cat. No. 50062Z, Thermo Fisher Scientific, Waltham, MA, United States) at room temperature for 1 h and incubated with primary antibodies, anti-Mac2 (Cat. No. ACL8942F, Accurate Chemical & Scientific, Westbury, NY, United States), anti-Prkaa1 (Cat. No. GTX112998, GeneTex, Irvine, CA, United States), anti-P-Prka (Cat. No. GTX52341, GeneTex, Irvine, CA, United States), anti-CD36 (Cat. No. Ab80080, Abcam, Cambridge, United Kingdom), anti-Pfkfb3 (Cat. No. 13763-1-AP, Proteintech, Rosemont, IL, United States), anti-Slc2a1 (Cat. No. Ab115730, Abcam, Cambridge, United Kingdom), anti-F4/80 (Cat. No. Ab6640, Abcam, Cambridge, United Kingdom), anti-CD68 (Cat. No. MA5-13324, Thermo Scientific, Waltham, MA, United States) at 4°C overnight. Sections were then incubated with AlexaFluor conjugated secondary antibodies (1:250, Invitrogen, Grand Island, NY, United States) or TUNEL mixture for 1 h according to the manufacturer’s instructions. Sections were stained with DAPI (1 μg/mL, Thermo Fisher Scientific) for 5 min at room temperature and mounted. Images were obtained using an upright confocal microscope (Zeiss 780; Carl Zeiss).



Leukocyte Recruitment in the Mouse Cremaster Microcirculation

To perform the leukocyte recruitment analysis, the cremaster muscle model of TNF-α-induced inflammation was used. Each group included four Prkaa1ΔMφ and Prkaa1WT male mice at 8–12 weeks old. Briefly, mice were injected IP with 10 μg/kg recombinant murine TNF-α (Cat. No. 410-MT-010, R&D Systems, Minneapolis, MN, United States). 4 h later, mice were anesthetized with ketamine (125 mg/kg) and xylazine (12.5 mg/kg). Cremaster muscle was exteriorized from the scrotum and spread on the cover glass and superfused with warmed (35–37°C) saline to keep it wet. Movies were obtained with intravital microscopy (Axioskop; Carl Zeiss, Goettingen, Germany) with a digital camera (AxioCam MRm, Carl Zeiss) and analyzed using digital video software (ZEN 2012, Carl Zeiss). For each cremaster, 3–4 different postcapillary venules were examined and 3 different segments were recorded for each venule. In total, 36–48 video clips were obtained and analyzed for each group. The number of cells rolling through a perpendicular line to the vessel axis per minute was measured as rolling flux. Leukocyte adhesion was defined as leukocyte adhesion to endothelium more than 30 s and measured as cell numbers per surface area. Surface area was calculated for each vessel as S = π∗d∗lV where d is the diameter and lV is the length of the vessel.



Plasma Cholesterol, Triglyceride, Glucose, and Blood Leukocyte Analysis

Blood was drawn from Apoe–/–/Prkaa1WT and Apoe–/–/Prkaa1ΔMφ mice that were fasted for 12–14 h following 16 weeks of being fed a Western diet. The subsequent plasma samples were assayed enzymatically with the respective reagents (Cat. No. TR15421, TR13421, TR22421, Thermo Scientific) for measurement of glucose, cholesterol, and triglycerides. Leukocyte numbers in blood were counted with an automated blood cell counter (Hemavet 850FS, CDC Technologies, Oxford, CT, United States).



Bone Marrow Derived Macrophage (BMDM) Culture and Treatments

Prkaa1WT and Prkaa1ΔMφ mice at 8 weeks of age were euthanized. Femurs and tibias were isolated and transected. Bone marrow cells were obtained by flushing femurs and tibias with RPMI 1640 medium (Cat. No. SH30809.01B, HyClone, Logan, UT, United States). The cell suspension was pipetted repeatedly to obtain a single cell suspension, which was then filtered with a 70-μm cell strainer and centrifuged at 2000 rpm for 5 min. The acquired cells were plated at a density of 2 × 106/mL and cultured in RPMI 1640 medium supplemented with 10% FBS, 20% L929-conditioned medium, and 1% penicillin-streptomycin. Cells were incubated at 37°C, 5% CO2 with medium changes at days 3, 5, and 7. After 7 days, the bone marrow cells were differentiated into adherent macrophages, which were used to perform experiments.



Extracellular Acidification Rate (ECAR) Measurement

Extracellular acidification rate (ECAR) of BMDMs was analyzed with an XF96 Extracellular Flux Analyzer (Seahorse Bioscience, North Billerica, MA, United States). Wild-type (WT) and Prkaa1-deficient BMDMs were first plated onto Seahorse XF96 cell culture plates at a concentration of 2.0 × 104 per well, and incubated with RPMI 1640 medium at 37°C overnight. The next day, the culture medium was changed to XF base Medium (Seahorse Bioscience) supplemented with 2 mM glutamine, and the cells were incubated in a non-CO2 incubator at 37°C for 1 h. Cells were then assayed with XFe96 extracellular flux analyzer. Chemicals were used in the test at the following concentration: glucose (10 mM), oligomycin (1 μM), and 2-DG (50 mM).



Fatty Acid Oxidation Rate Measurement

Fatty acid oxidation was measured by XFe24 Seahorse metabolic flux analyzer (Seahorse Bioscience, North Billerica, MA, United States). WT and Prkaa1-deficient BMDMs were first seeded onto Seahorse XF24 culture cell plates at a concentration of 1.0 × 105 per well, and incubated with RPMI 1640 medium at 37°C overnight. The next day, the medium was replaced with substrate-limited medium (DMEM supplemented with 0.5 mM Glucose, 1 mM GlutaMAX, 0.5 mM carnitine and 1% FBS) for 24 h. Then cells were incubated with FAO assay medium (KHB supplemented with 2.5 mM glucose, 0.5 mM carnitine, and 5 mM HEPES, pH 7.0) for 45 min in a non-CO2 incubator at 37°C. XF Palmitate-BSA FAO Substrate or BSA (Cat. No. 102720-100, Agilent, Santa Clara, CA, United States) was added to the appropriate wells prior to starting the assay. Plates were then loaded onto an XFe24 extracellular flux analyzer for XF Cell Mito Stress Test. Compounds were used in the test at the following concentrations: oligomycin (2 μM), FCCP (2 μM), rotenone (1 μM), and antimycin A (1 μM). Fatty acid oxidation was calculated by subtracting oxygen consumption rate (OCR) with palmitate-BSA by OCR with BSA. Spare respiratory capacity was calculated by subtracting baseline OCR from maximum OCR after FCCP injection.



Lactate Measurement

The lactate levels of WT and Prkaa1-deficient BMDMs were determined with the Lactate Assay Kit (Cat. No. MAK064, Sigma, Louis, MO, United States) according to the manufacturer’s instructions. Briefly, cells were homogenized with lactate assay buffer and centrifuged at 13,000 g for 10 min. Samples were deproteinized with 10 kDa MWCO spin filter, and the soluble fraction was used directly to measure the intracellular lactate. The cell culture medium was used for measurement of the extracellular lactate level.



F-2,6-P2 Level Assay

The intracellular F-2, 6-P2 level was measured with the previously described method (Van Schaftingen et al., 1982). WT and Prkaa1-deficient BMDMs were homogenized with 0.05M NaOH and inactivated at 80°C for 5 min. The samples were then centrifuged and neutralized with acetic acid. The mixture was centrifuged and the supernatants were collected for measurement. The levels of F-2,6-P2 were measured by a PPi-PFK-based kinetic reaction assay as shown in the table below (Table 1). The kinetic reaction was monitored at 340 nm for 30 min with Synergy H1 Hybrid Reader (BioTek, Winooski, VT, United States). The relative F2,6-P2 levels were normalized by protein concentration.


TABLE 1. Assay reaction for F2,6-P2 level.
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Apoptosis Analysis

Apoptosis analysis were performed with fluorescein isothiocyanate (FITC) Annexin V Apoptosis Detection Kit I (Cat. No. 556547, BD Biosciences) according to the manufacturer’s protocol. Briefly, WT and Prkaa1-deficient BMDMs were seeded into 6-well plates at a density of 2 × 106 cells/ml. After incubation for 24 h, cells were detached with 0.25% trypsin and incubated with 5 μl propidium iodide (PI) and 5 μl FITC Annexin V in 100 μl of 1 × binding buffer at room temperature for 15 min in the dark. The samples were analyzed by FACSCalibur flow cytometer (FACSCantor II, BD Biosciences) within 1 h. Apoptotic-positive cells were quantified with FlowJo.

For terminal transferase deoxytidyl uridine end labeling (TUNEL) staining, WT and Prkaa1-deficient BMDMs were seeded on glass coverslips at a density of 2 × 106 cells/ml. After incubation for 24 h, cells were stained with In Situ Cell Death Detection Kit (Cat. No. 12156792910, Roche) according to the manufacturer’s protocol. Briefly, cells were washed with PBS twice, fixed with 4% PFA for 15 min and permeabilized with PBS containing 0.5% Triton X-100 for 20 min at room temperature. Cells were then incubated with the TUNEL mixture containing TMR-dUTP and terminal deoxynucleotidyl transferase for 1 h at 37°C in the dark. Nuclei were stained with DAPI before mounting. Images were obtained using an upright confocal microscope (Zeiss 780, Carl Zeiss). The number of TUNEL-positive cells was counted in seven fields per slide.



Chemotaxis Assays

Chemotaxis assay of WT and Prkaa1-deficient BMDMs was performed in a transwell chamber equipped with a 6.5-mm-diameter polycarbonate filter with 8-μm pore inserts (Cat. No.353097, Corning, NY, United States). Briefly, RPMI 1640 medium containing 0.5% FBS with or without MCP-1 (50 ng/ml, Cat. No.479-JE, R&D Systems Inc., Minneapolis, MN, United States) was placed in the lower wells. 2 × 105 BMDMs suspended in RPMI 1640 containing 0.5% FBS were placed in the inserts. The chambers were incubated at 37°C for 8 h. Non-migrated cells on the upper side of inserts were removed with a cotton tip, and migrated cells on the lower side were fixed and stained with crystal violet. BMDMs in 5–7 random fields were counted for each transwell.



Western-Blot Analysis

Wild-type and Prkaa1-deficient BMDMs were lysed with RIPA lysis buffer (Sigma) supplemented with 1% phosphatase inhibitors and 1% protease (Roche) for 10 min on ice. After centrifugation of cell lysates at 4°C for 5 min, samples were assayed for protein concentrations by the BCA assay and then separated with SDS-PAGE gel with 10–20 μg protein per lane. Western-blot analysis was performed with primary antibodies against Prkaa1 (1:1000, Cat. No. ab110036, Abcam), Slc2a1 (1:5000, Cat. No. ab115730, Abcam), Pfkfb3 (1:1000, Cat. No. ab181681, Abcam), and β-actin (1:2000, Cat. No. sc47778, Santa Cruz Biotechnology). Images were obtained with the CheminDoc MP System (Bio-Rad) and quantified with Image J software. All protein levels were normalized with β-actin level.



Real-Time PCR Analysis

Total RNA of WT and Prkaa1-deficient BMDMs were extracted using Trizol Reagent (Cat. No. 15596018, Invitrogen, Grand Island, NY, United States). 0.5–1 μg total RNA was used for reverse transcription reaction with iScript cDNA synthesis kit (Cat. No. 170-8891, Bio Rad, Hercules, CA, United States). Real-Time PCR was performed in a StepOne Plus system (Applied Biosystems) with Power SYBR Green PCR Master Mix (Cat. No. 4367659, Life Technologies) according to the manufacturer’s protocol. Gene-specific primers used in this study are listed in Table 2. Relative gene expression was calculated with the efficiency-corrected 2–△△CT method by using mouse Rplp0 RNA as the internal control.


TABLE 2. Sequences of primers used in real-time PCR analysis.
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Statistical Analysis

Statistical analysis was conducted with GraphPad Prism (La Jolla, CA, United States). The significance of the data was analyzed using unpaired Student’s t-test between two groups. Multiple comparisons were performed with one-way ANOVA analysis followed by Bonferroni’s post hoc tests. Statistical significance was defined as follows: ∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001. Data are represented as mean ± SEM. All biological experiments were repeated at least three times with independent cell cultures or individual animals (biological replications).



RESULTS


Prkaa1 Expression Is Increased in Adipose Leukocytes of HFD-Fed Mice

Obesity is a chronic, low-grade inflammation with progressive immune cell infiltration into adipose tissue (Bai and Sun, 2015). Many circulating leukocytes, especially monocytes, recruit to adipose tissue to enhance the inflammatory response, accelerating adipocyte necrosis and insulin resistance (Catalan et al., 2013). To explore Prka expression in infiltrating leukocytes in the context of metabolic diseases, we performed fluorescence-activated cell sorting (FACS) to isolate leukocytes from adipose tissues. Briefly, we digested adipose tissue with collagenase I to obtain SVFs, followed by incubation of SVFs with antibodies against CD31 (endothelial cell marker), CD45 (leukocyte marker) and 7-AAD (dead cell marker), and eventually harvested cells labeled as CD31–CD45+ 7-AAD– from the cell suspension (Figure 1A and Supplementary Figure 1). Next, the sorted leukocytes were subjected to Real-time PCR analysis for the mRNA expression of Prkaa1 and Prkaa2. The results showed that the mRNA levels of Prkaa1 and Prkaa2 were much higher in leukocytes from adipose tissues of mice fed HFD for 8 weeks than mice fed chow diet (CD) (Figure 1B). Prkaa1 is the major isoform of Prkaa in leukocytes (Zhang et al., 2017), and our recent study shows a critical role of Prkaa1 in metabolic regulation in vascular cells (Yang et al., 2018). We analyzed expression of metabolic genes in sorted cells with qPCR. The mRNA levels of Slc2a1, a glucose transporter, and 6-phosphofructo-2-kinase/fructose-2, 6-bisphosphatase isoform 3 (Pfkfb3), a critical glycolytic regulatory enzyme (activator), were much higher in adipose leukocytes of HFD-fed mice than those of CD-fed mice (Figure 1C). Additionally, the mRNA levels of Cd36, a transporter for free fatty acids and Cpt1, a mitochondrial enzyme important for fatty acid oxygenation, were also increased in adipose leukocytes of HFD-fed mice compared with those of chow diet-fed mice (Figure 1D). Since macrophages are the predominate leukocytes infiltrating in adipose, we examined the expression of Prkaa1 and some of the above metabolic molecules in F4/80-positive cells by immunostaining adipose sections with the relevant antibodies. The levels of Prkaa1, pPrkaa1, Slc2a1, Pfkfb3 and CD36 were much higher in HFD-fed mice than CD-fed mice (Figures 1E,F and Supplementary Figure 2). Taken together, the data suggest that leukocytes infiltrated into adipose tissue, especially monocytes/macrophages, exhibit increased levels of Prkaa1, and the latter is associated with increased expression of molecules important for glucose and lipid metabolism.
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FIGURE 1. Prkaa1 upregulation is associated with macrophage metabolism in mice fed a high-fat diet. (A) Schema illustrating leukocyte sorting from adipose tissues by CD45-positive staining. (B) Real-time PCR analysis and quantification of mRNA levels of Prkaa1 and Prkaa2 in leukocytes sorted from stromal vascular cells in HFD- and CD-fed mice. n = 8. (C,D) Real-time PCR analysis and quantification of mRNA levels of Slc2a1, Pfkfb3, Cd36, and Cpt1 in leukocytes sorted from stromal vascular cells in HFD- and CD-fed mice. n = 8. (E,F) Representative images and quantification data of Prkaa1, Slc2a1, and CD36 co-staining with F4/80 or CD68 (macrophage markers) in adipose tissues from HFD- and CD-fed mice. n = 4, Scale bars, 20 μm. All data were expressed as mean ± SEM. Statistical significance was determined by unpaired Student’s t-test. *p < 0.05 was considered significant, **p < 0.01, ***p < 0.001.




Prkaa1 Regulates Macrophage Glycolysis

Since macrophages are the major population of infiltrated leukocytes in adipose, we used cultured BMDMs to examine the causal effect of Prkaa1 on macrophage metabolism. BMDMs were cultured with bone marrow cells from Prkaa1WT and Prkaa1ΔMφ mice (Supplementary Figures 3A,B). BMDMs cultured with bone marrow cells of Prkaa1ΔMφ mice barely expressed Prkaa1 at the protein level compared to BMDMs of control Prkaa1WT mice (Supplementary Figure 3C), indicating that Prkaa1 was successfully knocked out in myeloid cells. With qPCR, the major genes important for glycolysis were examined, and the mRNA levels of glycolytic genes, including Pfkfb3, Hk1, Pkm2, Ldha, Eno1, and Gpi, were significantly reduced in Prkaa1-deficient BMDMs compared with those of Prkaa1 WT BMDMs (Figure 2A). Expression of Slc2a1 and Pfkfb3 were examined with Western blotting. The protein levels of these molecules were much lower in Prkaa1-deficient BMDMs than WT BMDMs (Figure 2B). Posttranscriptional regulation of Slc2a1 by Prkaa1 may occur since the decreased expression of Prkaa1 at the protein, but not mRNA, level was observed in Prkaa1-deficient BMDMs. Consistent with the decreased expression of Pfkfb3, the level of fructose-2,6-biphosphate [(the product of Pfkfb3, and the most potent allosteric activator of 6-phosphofructo-1-kinase (PFK1)] was also decreased in Prkaa1-deficient BMDMs (Figure 2C). The level of lactate, the end product of glycolysis, was also reduced in Prkaa1-deficient BMDMs compared with that in control cells (Figure 2C). Importantly, we assessed glycolytic metabolism in Prkaa1-deficient BMDMs using Seahorse Extracellular Flux analysis via measurement of the ECAR. As shown in Figure 2D, the glycolytic metabolism was increased in BMDMs stimulated with MCSF. In contrast, Prkaa1-deficient BMDMs exhibited significantly reduced basic glycolysis and glycolytic capacity compared with control cells either in the presence or absence of MCSF. Altogether, these results indicate that PRKAA1/Prkaa1 is an endogenous regulator of glycolysis in macrophages.
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FIGURE 2. Prkaa1 regulates macrophage glycolysis and fatty acid oxidation. (A) Real time-PCR analysis and quantification of mRNA levels of Slc2a1, Pfkfb3, Hk1, Pkm2, Ldha, Eno1, and Gpi in BMDMs cultured from Prkaa1WT and Prkaa1ΔMφ mice. n = 4. (B) Western-blot analysis and quantification of protein levels of Slc2a1, Pfkfb3, and Prkaa1 in BMDMs cultured from Prkaa1WT and Prkaa1ΔMφ mice. n = 4. (C) Measurement of F-2,6-BP, intracellular and extracellular lactate in BMDMs cultured from Prkaa1WT and Prkaa1ΔMφ mice. n = 6. (D) ECAR profile showing glycolytic function and quantification of glycolytic function parameters in BMDMs cultured from Prkaa1WT and Prkaa1ΔMφ mice under control and MCSF (20 ng/mL, 12 h) treatment. Dash lines indicate the time of addition of glucose (10 mM), oligomycin (1 μM), and 2-DG (50 mM). n = 12 for each treatment group, repeated four times. (E) Real time-PCR analysis and quantification of mRNA levels of Cd36, Fabp4, and Cpt1a in BMDMs cultured from Prkaa1WT and Prkaa1ΔMφ mice. n = 4. (F) OCR profile showing fatty acid oxidation and quantification of function parameters in BMDMs cultured from Prkaa1WT and Prkaa1ΔMφ mice under BSA-palmitate treatment. Etomoxir (Eto, 40 μM) was added to some wells 15 min prior to the assay. n = 12 for each treatment group, repeated four times. All data are expressed as mean ± SEM. Statistical significance was determined by unpaired Student’s t-test and one-way ANOVA followed by Bonferroni test. *p < 0.05 was considered significant, **p < 0.01, and ***p < 0.001.


We also evaluated fatty acid oxidation (FAO) in these BMDMs. The mRNA levels of FAO-associated genes, including Cd36, Fabp4, and Cpt1a, were significantly decreased in Prkaa1-deficient BMDMs compared with those in control BMDMs (Figure 2E). We next performed the Seahorse assay to determine the OCR in the presence of palmitate. As shown in Figure 2F, FAO was dramatically decreased in Prkaa1-deficient BMDMs compared with control cells. These results collectively suggest that Prkaa1 regulates FAO in macrophages.



Prkaa1 Deficiency Reduces Leukocyte Recruitment and Macrophage Viability

Glycolysis and FAO are important for leukocyte recruitment and survival. Therefore, we examined whether the decreased metabolism in PRKAA1/Prkaa1-deficient leukocytes affects leukocyte recruitment and viability. We first compared the migration capability of WT and Prkaa1-deficient BMDMs. In a transwell migration assay, WT macrophages exhibited robust migration to medium supplemented with MCP-1. This ability was markedly decreased for Prkaa1-deficient BMDMs (Figure 3A). To determine the functional consequences of Prkaa1 deficiency in leukocyte recruitment in vivo, Prkaa1ΔMφ and control Prkaa1WT mice were injected with TNF-α (10 μg/ml) IP to induce vascular inflammation in vivo. Four hours after TNF-α treatment, leukocyte rolling and adhesion in the endothelium of postcapillary venules of mouse cremaster muscle were observed with intravital microscopy (Figure 3B). Mild trauma caused by the exteriorization of the cremaster muscle led to fast leukocyte rolling. In Prkaa1ΔMφ mice, the number of fast rolling leukocytes were comparable to that in Prkaa1WT mice (Figure 3C). TNF-α treatment stimulated the expression of adhesion molecules on the endothelium and induced slow rolling and adhesion of leukocytes in mice. The numbers of slow rolling and adhesion of leukocyte were reduced by 40–50% in Prkaa1ΔMφ mice compared with those in control mice (Figure 3C). These results indicate compromised recruitment ability of Prkaa1-deficient leukocytes in mice. Taken together, these in vitro and in vivo findings support that Prkaa1-mediated metabolism is required for leukocyte recruitment and macrophage viability.
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FIGURE 3. Prkaa1-mediated metabolism is required for leukocyte recruitment and macrophage viability. (A) Representative images and quantification of MCP-1-induced migration between BMDMs cultured from Prkaa1WT and Prkaa1ΔMφ mice. n = 7. Scale bars, 100 μm. (B) Schematic illustration of en face staining of postcapillary venules of mouse cremaster muscle. (C) Representative images of leukocyte rolling and adhesion on the endothelium of postcapillary venules in the cremaster muscles of Prkaa1ΔMφ and Prkaa1WT mice with TNFα or vehicle treatment for 4 h. Rolling and adherent cells are quantified and indicated with dotted and solid circle line, respectively (scale bar, 20 μm). (D) Quantification data and representative images of flow cytometry analysis of Annexin V staining in BMDMs cultured from Prkaa1WT and Prkaa1ΔMφ mice. n = 6. (E) Representative images and quantification data of TUNEL staining in BMDMs cultured from Prkaa1WT and Prkaa1ΔMφ mice. n = 10, Scale bars, 50 μm. All data are expressed as mean ± SEM. Statistical significance was determined by unpaired Student’s t-test. ∗∗∗p < 0.001.


We also tested whether Prkaa1-mediated metabolism is important for viability of BMDMs. Flow cytometry analysis showed the percentage of Annexin V-positive BMDMs was much higher in Prkaa1-deficient BMDMs than WT cells (Figure 3D). Consistent results were obtained in BMDMs stained with TUNEL (Figure 3E). In mimicking the in vivo diabetic condition, we performed the above assays using BMDMs treated with high glucose (25 mM). The percentage of Annexin V-positive BMDMs was also increased for Prkaa1-deficient cells compared with that for WT cells (Supplementary Figure 4). These results reveal increased rates of apoptosis in the Prkaa1-deficient myeloid cells.



Myeloid Prkaa1 Deficiency Protects Mice From HFD-Induced Insulin Resistance

Leukocytes, including myeloid cells, participate in the development of HFD-induced metabolic syndrome (Weinstock et al., 2020). We examined whether Prkaa1 deficiency-mediated decreased leukocyte recruitment affects diet-induced metabolic syndrome. After being fed of HFD for 12 weeks, Prkaa1ΔMφ mice displayed resistance to HFD-induced body-weight gain compared with that of Prkaa1WT mice (Figure 4A). Meanwhile, body composition analysis after feeding of HFD showed that Prkaa1ΔMφ mice had a lower body fat content and correspondingly a higher percentage of lean mass than Prkaa1WT mice (Figure 4B). Of note, the fasting blood glucose level was significantly reduced in Prkaa1ΔMφ mice compared with that in Prkaa1WT mice under the HFD condition (Figure 4C). Consistent with these results, Prkaa1ΔMφ mice exhibited improved glucose clearance in GTTs, as well as improved insulin sensitivity in insulin tolerance tests (ITTs) compared with Prkaa1WT mice (Figures 4D,E). Furthermore, Mac2 staining on adipose sections showed a significant reduction in macrophage infiltration into adipose of Prkaa1ΔMφ mice compared with that of Prkaa1WT mice (Figure 4F). Accordingly, lower levels of chemokines including Mcp-1 and Cxcl12 was also observed in adipose of Prkaa1ΔMφ mice compared to Prkaa1WT mice under the HFD condition (Figure 4H). Additionally, TUNEL-staining showed that the percentage of apoptotic cells among F4/80-positive macrophages was much higher in adipose of Prkaa1ΔMφ mice than Prkaa1WT mice (Figure 4G). These results suggest that the low number of myeloid cells due to decreased recruitment and increased apoptosis in adipose of Prkaa1ΔMφ mice reduces HFD-induced metabolic syndrome.
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FIGURE 4. Myeloid Prkaa1 deficiency protects mice from HFD-induced insulin resistance. (A) Body weight of Prkaa1WT and Prkaa1ΔMφ male mice during 12 weeks of HFD feeding. n = 9. (B) Fat and lean content of Prkaa1WT and Prkaa1ΔMφ male mice after being fed HFD for 12 weeks. n = 9. (C) Fasting blood glucose levels of Prkaa1WT and Prkaa1ΔMφ male mice after being fed HFD for 12 weeks. n = 8. (D) Blood glucose levels (left) and AUC (area under the curve, right) during GTT (glucose tolerance test) in Prkaa1WT and Prkaa1ΔMφ male mice after being fed HFD for 10 weeks. n = 6. Mice were fasted for 16 h and injected with glucose (2 g/kg IP). (E) Blood glucose levels (left) and AUC (right) during ITT (insulin tolerance test) in Prkaa1WT and Prkaa1ΔMφ male mice after being fed HFD for 11 weeks. n = 6. Mice were fasted for 4 h and injected with insulin (0.75 unit/kg body weight through IP injection). (F) Representative images and quantification of Mac2 (macrophage marker) staining in adipose tissues from Prkaa1WT and Prkaa1ΔMφ male mice after being fed HFD for 12 weeks. n = 5 mice/group, 5 areas/mice quantified. Scale bar, 100 μm. (G) Representative images and quantification of apoptotic macrophages (TUNEL and F4/80 double-positive cells) in adipose tissues from Prkaa1WT and Prkaa1ΔMφ male mice after being fed HFD for 12 weeks. n = 5 mice/group, 5 areas/mice quantified. Scale bar, 20 μm. (H) Quantitative RT-PCR analysis of the mRNA level of Mcp1 and Cxcl12 in adipose tissue from Prkaa1WT and Prkaa1ΔMφ male mice after being fed HFD for 12 weeks. n = 12 mice per group. All data are expressed as mean ± SEM. Statistical significance was determined by unpaired Student’s t-test. **p < 0.01, ***p < 0.001.


We next examined the metabolic rate and RER of these mice via assessments of oxygen consumption and carbon dioxide production using the Comprehensive Lab Animal Monitoring System (CLAMS). Prkaa1ΔMφ mice showed higher oxygen consumption and carbon dioxide production than Prkaa1WT mice, indicating a higher metabolic rate in the knockout mice (Figures 5A,B). However, there was no difference in RER (calculated by the ratio of CO2 production to O2 consumption), suggesting that myeloid Prkaa1 deficiency may not affect energy substrate selection (Figure 5C). The heat production of Prkaa1ΔMφ mice also trailed higher than those of Prkaa1WT mice at both light and dark cycles (Figure 5D). In addition to higher energy expenditure, myeloid Prkaa1 deficiency also exhibited lower energy intake as indicated by lower daily food and drink intake. As shown in Figure 5E, Prkaa1ΔMφ mice showed decreased daily food intake compared to Prkaa1WT mice. Although average daily drink has no significant difference between these two groups, the Prkaa1ΔMφ mice still exhibited the trend of slightly lower drink intake than that of Prkaa1WT mice. As such, these results indicate that myeloid Prkaa1 increases energy expenditure and reduces energy intake in response to HFD-induced excessive nutrition.
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FIGURE 5. Myeloid Prkaa1 deficiency increases energy expenditure in response to HFD. (A) Oxygen consumption (VO2) of Prkaa1WT and Prkaa1ΔMφ male mice during 12-h light and dark cycles recorded on the second day after acclimatization. (B) Carbon dioxide consumption (VCO2) of Prkaa1WT and Prkaa1ΔMφ male mice during 12-h light and dark cycles recorded on the second day after acclimatization. (C) Respiratory exchange ratio (RER) of Prkaa1WT and Prkaa1ΔMφ male mice during 12-h light and dark cycles recorded on the second day after acclimatization. (D) Heat production of Prkaa1WT and Prkaa1ΔMφ male mice during 12-h light and dark cycles. (E) Daily food and drink intake of Prkaa1WT and Prkaa1ΔMφ male mice during light and dark cycles of animals fed HFD at room temperature (22°C). Area under the curve was calculated during light and dark cycles for each individual animal. RER is calculated by the ratio of VO2 and VCO2. Black horizontal bars denote the dark period of the day (12 h). AUC, area under the curve. All data are expressed as mean ± SEM. Statistical significance was determined by unpaired Student’s t-test. *p < 0.05 was considered significant, **p < 0.01, ***p < 0.001.




Myeloid Prkaa1 Deficiency Decreases Western-Diet Induced Atherosclerosis

We also examined whether Prkaa1 deficiency-mediated decreased leukocyte recruitment reduces diet-induced atherosclerosis. We bred Prkaa1ΔMφ mice with Apoe–/– mice and generated Apoe–/–/Prkaa1ΔMφ atherosclerotic mice and their littermate Apoe–/–/Prkaa1WT mice. Starting from 7 weeks of age, these age- and gender-matched mice were fed a Western diet containing 42% calories from fat and 0.2% (wt/wt) cholesterol for 16 weeks. Apoe–/–/Prkaa1ΔMφ mice showed significantly fewer and smaller lesions at the aortic arches both in male and female mice than littermate control mice (Figures 6A,C). This observation was confirmed with quantitative measurement of atherosclerotic lesions following Oil Red O (ORO) staining of aortas (Figures 6B,D). Decreased levels of cholesterol, triglyceride, and glucose in blood of both male and female Apoe–/–/Prkaa1ΔMφ mice were found (Supplementary Figure 5), likely contributing to the alleviated atherosclerosis in Apoe–/–/Prkaa1ΔMφ mice. Additionally, Apoe–/–/Prkaa1ΔMφ mice exhibited no significant difference in the number of circulating white blood cells, including neutrophils, leukocytes and monocytes, compared with Apoe–/–/Prkaa1WT mice (Supplementary Figure 5).
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FIGURE 6. Myeloid Prkaa1 deficiency decreases Western diet-induced atherosclerotic lesion size. (A,C) Aortic arches were dissected and photographed from Apoe– /– /Prkaa1WT and Apoe– /– /Prkaa1ΔMφ female and male mice fed with Western diet for 16 weeks. (B,D) Representative images and lesion area quantification of Oil Red O-stained-aortas (en face) from Apoe– /– /Prkaa1WT (female n = 18, male n = 8), Apoe– /– /Prkaa1ΔMφ (female n = 11, male n = 8) mice after being fed Western diet for 16 weeks. All data are expressed as mean ± SEM. Statistical significance was determined by unpaired Student’s t-test. *p < 0.05 was considered significant, **p < 0.01.


Aortic sinuses from these mice were further examined to evaluate the effect of Prkaa1-deficient myeloid cells in determining the size and stability of atherosclerotic lesions. Immunostaining of aortic sinus sections with antibody of the macrophage marker Mac2 showed that the number of macrophages was much less in Apoe–/–/Prkaa1ΔMφ mice than control mice (Figure 7A). Additionally, macrophage viability in aortic sinuses of these mice was analyzed by TUNEL staining. The number of TUNEL-positive cells was markedly increased in the aortic sinuses of Apoe–/–/Prkaa1ΔMφ mice compared with those of control mice (Figure 7A). These observations indicate that the decreased number of macrophages in lesions of Apoe–/–/Prkaa1ΔMφ mice is due to both decreased recruitment of monocytes to arterial vessels and increased apoptosis of macrophages in atherosclerotic lesions. As a result, the size of atherosclerotic lesions (Figure 7B), indicated with ORO staining, was decreased while the stability of atherosclerotic lesions, evident with necrotic cores with HE staining and collagen content by Masson’s trichrome staining (Figures 7C,D), was increased in Apoe–/–/Prkaa1ΔMφ mice compared to those of control mice. Thus, mice with myeloid deletion of Prkaa1 exhibit less severe and more stable atherosclerosis.
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FIGURE 7. Myeloid Prkaa1 deficiency improves features of plaque instability and decreases macrophage viability. (A) Representative images and quantification data of Mac2 and TUNEL staining of aortic sinuses from Apoe– /– /Prkaa1WT, Apoe– /– /Prkaa1ΔMφ mice fed Western diet for 16 weeks. Apoptotic cells were labeled by TUNEL (Alexa Fluor-594, Red), macrophages were labeled by Mac2 staining (Alexa Fluor-488, green), and nuclei were counterstained with DAPI (blue). Scale bar: 50 μm; n = 9 mice per group. (B) Oil Red O staining of aortic sinuses of Apoe– /– /Prkaa1WT and Apoe– /– /Prkaa1ΔMφ male mice fed Western diet for 16 weeks, and quantification of lipid deposition. n = 6, Scale bar: 200 μm. (C) HE staining of necrotic core area in aortic sinuses of Apoe– /– /Prkaa1WT and Apoe– /– /Prkaa1ΔMφ male mice fed Western diet for 16 weeks, and percentages of necrotic core area. n = 6, Scale bar: 200 μm. (D) Masson trichrome staining of collagen in aortic sinuses of Apoe– /– /Prkaa1WT and Apoe– /– /Prkaa1ΔMφ male mice fed Western diet for 16 weeks, and percentages of collagen area. n = 6. Scale bar: 100 μm. All data are expressed as mean ± SEM. Statistical significance was determined by unpaired Student’s t-test. * p < 0.05 was considered significant, **p < 0.01, ***p < 0.001.




DISCUSSION

In the present study, we found that Prkaa1 expression is upregulated in leukocytes sorted from adipose tissue of HFD-fed mice, and this was accompanied with upregulated genes associated with glycolysis and FAO. Accordingly, compromised glycolysis and FAO was observed in Prkaa1-deficient macrophages. Leukocyte recruitment, evidenced with macrophage migration in vitro and leukocyte rolling and adhesion in vivo, was compromised in the absence of Prkaa1. Consequently, chronic inflammatory disorders, including diet-induced diabetes and atherosclerosis, were reduced in Prkaa1ΔMφ mice.

AMPKα1/PRKAA1 mediates glycolysis and FAO in macrophages. AMPK/PRKA serves as a master regulator of energy metabolism to control key factors involved in the many pathways to maintain energy balance. In addition to hypoxia, other stresses such as chronic inflammation and aberrant glucose and lipid levels enhance and/or activate AMPK/PRKA. Apoe deficiency dysregulates the levels of glucose and lipids and causes chronic inflammation in mice. This may also result in increased function of AMPK. AMPK/PRKA maintains energy homeostasis by activating catabolic processes to increase ATP production and inhibiting anabolic processes to suppress ATP consumption. In order to replenish ATP stores, AMPK/PRKA actively stimulates glucose utilization by inducing glucose transporter expression and further increases glucose uptake into cells (Kim et al., 2010). AMPK/PRKA also has been reported to regulate glycolytic flux through the pathway by phosphorylating phosphofructo-2-kinase/fructose 2,6-bisphosphatase 3 (PFKFB3), which affects the activity of PFK1, a rate-limiting enzyme in glycolysis (Bando et al., 2005). Our previous study has demonstrated that AMPK/PRKA regulates glycolysis in part via the HIF1α pathway (Yang et al., 2018), and increased HIF1A expression promotes glycolysis, resulting in a rapid supply of ATP (Semenza, 2012). In addition to stimulating glycolysis, AMPK/PRKA also increases FAO by a reduction of the activity of ACC, decreased the level of malonyl-CoA, and resulted in increased fatty acid import into mitochondria for β-oxidation (Saggerson, 2008). The studies indicated that the AMPK–ACC–malonyl CoA–carnitine palmitoyl transferase 1 mechanism plays a key role in the physiological regulation of FAO (Dagher et al., 2001). Although these studies have indicated an interaction between AMPK/PRKA and cellular metabolism in cells of other types, our study has demonstrated that Prkaa1 is also critical in regulation of glycolysis and FAO in leukocytes in mice. Compromised production of ATP, especially on the actin compartment in Prkaa1-deficient leukocytes, may dramatically affect many steps of leukocyte recruitment, including rolling, adhesion and migration. Additionally, decreased energy production plus decreased metabolites of glycolysis and FAO may also result in compromised repair, leading to apoptosis of infiltrated macrophages.

The physiological effect of Prkaa1 in leukocytes revealed in this study may not explain the pharmacological effect of AMPK/PRKA activation. Over the past decades, much work has emerged to support the beneficial role of AMPK in chronic inflammatory disorders such as metabolic syndrome and inflammatory diseases (Cheang et al., 2014; Guma et al., 2015; Kjøbsted et al., 2015). It has been reported that metformin or AICAR attenuates Ang II-induced atheromatous plaque formation and protects against hyperglycemia-induced atherosclerosis (Li et al., 2010; Vasamsetti et al., 2015; Wang et al., 2017) and also reduces insulin resistance (Yang et al., 2012). These beneficial effects may operate mainly through the effect on cells other than myeloid cells, such as vascular cells or metabolic cells. Also, some beneficial effect from the use of metformin, AICAR or A769662 may be through an AMPK-independent pathway (Guigas et al., 2006; Kirchner et al., 2018). Additionally, pharmacological activation of AMPKa1 in leukocytes may also reduce inflammation through many other pathways than the metabolism induced by pharmacologically activated AMPKa1. All of these possibilities will be explored in our future studies.

Phenotypic variance is noted in myeloid Prkaa1-deficient mice. Mice that were deficient in myeloid Prkaa1, when bred to Ldlr–/– mice, displayed enhanced macrophage inflammation, increased plasma cholesterol and triglyceride levels, and a phenotype of enhanced diet-induced obesity and insulin resistance as well as accelerated atherosclerosis (Cao et al., 2016). In contrast, Apoe–/– mice with Prkaa1 deletion or myeloid Prkaa1 deletion showed reduced monocyte differentiation and survival, thus attenuating the initiation and progression of atherosclerosis (Zhang et al., 2017). Apoe–/– mice with myeloid Prkaa2 deficiency developed smaller atherosclerotic plaques that contained fewer macrophages and less MMP9 than plaques from control mice through regulating myeloid DNA methylation (Fisslthaler et al., 2019). A very recent study did not find any difference in the size of atherosclerotic lesions between control Apoe–/– mice and Apoe–/– mice deficient in both Prkaa1 and Prkaa2 in myeloid cells (LeBlond et al., 2020). These inconsistent results from different studies indicate the disease phenotype is affected by many important experimental factors, such as background strain, littermate control, diet and the stages of disease when mice were evaluated. In our study, we have followed a recently published protocol for rodent atherosclerosis (Daugherty et al., 2017). With our expertise in cell metabolism and leukocyte recruitment, we are confident of our conclusion in which AMPK/PRKAA1/Prkaa1-mediated metabolism is critical for myeloid cell recruitment and survival.



CONCLUSION

In conclusion, these findings clarify that AMPKα1 plays a key role in regulating macrophage glucose and lipid metabolism, further controls monocyte recruitment and macrophage viability, and eventually promotes the development of diet-induced insulin resistance and atherosclerosis. Targeting AMPKα1-driven macrophage metabolism could be a therapeutic intervention in cardiovascular diseases.
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Supplementary Figure 1 | Schematic diagram of leukocyte sorting from adipose tissues. Stromal vascular cells (SVFs) were isolated from adipose tissues and stained with antibodies against CD45, CD31, and 7AAD. The cell subtypes identified using flow cytometry defined the leukocytes as CD45+ CD31–7AAD–.

Supplementary Figure 2 | Representative images and quantification data of p-Prka and Pfkfb3 co-staining with F4/80 (macrophage markers) in adipose tissues from HFD- and CD-fed mice. n = 4, Scale bars, 20 μm. All data were expressed as mean ± SEM. Statistical significance was determined by unpaired Student’s t-test. ∗p < 0.05 was considered significant, ∗∗p < 0.01, ∗∗∗p < 0.001.

Supplementary Figure 3 | (A) Schematic diagram of myeloid-specific Prkaa1-deficient mouse generation by crossing Prkaa1f/f with Lysmcre mice. (B) Representative genotyping gel demonstrating the generation of Prkaa1 myeloid knockout mice. (C) Western blot analysis and densitometric quantification of Prkaa1 protein levels in BMDMs cultured from Prkaa1WT and Prkaa1ΔMφ mice. n = 6. All data are expressed as mean ± SEM. Statistical significance was determined by unpaired Student’s t-test. ∗p < 0.05 was considered significant, ∗∗p < 0.01, ∗∗∗p < 0.001.

Supplementary Figure 4 | (A) Representative images and quantification of MCP-1-induced migration in BMDMs cultured from Prkaa1WT and Prkaa1ΔMφ mice in normal and high glucose conditions (NG: 5.5 mM, HG: 30 mM). n = 8, Scale bars, 100 μm. (B) Quantification data and representative images of flow cytometry analysis of Annexin V staining in BMDMs cultured from bone marrow of Prkaa1WT and Prkaa1ΔMφ mice in NG and HG conditions. n = 6. All data are expressed as mean ± SEM. Statistical significance was determined by one-way ANOVA followed by Bonferroni test. ∗p < 0.05 was considered significant, ∗∗p < 0.01, ∗∗∗p < 0.001.

Supplementary Figure 5 | (A) Levels of total cholesterol in plasma of Apoe–/–/Prkaa1WT (female, n = 8; male, n = 8), Apoe–/–/Prkaa1ΔMφ (female, n = 7; male, n = 7) mice fed Western diet for 16 weeks. (B) Levels of triglyceride in plasma of Apoe–/–/Prkaa1WT (female, n = 7; male, n = 8), Apoe–/–/Prkaa1ΔMφ (female, n = 5; male, n = 7) mice fed Western diet for 16 weeks. (C) Levels of glucose in plasma of Apoe–/–/Prkaa1WT (Prkaa1ΔMφ, female, n = 7; male, n = 9) mice fed Western diet for 16 weeks. All data are expressed as mean ± SEM. Statistical significance was determined by unpaired Student’s t-test. ∗p < 0.05 was considered significant, ∗∗p < 0.01, ∗∗∗p < 0.001.

Supplementary Figure 6 | Hemavet data analysis of white blood cells (WBC), neutrophils (NE), leukocytes (LY) and monocytes (MO) from Apoe–/–/Prkaa1WT (female, n = 13; male, n = 15), Apoe–/–/Prkaa1ΔMφ (female, n = 14; male, n = 11) mice fed Western diet for 16 weeks. All data are expressed as mean ± SEM. Statistical significance was determined by unpaired Student’s t-test. ∗p < 0.05 was considered significant, ∗∗p < 0.01, ∗∗∗p < 0.001. (PLT, primed lymphocyte typing).
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Intravital microscopy (IVM) is a unique imaging method providing insights in cellular functions and interactions in real-time, without the need for tissue extraction from the body. IVM of the lungs has specific challenges such as restricted organ accessibility, respiratory movements, and limited penetration depth. Various surgical approaches and microscopic setups have been adapted in order to overcome these challenges. Among others, these include the development of suction stabilized lung windows and the use of more advanced optical techniques. Consequently, lung IVM has uncovered mechanisms of leukocyte recruitment and function in several models of pulmonary inflammation and infection. This review focuses on bacterial pneumonia, aspiration pneumonia, sepsis-induced acute lung Injury, and cystic fibrosis, as examples of lung inflammation and infection. In addition, critical details of intravital imaging techniques of the lungs are discussed.
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INTRODUCTION

The application of microscopy to live tissues (syn.: intravital microscopy, IVM), allows imaging of cellular processes at high resolution in real-time. This technology provides unique information in addition to ex vivo/in vitro methods without the need for removing the tissue from the physiological environment, processing sections, fixation, or staining (Wells et al., 2018). Various experimental IVM models have been successfully established to demonstrate time-sequential cellular changes in several organs under different physiological and pathophysiological conditions, e.g., in liver, brain, or skeletal muscle (Kuhnle et al., 1993; Kramer et al., 2000; McCormack et al., 2000; Mempel et al., 2003; Khandoga et al., 2005; Kuebler et al., 2007; Lindert et al., 2007; Tabuchi et al., 2008; Ochi et al., 2019). Yet, one of the most difficult organs for intravital imaging is the lung due to limited accessibility based on its enclosed position within the body, its respiratory movements, and the physical impact of the heart beat (Tabuchi et al., 2008). Although there are different imaging strategies to study cell populations—both, in vitro such as histology, immunohistochemistry, and in vivo such as MRI, and CT–any of these methods is not able to visualize dynamic cellular behavior and mechanisms during physiological and pathophysiological condition. For instance, clinical modalities such as positron emission tomography (PET), magnetic resonance imaging (MRI), and computed tomography (CT) can provide non-invasive images of the lungs. However, they lack the resolution necessary to study cellular mechanisms. Classical fluorescence techniques using ultraviolet (UV) light marked the beginning of lung IVM and are still used by the scientific community (Entenberg et al., 2015; Fiole and Tournier, 2016). Confocal microscopy and modern fluorescence-based technologies, such as multiphoton excitation microscopy have revealed more complex as well as deeper pulmonary structures (Krahl, 1963; Looney et al., 2011; Presson et al., 2011; Entenberg et al., 2015). Ultimately, all these achievements largely contributed to the establishment of intravital imaging as a gold standard in cellular lung research (Fiole and Tournier, 2016; Rodriguez-Tirado et al., 2016). In this review, we first describe the technical aspects of lung IVM. In the second part, we review experimental lung inflammation and infection models utilizing lung IVM.



SETUP

Lung IVM can be performed by using different microscopic techniques. Historically, fluorescence microscopy was used first to study pulmonary inflammation and infection. Newer technologies include laser scanning confocal microscopy, single-photon microscopy, and two/multiphoton microscopy (Fiole and Tournier, 2016; Wang, 2016).


Fluorescence Microscopy

Fluorescence microscopy is a technique in which a sample stained with fluorescent dye is visualized using a halogen lamp such as xenon, mercury, or tungsten as a light source (Lindon et al., 2016). The objective lens focuses the excitation light, allowing maximal collection of emitted fluorescence and magnification for the observation of fine details (Herman, 1998). The fluorescent dye in the sample is excited with a relatively short wavelength, usually blue or ultraviolet light, that matches the fluorophore excitation wavelength. The emitted fluorescence has longer wavelength and less energy in comparison to the absorbed excitation light, which is blocked by the emission filter. A beam splitter is required to separate the excitation light from emission fluorescence and prevent overlap in their light paths. The dichroic mirror reflects the shorter wavelength excitation light and transmits the longer wavelength of emitted fluorescence through the barrier filter (Lichtman and Conchello, 2005). Emitted fluorescence from the specimen that is collected by the objective passes through the dichroic mirror and the barrier filter to the eyepieces or detector (Sanderson et al., 2014). The selectivity for specific wavelengths facilitates the visualization of different fluorescent objects as a bright structure against a dark background (Lichtman and Conchello, 2005; Lindon et al., 2016). Although fluorescence microscopy has been widely used to study tissues in vivo (Lindon et al., 2016), its application in lung IVM is limited to superficial layers and low resolution (Witte, 1992; Presson et al., 2011; Lefrançais et al., 2017).



Confocal Microscopy

Confocal microscopes differ from conventional fluorescence microscopes in that they use a laser light source and improve image resolution due to reduced detection of out of focus light (Norman, 2005). According to the principle of confocal microscopy, light is collected through narrow apertures (pinholes) that exclude out of focus light. The elimination of out of focus light results in an improvement in lateral and axial resolution. Both laser scanning and spinning disk confocal microscopes pass a single beam of laser light through the pinhole. It should be noted that while confocal laser scanning microscopy focuses the light through one small pinhole in order to sequentially scan the sample point by point, confocal spinning disk microscopy exploits multiple pinholes for simultaneous confocal illumination (Masedunskas et al., 2012; Sanderson et al., 2014; Lefrançais et al., 2017). Therefore, either X–Y-deflection of the laser or a spinning disk with a spatial array of pinholes and automated-focus (z-axis) control enables the visualization of sequential optical sections of the specimen and three-dimensional images. Several factors determine the resolution of confocal microscopy, including the diameter of the pinhole, the light wavelength and the numerical aperture of the objective (Tauer, 2002; Norman, 2005). Confocal microscopy has been used to visualize capillary and alveolar networks in the lung. Although confocal microscopy provides superior spatial resolution, live imaging with this microscope results in a large proportion of emitted light being blocked due to the small size of the pinhole. In addition, penetration depth in confocal laser scanning microscopy is limited to about 50–100 μm which precludes imaging of deeper tissues. Moreover, imaging with confocal microscopy requires a bright sample in order to negate the need for a strong excitation signal which may otherwise cause photodamage and photobleaching. In this regard, spinning disk confocal microscopy is superior as its high acquisition speed helps to restrict photobleaching (Croix et al., 2006; Masedunskas et al., 2012; Lefrançais et al., 2017).



Multiphoton Microscopy

Multiphoton microscopy involves application of an infrared laser light source and subsequent absorption of lower energy photons by a fluorophore inside the tissue (Tauer, 2002; Norman, 2005; Presson et al., 2011; Lefrançais et al., 2017). This method uses long-wavelength photons to penetrate farther into tissues and allow for imaging of thicker sections (Lefrançais et al., 2017). Using multiphoton microscopy, lungs have been imaged to a depth of ~500 μm (Croix et al., 2006). Hence, application of multiphoton microscopy is superior in intravital studies (Norman, 2005). However, multiphoton microscopy also has some drawbacks. Although the likelihood of phototoxicity is decreased in comparison to conventional fluorescence and confocal microscopy, photodamage is still considered as a disadvantage for multiphoton microscopy when compared to single-photon microscopy, at least in the focal plane (Tauer, 2002; Croix et al., 2006; Presson et al., 2011). Additionally, increased penetration depth leads to significant decrease in spatial resolution (Niesner et al., 2007). Since excitation only occurs at the focal point and multiphoton excitation efficiency of fluorophores are very low in comparison to single photon, longer acquisition times are required. This has the effect of restricting observation of dynamic processes which possess high temporal resolution (Niesner et al., 2007; Presson et al., 2011). Despite these drawbacks, multiphoton microscopy is nonetheless advantageous for IVM studies because the infrared excitation light is less prone to scatter, which allows for deeper penetration into the tissue (Croix et al., 2006; Lefrançais et al., 2017).



Surgery

The surgical preparation needed for intravital lung imaging requires that the animals are anesthetized, usually by intraperitoneal injection or inhalation of an anesthetic drug. Animals will be intubated or tracheotomized to facilitate mechanical ventilation (Fiole and Tournier, 2016). The following steps include techniques to create a thoracic window and mechanically stabilize the lung in order to perform IVM. Several techniques have been developed in recent decades. In 1926, Wearn et al. (1926) described for the first time a surgical procedure in dogs, where the thoracic wall was resected to the pleural layer. A second opening was made through the diaphragm down to the pleura for illumination (Rodriguez-Tirado et al., 2016). Other authors studied the physiological movement of the canine lung via an implanted lung window over a relatively stationary region (Wagner, 1965), or utilized a vacuum during the surgical window preparation to stabilize the tissue (Wagner, 1969). In general, two alternative lung stabilization methods for imaging in mice are used today, namely gluing of the parenchyma onto a glass coverslip (Kreisel et al., 2010) or the utilization of a suction system to stabilize the lung under a glass window (Looney et al., 2011). Other techniques have their own merits and pitfalls, and no one has excelled in comparison to another (Fiole and Tournier, 2016). For example, bronchus clamping, and sequential apnea impact the normal gas exchange in the lung and may cause atelectasis, which refers to impaired gas exchange resulting from reversible collapse of small airways (Grott and Dunlap, 2020). Gated imaging and oversampled acquisition do not have these disadvantages but require high-speed or specialized imaging equipment, which is not widely accessible. Neither gluing of the lung or utilization of the suction window cause the above-mentioned drawbacks, but either may result in shear force induced injury. In recent years, the suction window has been miniaturized and adapted for use in mice (Rodriguez-Tirado et al., 2016). Confocal and multiphoton microscopy have been used (Funakoshi et al., 2000; Looney et al., 2011; Presson et al., 2011) to obtain excellent high-resolution imaging (Entenberg et al., 2015). At the end of the experiment, mice are always euthanized in accordance with international animal care guidelines (Fiole and Tournier, 2016).



Cell Labeling

With recent advances of fluorescent probes, fluorescent proteins and exogenous fluorophores, IVM allows the detection of molecular events with subcellular resolution in real time in the intact animal (Presson et al., 2011). Tracking the movement, morphology and behavior of leukocytes and blood vessels in the lung requires labeling methods such as the use of fluorescent dyes, transgenic mice, or fluorescently stained antibodies (Kim et al., 2019). Moreover, knockout mice can be used to study the cellular mechanisms involved in pulmonary pathophysiological conditions (Aird, 2003; Gill et al., 2015) (Table 1).


Table 1. Cell labeling strategies that have been used for lung IVM.
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Fluorescent dyes such as Alexa Fluor 488, FITC, phycoerythrin, and Rhodamine 6G allow for visualization of separate cells (Chiang et al., 2007). In addition, genetically different mouse strains have been utilized to visualize a specific cell subset. For instance, Lysozyme M-green fluorescent protein (LysM-GFP) mice are used for visualization of neutrophils because Lysozyme M, encoded by the Lyz2 gene, is expressed mainly in neutrophils and partly in macrophages (Faust et al., 2000; Orthgiess et al., 2016). Kreisel et al. (2010) examined leukocyte trafficking in LysM-GFP mice (Faust et al., 2000) in which endogenous neutrophils are brightly labeled and monocytes and macrophages are labeled to a lesser extent (Chtanova et al., 2008). Another transgenic mouse line, CX3Cr1-GFP, is used for fluorescent imaging of monocytes and macrophages (CX3C chemokine receptor 1 (CX3Cr1) is a marker for macrophages and monocytes) (Medina-Contreras et al., 2011; Garcia et al., 2013).

Another method for imaging of leukocyte subsets, besides the use of fluorescent dyes or transgenic mouse lines, is the application of fluorescently stained antibodies capable of binding to specific antigens. For instance, one of the cell surface proteins that is highly expressed in murine neutrophils is Ly6G (Lee et al., 2013), whereas Ly6C and F4/80 are highly expressed in macrophages or monocytes (Wynn et al., 2013). Kuebler et al. fluorescently labeled leukocytes in vivo with Rhodamine 6G and imaged the subpleural microcirculation in rabbits (Kuebler et al., 1994). Lien et al. labeled neutrophils in vitro and used fluorescence videomicroscopy in dogs to image neutrophil in pulmonary arteries (Lien et al., 1987). These two studies demonstrated that although rolling leukocytes were observed in arteries, venules, and capillaries, the anatomical site of neutrophil margination is in the pulmonary capillaries (Lien et al., 1987; Kuebler et al., 1994). This differs from murine systemic circulation, where rolling leukocytes are predominately observed in postcapillary venules and rarely in arterioles (Broide et al., 1998). To visualize the pulmonary vasculature and determine whether neutrophils were extravascular, Kreisel et al. injected quantum-dots, and reported that neutrophils were sequestered in the pulmonary microcirculation (Lien et al., 1987; Kreisel et al., 2010). Additionally, to study cellular mechanisms for neutrophil recruitments in lung after induction of experimental sepsis, CD11b−/−,,TLR4−/−, Myd88−/−mice (Yipp et al., 2017) and iNOS−/− mice were used (Razavi et al., 2004).

Changes in microvessel diameter and blood flow under various physiological and pathophysiological conditions is widely visualized via intravenous administration of fluorophore-conjugated dextran or albumin (Kim et al., 2019). Higher molecular weight dextran (70 kDa) is particularly useful for visualization of microvessels because extravasation through the intact endothelium is minimal. Tabuchi et al. demonstrated changes in pulmonary vessel diameters by injection of FITC-dextran into the jugular vein of mice (Tabuchi et al., 2008). Another study involved administration of intravenous FITC-albumin to enable measurement of microvascular leakage in rat mesentery through visualization of blood vessels (Alves et al., 2018)In mice with GFP-labeled immune cell populations, blood vessels have been marked with Texas Red dextran for better contrast (Noda et al., 2014). Visualization of blood vessels and immune cells can be improved through application of novel labeling materials, proper combination of inflammation models, superior surgical methods, and advances in microscopic imaging.




INFECTION AND INFLAMMATION MODELS


Bacterial Pneumonia

Two common nosocomial pathogens that lead to bacterial infection of the respiratory tract are Pseudomonas aeruginosa and Staphylococcus aureus. Pseudomonas aeruginosa is a Gram-negative opportunistic bacterium that can cause lung infection in patients with impaired immunity and is the main cause of morbidity and mortality in cystic fibrosis (CF) patients (Moradali et al., 2017). Wild type (PAO1) and human-derived (PA14, LESB58) strains are often used in animal infection models. It should be noted that while PAO1 and PA14 are localized in alveolar regions 7 days post infection, LESB58 has been shown to persist in the bronchial lumen (Kukavica-Ibrulj et al., 2008). Staphylococcus aureus spp. are Gram-positive bacteria and their most studied pathogenicity factors recognized by immune cells are lipoteichoic acid and peptidoglycan (Fournier and Philpott, 2005). In this context, antibiotic-resistant strains (e.g., methicillin-resistant S. aureus, MRSA), are commonly used for animal infection studies (Kim et al., 2014). Lung IVM can be utilized to visualize pathogen recognition and bacterial clearance by immune cells (Fournier and Philpott, 2005; Lavoie et al., 2011). In addition, dynamic immune cell responses such as formation of neutrophil clusters and neutrophil extracellular traps (NETs) are often observed in the lungs in response to bacterial infection (Lien et al., 1987; Looney and Bhattacharya, 2014; Lefrançais et al., 2018).

Lefrançais et al. utilized multiphoton microscopy for visualization of neutrophil recruitment and NET formation in experimental MRSA-induced pneumonia (Lefrançais et al., 2018). The left lung of the mice was exposed surgically and stabilized via a flanged thoracic window with a coverslip and vacuum suction. Infection with MRSA rapidly induced neutrophil recruitment and sequestration in the lung beginning 2 h post infection. In addition, after PAO1 challenge, neutrophil swarming and formation of neutrophils clusters around the bacteria were observed (Figure 1).
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FIGURE 1. Lung 2-photon intravital microscopy. (A) LysM-GFP mice (green neutrophils) were challenged with MRSA (2 × 107 CFU, i.t.), injected with Texas Red–dextran i.v. to stain the vasculature, and observed from 3 to 5 h after infection. (B,C) MRP8-mTmG mice (red vasculature, blue neutrophils) were challenged with PAO1 (5 × 106 CFU, i.t.) and observed from 3 to 5 h after the infection. Extracellular DNA was stained with SYTOX Green (Lefrançais et al., 2018).


Kreisel et al. exposed the left rodent lung by thoracotomy and attach it to the cover glass using tissue glue. Non-targeted Q-dots were injected intravenously to image blood vessels, and LysM-GFP mice were used for visualization of neutrophils by means of multiphoton microscopy. Diluted Escherichia coli (K-12 strain) Bioparticles conjugated with tetramethylrhodamine or L. monocytogenes in PBS were administered intratracheally prior to imaging. Ten minutes following administration, a dramatic influx of cells from the circulation and a significant increase in resident neutrophil motility was observed in lung tissue. However, neutrophil recruitment to the lung, specifically at the transendothelial migration step, was inhibited after the depletion of blood monocytes, which suggests interaction of monocytes and neutrophils in lung inflammation (Kreisel et al., 2010).

In another study, Fiole et al. performed lung IVM via multiphoton microscopy to examine early steps of pulmonary infection by Bacillus anthracis, the causative agent of anthrax that impacts livestock and humans. The authors observed interactions among macrophages, DCs and spores which was considered to result in an exchange of information including exchange of pathogen-derived particles or exosomes containing pathogen-derived antigens released by macrophages directed to DCs. Results from this study indicates that infection induced by B. anthracis spores significantly increases long-duration (> 30 min) contact between macrophages and CX3CR1-DCs (Fiole et al., 2014). Alveolar macrophages, the most efficient phagocytes in the lung, capture spores within minutes in a first step. After 30 min, spores are transported to lymph nodes following capture by DCs (Cleret et al., 2007). However, mean cell velocity in both macrophages and CX3CR1 cells did not significantly increase correlated to increased contact ratio at 5 h post-infection (Fiole et al., 2014). Fiole et al. observed the last phase of spore transfer from macrophage to CX3CR1 cell in situ and in vivo, a mechanism previously only demonstrated in vitro (Blank et al., 2011).

Administration of lipopolysaccharide (LPS), a cell wall component of Gram-negative bacteria, induces an inflammatory response by activation of immune cells through Toll-like receptor (TLR)-4 (Aderem and Ulevitch, 2000; Opal, 2010; Kim et al., 2019). Following LPS administration as well as bacterial infection, neutrophils are the first group of leukocytes that respond to inflammation. This response involves adhesion and migration across the endothelium from bloodstream into inflammatory tissues. Carestia et al. studied in LPS induced inflammation the establishment of intravascular neutrophil extracellular traps (NETs) and immunothrombi by intravital microscopy. In this study, the left side of the chest was opened to access the lung in tracheotomized mice. The lung was gently immobilized with a thoracic suction attached to the manipulator on the microscope stage. The authors studied platelet aggregates, neutrophil numbers, bacterial capture by each cell type, and the number of stationary (≥30s in the same location) bacteria in contact with platelet aggregates. They visualized neutrophils through labeling with anti-Ly6G-BV42. Anti-neutrophil elastase (NE)-AF647 antibodies, which bind to extracellular neutrophil elastase were injected via tail vein, prior to IVM imaging. The authors found that platelet aggregation, neutrophil recruitment, and NET release were induced 4 h following intraperitoneal injection of LPS (Carestia et al., 2019). Pulmonary inflammation induced by inhalation of LPS from Salmonella enteritis (Reutershan et al., 2005) was confirmed by lung IVM with application of a mild vacuum to hold the lung under the window of a custom-built fixation device. Fluorescein isothiocyanate (FITC)- dextran (150 kDa) was used to assess the glycocalyx. The results from this study indicated that glycocalyx thickness in the lung was significantly reduced after 8 and 24 h following LPS inhalation, thus resulting in increased vascular permeability (Margraf et al., 2018).



Viral Infections

In addition to bacterial infections, also viral infection can be studied by IVM. In particular, influenza has been studied widely in lungs using IVM. In a study from Paul Kubes group in Calgary, anesthetised, thoracotomized mice were given anti-Ly6G/GR1 and anti-CD31 to identify neutrophils and vasculature, respectively, and studied using confocal intravital microscopy. The IVM images demonstrated that after 30 min and even 2 h post infection AMs actively detected and crawled toward inhaled P. aeruginosa via chemotaxis. AMs crawling behavior was defected during infection with Influenza A compared to control and after infection with P. aeruginosa or S. aureus, fewer AMs from flu-infected mice captured the inhaled P. aeruginosa and S. aureus. These findings suggest that Influenza A impairs the ability of AMs to crawl and capture the inhaled bacteria and increase neutrophil infiltration (Neupane et al., 2020). In another study with similar microscopic and surgical preparation, confocal microscopy of the lung demonstrated interactions between leukocytes which were visualized using anti-CD45 and oncolytic vesicular stomatitis virus (VSV) which was identified by Alexa Fluor 647 staining. Occasional capture of virions by leukocytes within the lung vasculature was observed 10 min after i.v. injection of VSV-AF647 (Naumenko et al., 2018).



Cystic Fibrosis

Cystic Fibrosis (CF), an autosomal-recessive genetic disorder, causes chronic changes including inflammation of the lungs and other organs due to the defect in the cystic fibrosis transmembrane conductance regulator (CFTR). CF patients have a high incidence of lung infections limiting their quality of life. In this regard, there is only one study using intravital microscopy in CFTR mice thus far. Brown et al. studied the role of CFTR in preserving the lung endothelial barrier through the use of multiphoton microscopy. Thoracotomy was performed on the left chest wall to create a window for lung IVM. FITC-dextran (for labeling the circulating plasma), Hoechst 33258 (for labeling the nuclei), and Rhodamine-6G (for labeling of leukocyte mitochondria) were injected intravenously. Lung imaging in CFTR-deficient mice demonstrated a significant increase in neutrophil trafficking and plasma extravasation into airspaces following administration of cigarette smoke (CS) extracts compared to wild type mice exposed to similar level of CS extracts (see Figure 2). These results suggested that CFTR function might be required for lung endothelial barrier, including adherence junction stability. Loss of CFTR function, especially concomitant to CS exposure, might promote lung inflammation by increasing endothelial cell permeability. The results from in vitro experiments in this study also indicated that dose-dependent treatment with CFTR inhibitors such as GlyH-101 or CFTRinh172 was associated primarily with the redistribution of the junctional protein ß-catenin and its internalization from cell periphery. CS had inhibitory effects on CFTR function. It caused sphingosine-1 phosphate (S1P)/ceremide imbalance in which the enhanced level of ceremide leads to lung inflammation and increased susceptibility to P. aeruginosa infection. This imbalance and subsequent susceptibility to infection are also typical in clinical CF. S1P supplementation was able to reverse endothelial cell barrier dysfunction induced by CFTR inhibition or CS exposure (Brown et al., 2014). Furthermore, in ex vivo lung preparations, Lindert et al. studied alveoli from the pleural aspect down to a depth of up to 40 μm, using multiphoton microscopy to examine alveolar wall liquid (AWL). They found that AWL was absent in CFTR −/− mice, and it was blocked when chloride was depleted from the perfusate of WT mice, suggesting that CFTR-dependent chloride secretion causes AWL formation (Lindert et al., 2007).
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FIGURE 2. Effect of cigarette smoke extract (CSE) on the lung microcirculation captured in real time in the pulmonary microvasculature of a living wild-type (WT) (A); and cystic fibrosis transmembrane conductance regulator (CFTR)–deficient (B) mouse. Three-dimensional reconstruction of fluorescein isothiocyanate– labeled vessels (green) surrounding alveoli (dark regions) and Rho-G6-labeled neutrophils (orange) imaged via intravital 2-photon microscopy before (AI and BI) and after (A and BII–IV) intravenous administration of CSE (100 μL of 20% CSE). Nuclei were stained with intravenous Hoechst (blue). Note increasing neutrophil trafficking and plasma extravasation (asterisks) into airspaces after CSE administration in the CFTR-deficient (B) but not WT (A) mouse and compared to a CFTR-deficient mouse not receiving CSE (C) (Brown et al., 2014).




Sepsis Induced Acute Lung Injury

According to the third international consensus definitions for sepsis and septic shock (Sepsis-3), sepsis is a dysregulated host systemic responses to infection, that can cause life-threatening organ dysfunction (Singer et al., 2016). Sepsis affects more than 30 million people every year worldwide, and is one of the major causes of death (Vincent, 2012; Fleischmann et al., 2016). Therefore, understanding the pathogenesis of sepsis is a critical step in early diagnosis and treatment of sepsis which can limit onset of organ dysfunction and reduce mortality (Kim and Choi, 2020). The various aspects of sepsis pathogenesis include immune dysfunction, endothelial activation, cardiopulmonary pathology, increased microvascular permeability, edema formation, and disseminated intravascular coagulation (DIC) (Aird, 2003; Gotts and Matthay, 2016). Infection sites in septic patients include the abdomen, bloodstream, lung, central nervous system, and renal or genitourinary tract (Gotts and Matthay, 2016). Alternatively, sepsis also has the potential to induce acute lung injury (ALI) without primary lung infection. Lung IVM represents a useful method for studying pulmonary microcirculation changes in sepsis-induced ALI. The following paragraphs summarize various studies on sepsis-induced ALI and describe application of lung IVM in septic mice models.

Yipp et al. assessed the roles of CD11b, TLR4, and Myd88 in pulmonary neutrophil host defense during sepsis through the use of knockout mice. Researchers applied a vacuum chamber on the exposed left lung to facilitate pulmonary imaging by means of either spinning disk or resonant scanning confocal microscopy. Ten minutes prior to imaging, fluorescence-conjugated anti-Ly6G antibody and anti-CD31 antibody were administered intravenously in order to visualize neutrophils and the vascular endothelium. Three behavioral phenotypes of neutrophils were directly visualized within the pulmonary microvasculature during sepsis: tethering, crawling, and adhering. Results indicated no significant changes in the number of crawling neutrophils within pulmonary capillaries following administration of intravenous LPS in CD11b-, TLR4-, and Myd88-knockout mice, thereby confirming the role of these molecules in pulmonary neutrophil host defense (Yipp et al., 2017).

To demonstrate apoptosis of pulmonary microvascular endothelial cells (PMVEC) in sepsis-induced ALI, Gill et al. conducted lung IVM (Gill et al., 2014, 2015) in anesthetized, tracheotomized, mechanically ventilated mice. A transparent window on the right thoracic wall allowed visualization of the pulmonary microcirculation with an epi-fluorescence microscope (Razavi et al., 2004). A bolus of Rhodamine 6G was injected into the penile vein 3.5 h after sham or CLP surgery to label pulmonary microvascular PMN sequestration (Gill et al., 2014). Propidium iodide (PI), a fluorescent marker of cell death used to label non-viable PMVEC (Gill et al., 2014, 2015), was intravenously injected into septic mice immediately before IVM. Quantification of the number of PI positive cells and Rhodamine 6G labeled PMN sequestrated in recorded images indicated a significant increase in PMN sequestrated in pulmonary microvasculature. However, it is unclear whether the authors employed PI and Rhodamine 6G in separate experiments or in the same animals, which would raise the issue of separating fluorophores with such close emission wavelengths. Nonetheless, the authors' findings are consistent with results from other studies (Razavi et al., 2004; Roller et al., 2013) and with increased PMVEC death following CLP-induced sepsis at 2 and 4 h after CLP-sepsis compared to sham (Gill et al., 2014, 2015).

Razavi et al. quantified pulmonary microvascular neutrophil sequestration by IVM with intravenous injection of dihydro-rhodamine-6G. Results indicated that pulmonary microvascular leukocyte sequestration was significantly increased in iNOS+/+ (wild-type) mice and in iNOS−/− mice from 1 to 18 h after CLP, although significantly fewer sequestered leukocytes were observed in iNOS−/− vs. iNOS+/+ mice at all time points (Razavi et al., 2004). Therefore, neutrophil iNOS appears to be an important contributor to pulmonary neutrophil infiltration.

Rahman et al. used a micromanipulator to fix the coverslip to the right lung surface during surgical preparation. After retrobulbar injection of rhodamine 6G and FITC dextran, fluorescence microscopy was performed. Results indicated that the matrix metalloproteinase (MMP) inhibitor, GM6001, administered prior to CLP induction reduced CLP-induced leukocyte adhesion in pulmonary venules, which suggests the role of metalloproteinases in infiltration of neutrophils in septic lung injury (Rahman et al., 2012). Another study from this group (Roller et al., 2013) with the equal intravital microscopic setup demonstrated significant increases in the number of rolling and adhering leukocytes in arterioles and venules, as well as in leukocytes trapped in capillaries, 4 h after CLP induction (see Figure 3). IVM indicated that CLP induction markedly decreased flow velocity and shear rate in pulmonary venules and arterioles and also decreased functional capillary density in lung microcirculation (Roller et al., 2013).


[image: Figure 3]
FIGURE 3. Intravital fluorescence microscopy of adherent leukocytes (arrows) in pulmonary arterioles. Note, that CLP enhanced the number of firmly adherent leukocytes in arterioles by two-fold (B, arrows) compared to sham-treated animals (A, arrows). Immunoneutralization of PSGL-1 reduced CLP-induced leukocyte adhesion in pulmonary arterioles by almost 50 % (C,D). Green-light epi-illumination with direct staining of leukocytes by rhodamine 6 G. Scale bars 35 lm (Roller et al., 2013).


Lung IVM was also used to show that immunoneutralization of PSGL-1 significantly reduces not only the number of rolling leukocytes in arterioles and venules but also the number of adherent leukocytes in arterioles and trapped leukocytes in capillaries. In one particular study, PSGL-1 antibody was shown not to affect the number of firm leukocytes in pulmonary venules, thus suggesting that leukocyte rolling is not a prerequisite for pulmonary venular leukocytes adhesion in sepsis. In addition, capillary trapping of leukocytes and enhanced sticky leukocytes in arterioles is dependent on PSGL-1 function (Roller et al., 2013).

Moreover, several studies have shown that targeting CD11a/CD18 or CD11b/CD18 reduces infiltration of leukocytes in the lung in models of endotoxemia (Basit et al., 2006) and sepsis (Asaduzzaman et al., 2008). To confirm this theory with in vivo imaging, Wang et al. performed lung IVM 4 h after CLP induction. Results indicated that intravenous pretreatment with CD11a or CD11b antibodies immediately prior to CLP abolished CLP-induced arteriolar and venular leukocyte adhesion in lung tissue and reduced leukocyte sequestration in pulmonary capillaries. It also restored diameter, flow velocity, and shear rate in lung arterioles and venules in CLP mice. Their findings showed that CD11a and CD11b mediate leukocyte adhesion in both arterioles and venules as well as trapping in capillaries in the lung. In addition, the data demonstrates that CD11a, but not CD11b, supports leukocyte rolling in pulmonary arterioles (Wang et al., 2013).



Aspiration Pneumonia

Intratracheal instillation of hydrochloric acid is an experimental mouse model that mimics human aspiration of gastric contents, which can cause acute ALI (Kobayashi et al., 2016). Aspiration is classified under the non-infectious group of ALI etiology (Zarbock and Ley, 2009). Acid aspiration causes direct injury to lung epithelial and endothelial cells, leading to tissue edema and neutrophil accumulation in the lung (Kobayashi et al., 2016).

Grommes et al. performed lung IVM in mice after acid aspiration. Microspheres coupled to polyclonal antibodies to CXCL4 or CCL5 were injected intravenously 15 min prior to intravital imaging using a multiphoton system in single-beam mode. The authors showed the deposition of CCL5 and CXCL4 on microvascular lung endothelium and reported that platelets in LPS-, acid-, and sepsis-induced ALI release the CCL5-CXCL4 heterodimer. This heterodimer is involved in neutrophil recruitment, and its disruption prevents acid- and sepsis induced ALI (Grommes et al., 2012). Additionally, it has been shown that thromboxane A2 (TXA2), which is actively involved in the inflammatory response, is produced by lung epithelial cells in aggregation with platelets and neutrophils (Zarbock and Ley, 2009) and is detectable in bronchoalveolar fluids (BALF) in acid aspiration-induced ALI (Kobayashi et al., 2016). TXA2 binding to its receptor on the epithelial cells promotes upregulation of intracellular adhesion molecule-1 (ICAM-1) and may be indirectly involved in neutrophil recruitment (Rossaint and Zarbock, 2013).

Mertens et al. implemented Tabuchi et al. method (Tabuchi et al., 2008) for thoracic window implantation to analyze dynamics of alveolar clusters at different time points and applied pressures after HCl aspiration. Mice were ventilated at 60 breaths/ min and images were captured at 0 cm H2O ventilation pressure in end-expiration and at 6, 12, 18, 24 cm H2O in end-inspiration. Subpleural alveoli were visualized using an upright microscope and darkfield illumination, 30 min after lung stabilization. Delimited aerated structures discernible on the lung surface were defined as individual alveolar clusters. For each pressure step, in each area of interest (AOI), the number of alveolar clusters was counted and the boundaries of the subpleural projection of each cluster were traced, and the respective area was measured. Alveolar compliance was calculated as the fold increase in alveolar area between images taken at 0 and 24 cm H2O ventilation pressure. The total number of visualized alveolar cluster per AOI, after acid aspiration, did not change between 0 and 24 cm H2O. Dark-field illumination also demonstrated that density of light-refracting structures in the acid aspiration group increased. In the NaCl instillation (control) group, these structures disappeared with increasing ventilatory pressure, while in the HCl instillation group, they no longer disappeared with alveolar expansion. Additionally, alveolar distensibility was primarily reduced in small alveoli in acid-induced ALI. Optical Coherence Tomography (OCT) imaging also showed increased heterogeneous density in acid-injured lungs to confirm the IVM results (Mertens et al., 2009). In healthy lungs, cyclic changes in alveolar size are in synchrony with the ventilatory cycle, whereas asynchronous alveolar dynamics occurs in 10 min after ALI induced by acid instillation (Tabuchi et al., 2016). Altered alveolar dynamics in ALI cause impaired respiratory mechanics and alveolar gas exchange. Hence, requiring high distending pressures between and within alveoli results in the progression and aggravation of lung disease (Mertens et al., 2009; Tabuchi et al., 2016; Mandler et al., 2018).




LIMITATIONS

Although lung IVM provides unique insights into pulmonary microvascular responses, cell-cell-interactions as well as alveolar mechanics in real time, it also carries some limitations due to the enclosed position of the lung in the body and restricted accessibility of the organ, thus necessitating the implementation of a surgical window for imaging. In some studies, part of the thoracic wall was removed to provide access for lung in vivo imaging without providing any protection for the parenchyma. However, this area of observation is prone to drying and is exposed to environmental pathogens and/or artificial surfaces (including cover slips) in these approaches. Moreover, cyclic lung movement during respiration and the heartbeat's effect on the lung both impact lung imaging due to motion artifacts. Some lung windows, for example, employ a thoracic suction window fitted with a vacuum chamber, and are implanted to stabilize the lung surface for improved imaging with reduced motion artifacts (Looney et al., 2011). While this technique has proven highly efficient for immunology studies, it does disrupt certain physiological phenomena such as ventilation-dependent effects on lung perfusion and alveolar dynamics. Some lung windows employ glued coverslips (Kreisel et al., 2010) or transparent polyvinylidene membranes (Tabuchi et al., 2008) instead of suction and allow physiological movement of the lung, but do not provide high resolution imaging.

Another factor that should be taken into consideration is the physiologically negative pressure in the thoracic cavity. This necessitates the use of great caution during the surgery as well as application of ventilatory support to keep the animal alive. Therefore, imaging must be performed under positive pressure ventilation instead of spontaneous breathing (Looney et al., 2011). However, the effects of artificial ventilation on lung physiology must be acknowledged (Poobalasingam et al., 2017). Manipulations in mechanics of the thoracic wall and the interplay between intrapleural and transpulmonary pressures impact both alveolar dynamics and microvascular perfusion (Tabuchi et al., 2020). Therefore, although mechanical ventilation is essential for survival of the animal, it can cause permanent damage to the lung as ventilator induced lung injury (VILI) or ventilator-associated lung injury (VALI) (Amato et al., 1998).

Furthermore, application of IVM in longitudinal studies has been faced with limitations as most implanted lung windows are too invasive to allow long term imaging. Since lung IVM is a terminal method used for short term imaging, multiple animals are needed for longer studies (Masterson et al., 2019). However, it has been reported that certain lung windows may allow for long-term observations in dogs, rabbits (De Alva and Rainer, 1963), rats (Fingar et al., 1994) or mice (Kimura et al., 2010), without stabilization and at low spatial resolution. Entenberg et al. recently developed a permanent lung window which may present a promising method for long-term imaging (Entenberg et al., 2018; Tabuchi et al., 2020).

There are some limitations that apply to all models and methods of lung IVM in mice regardless of different adaptions based on the subject of study. First, the small size of mice means that miniature equipment is required for IVM, thus making intubation or tracheotomy challenging. A typical mouse lung window is ~10 mm in diameter and provides a very small observational area during imaging (Masterson et al., 2019). Stabilizing the lung via thoracic chamber implantation is also a challenge in mice as a result of their smaller size and higher respiratory rate in comparison to larger animals (Frevert et al., 2014). Second, although classical fluorescence IVM provides adequate spatial resolution, its two-dimensional imaging provides little information about three-dimensional alveolar dynamics such as alveolar walls and alveolar diameter during different physiological and pathophysiological conditions (Tabuchi et al., 2020). Third, limited penetration depth of current microscopes allows only for superficial imaging of the lung. Penetration depth in lung tissue for conventional fluorescence microscopy is ~30–50 μm, compared to 100–150 μm for confocal microscopy, and 500 μm for multiphoton microscopy. This restricted penetration depth is caused by the lung's complex structure and the light-scattering properties of the abundant air-liquid interfaces in the alveolo-capillary units. Therefore, lung IVM is currently restricted to superficial layers of the lung including subpleural alveoli and surface-level microvascular networks, neither of which are representative of internal alveoli and vessels. In contrast to deeper lung regions in which all sides of a given alveolus are surrounded by other alveoli, subpleural alveoli are attached to the visceral pleura on one side. Consequently, alveolar dynamics differ between subpleural alveoli and deeper lung regions. In addition, subpleural pulmonary microvasculature is less dense and consists of larger capillaries compared to the interior pulmonary microvascular network (Tabuchi et al., 2008, 2020; Kuebler, 2011; Looney et al., 2011; Looney and Bhattacharya, 2014; Masterson et al., 2019). Fourth, creating a window to access the lung involves a surgical procedure which can cause baseline leukocyte activation. However, these alterations in leukocyte behavior are not comparable to inflammatory situations such as response to bacterial infection. Hence, exercising extreme care during surgery and comparing in vivo images with histological figures could lessen this issue (Hickey and Westhorpe, 2013). Fifth, lung observation by means of IVM is limited to a specific location that is not typically representative of the whole lung, usually the anterior part of the murine lung and a specific number of alveoli and microvessels within this area. It should be noted that ventilation and perfusion vary between different regions of the lung. Furthermore, any IVM–not only of the lungs–has to be performed at physiological body temperature, which in the case of mice is 37°C, by use of a homeothermic system (Park et al., 2018), warmed lung window chambers (Kreisel et al., 2010), or water immersion microscopy and continuous superfusion of the window with a pre-warmed solution (Kuhnle et al., 1993; Kuebler et al., 1994). IVM cannot be applied in clinical studies as it is an invasive and terminal method. Although some labels used in intravital imaging are non-toxic, do not alter cell morphology or phenotype, and have a sensitivity at micron range, they likely compromise either the administered cell's function or the host itself.



CONCLUSION

Despite the aforementioned limitations, lung IVM is the gold standard for studying lung immune cell interactions in real time in living animals. This technique can be applied in different inflammatory models, including bacterial and viral infections, sepsis-induced ALI, aspiration, and cystic fibrosis in order to reveal dynamic alterations in physiological parameters and cellular behavior in comparison to non-inflammatory conditions.
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In vivo observations of blood cells and organ compartments within the fetal mammalian organism are difficult to obtain. This practical guide describes a mouse model for in vivo observation of the fetal yolk-sac and corporal microvasculature throughout murine gestation, including imaging of various organ compartments, microvascular injection procedures, different methods for staining of blood plasma, vessel wall and circulating cell subsets. Following anesthesia of pregnant mice, the maternal abdominal cavity is opened, the uterus horn exteriorized, and the fetus prepared for imaging while still connected to the placenta. Microinjection methods allow delivery of substances directly into the fetal circulation, while substances crossing the placenta can be easily administered via the maternal circulation. Small volume blood sample collection allows for further in vitro workup of obtained results. The model permits observation of leukocyte-endothelial interactions, hematopoietic niche localization, platelet function, endothelial permeability studies, and hemodynamic changes in the mouse fetus, using appropriate strains of fluorescent protein expressing reporter mice and various sophisticated intravital microscopy techniques. Our practical guide is of interest to basic physiologists, developmental biologists, cardiologists, and translational neonatologists and reaches out to scientists focusing on the origin and regulation of hematopoietic niches, thrombopoiesis and macrophage heterogeneity.
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INTRODUCTION


Background

Developmental processes including formation and function of blood cells and organs in mammalian fetuses are still incompletely understood. Mortality in very low and ultra-low birth weight premature infants shows only modest improvements, remains very high (mortality in 23 week old premature infants 73 vs 67% 2009 vs. 2012, respectively), and is the leading cause of death for children under 5 years of age according to the World Health Organization (WHO), showcasing the lack of adequate research and translational endeavors (Callaghan et al., 2006; Stoll et al., 2015). Human preterm infants are at high risk for infections and bleeding complications. Coping with increasingly younger gestational ages at birth challenges the clinical field, demanding further experimental workup of developmental processes. Cord blood samples of premature infants or in vitro/ex vivo analyses of animal fetuses are the sources used so far to obtain information about developmental processes of the blood system and its consequences for bleeding, inflammation and development. So far, for organ development, radiologic imaging techniques, such as CT-scans, MRIs, or pathologists’ and anatomists’ workup of deceased fetuses are our most suitable source of information. In this practical overview, we describe an intravital microscopy (IVM) approach to observe the growing mouse fetus including yolk sac, focusing on the fetal vasculature and blood cells with a particular interest on leukocyte trafficking during inflammation and fetal platelet function.



In vivo Imaging of Fetal Yolk-Sac Vessels and Organ Compartments

The fetal IVM model was developed to investigate functional maturation and development of blood cell populations and progenitors in the living mouse fetus and elucidate underlying mechanisms of the regulation of homing processes and cell-cell interactions in the fetus.

Due to lack of knowledge about in vivo fetal responses to inflammatory stimuli together with clinical findings regarding postnatal complications in preterm infants, we set out to study leukocyte recruitment and leukocyte-endothelial cell interactions in the developing mouse fetus demonstrating an ontogenetic regulation of fetal leukocyte function with diminished leukocyte recruitment in the yolk-sac and fetal skull during fetal development (Sperandio et al., 2013). Subsequently, we focused on platelet function and platelet-leukocyte interactions in vivo. We wanted to understand to what extent thrombus formation could occur in the fetal vasculature (Margraf et al., 2017). This is an important question, as premature infants exhibit a high incidence of severe bleeding complications. In addition, adverse outcomes of premature infants have been reported in those infants receiving transfusions of adult platelets (Margraf et al., 2019). Our results herein showed that young fetuses have difficulties to form thrombi, with platelet hyporeactivity due to diminished expression levels of integrin adaptor molecules and decreased platelet counts (Margraf et al., 2017). More recently, we could use our fetal model in additional applications related to developmental processes of different cell populations and organ compartments, including the development of monocytes/macrophages in the fetus (Stremmel et al., 2018a,b) and the impact of blood flow properties on the development of the fetal thymus (Moretti et al., 2018). Here, we provide a concise approach for the preparation and subsequent IVM observation of fetal blood vessels and microinjection into the fetal vasculature in the mouse, including techniques to image platelets and leukocytes as well as different organ compartments.



Applications of the Fetal Intravital Microscopy Model

While examination of blood cell function is one of the major benefits of the fetal IVM model, it features a large variety of possible applications. These include vascular function and development, vessel distribution and reactivity, yolk-sac stability, as well as healing and regeneration processes. As IVM is well established in adult models of the mouse [e.g., cremaster muscle preparation (Sperandio et al., 2006), dorsal skinfold chamber (Lehr et al., 1993), vessel injury (Pircher et al., 2012)], experimental protocols, such as trauma-induced inflammation, endothelial damage and/or stimulation with pro-inflammatory agents (using LPS, fMLP, TNF-α etc.) can be transferred to the fetal in vivo model. Also, barrier-crossing of maternally administered substances can be traced, and intrauterine exposure to inflammatory stimuli can be mimicked.



Comparison With Other Methods and Advantages of the System

In past decades, different approaches to examine the fetal blood system or organ compartments have been applied. Christiansen and Bacon used trans-illumination microscopy on completely exteriorized fetuses to analyze vessel patterns in the developing posterior limb of mouse fetuses (Christiansen and Bacon, 1961). Echtler et al. (2010) applied a model of prematurity, where fetuses were born through cesarean section, intubated and used for experiments. This model allowed simulation and studying of clinically relevant problems, such as ductus arteriosus closure, while the preterm infant was challenged through outside influences, representing a disease-state setting, yet not allowing analysis of a developmentally regular surrounding, such as the yolk-sac. Another approach used a partial incision of the uterus musculature and yolk sac in combination with a suture-glue-fixation to prevent fluctuation of amniotic fluid, while displaying the fetal cranium in a fixed position for further analysis of the developing brain (Ang et al., 2003).

Additional methods featured MRI-trans-sections, where any movement could cause artifacts and no detailed analysis of blood cell subpopulations can be acquired at this moment due to limitations in traceable probes as well as low sensitivity (Dhenain et al., 2001; Speier et al., 2008). Garcia et al. (2011) chose an ex vivo embryo culture method to gain insight into morphogenetic events in the developing fetus, while Laufer et al. (2012) used photoacustic imaging techniques for CD-1 mice to examine embryos ex vivo and in vivo. Boisset et al. (2011) developed an approach where ex vivo confocal image acquisition of the embryo aorta was performed in order to monitor hematopoietic and endothelial cells during development. Yanagida et al. (2012) used a model for the visualization of migrating cortical interneurons in which an exteriorized E16.5 fetus, attached to the umbilical vessels is positioned in agarose gel with or without gallamine triethiodide application and scalp removal. Other techniques equally rely on incision of the yolk-sac and placement of the fetus into a heating chamber for example filled with artificial cerebrospinal fluid (Yuryev et al., 2015). Another technique used a fully mobilized uterine horn in which the mesometrium was cut and ovarian vessels had been ligated. The preparation was then mechanically immobilized, fixed in low-melting agarose and the embryo accessed by pressing it against the uterine wall and imaging it through the wall using two photon microscopy (Hattori et al., 2020).

Experimental models for murine fetal in vivo imaging are surprisingly rare and existing models have limitations regarding optical resolution, imaging techniques, or surgical preparation procedures with unintentional harming of the fetus itself. Thus, a model to study physiologically relevant developmental aspects has been lacking so far. Our in vivo model allows rather long observation times and a less artificial surrounding for the fetus itself, which remains vital throughout the experiments. Our preparatory techniques also allow removal of minute amounts of blood for further analysis from fetuses as young as age E13.5 (out of 21 days of gestation), e.g., for FACS analysis.



MATERIALS


Experimental Design and Level of Expertise Needed


Animals and Timed Matings

One major logistic effort lies within the requirement of pregnant animals. Thus, timed matings are needed to ensure adequate estimates of developmental age, which further needs to be specified through correlation of anatomical properties. In our setting, timed matings were conducted through two females and one male animal in the cage put together for one night. Depending on the specific need of pregnant mice we calculated with three to four cages per successful pregnancy. Influence of pheromones is minimized through spatial separation and hygiene precautions. For this purpose, female animals are placed in a separate room, while mating takes place in the room where the male mating animals are housed. After mating, animals are checked for plug-presentation, separated into plug positive and negative and placed back into the female room and a separate plug-positive room, respectively. Behavior, weight and change of abdominal configuration are checked daily. Prior to experiments weight, agility, and abdominal curvature are re-evaluated to prevent false positive pregnancies.



Choice of Anesthetics

For in vivo experiments involving muscular preparations and requiring stable images, a combination of ketamine and xylazine (both known to cross the placental barrier) is used, to reduce movement of the uterine musculature, while ensuring sufficient anesthesia, and analgesia for the animal.



Choice of Fluorophores and Antibodies

It is crucial for in vivo imaging to ensure sufficient image contrast, stability, and penetration depth. While the last two points are mainly influenced by preparational skills and technical setup, the image contrast relies on the appropriate choice of fluorophores and plasma markers. Equally, choice of antibodies is important when only a limited amount of colors can be imaged at once. Table 1 gives a list of fluorophores and antibodies we and others have used in fetal blood cell imaging.


TABLE 1. Antibodies, fluorophores, and markers used for in vivo imaging in the mouse fetus.

[image: Table 1]


Fetal Ages

The choice of different developmental stages for IVM analysis is important for the experiments and depends on goal, site of expected observational events, preparational skills, and experimental duration (also compare “Limitations”). The maturation state of the fetus can be assessed by classical anatomical features and size of the mouse fetus, as described by Kaufmann (2005).



In vivo Imaging and Duration of Experiment

As any artificial manipulation can lead to serious consequences for the fetus, careful preparation and observation are necessary. Inflammatory stimulation or thrombus induction are harmful events occurring within the fetal vasculature, therefore limiting any subsequent experiments within the same fetus. Intravital imaging experiments were carried out for a maximum duration of 1 h per fetus (Figure 1).


[image: image]

FIGURE 1. Schematic representation of preparation steps for fetal in vivo imaging. Following anesthesia, the yolk-sac is prepared for imaging and/or microinjection.




Microinjection Volume Considerations

The developing murine fetus itself possesses only a small blood volume depending on the weight of the fetus (estimated 7–10% of the body weight). Thus, any injected substance will crucially influence circulatory mechanisms, cardiac output and vascular tone within the fetus (Russel et al., 1968). We observed that injection of volumes exceeding 5–10 μL strongly compromised the fetus and should therefore be avoided.



Animals


Mice

Adult female (C57/Bl6; minimal age 12 weeks) and male mice are used for timed matings. Pregnant female mice are used for in vivo experiments. Through mating strategies and use of appropriate genetically modified reporter mice (Table 1), it is possible to generate different phenotypes in the fetus and mother. This might help to distinguish fetal from maternal structures (cells).



Reagents


Anesthetic

Use a ketamine/xylazine mix (125 mg/kg bodyweight of ketamine; 12,5 mg/kg bodyweight of xylazine) in a volume of 0.1 ml per 8g bodyweight for anesthesia of the mother animal.



FITC-Dextran-Solution

Used to stain microvasculature and for phototoxicity-induced thrombus formation. Dissolve FITC-dextran in sterile injectable distilled water or sterile phosphate-buffered saline at a final concentration of 10%.



Acridine-Orange-Solution

Injectable in vivo dye capable of crossing the placental barrier. Dissolve at a concentration of 2 mg/ml in sterile phosphate-buffered saline. Prepare an injection volume of about max. 150 μl in a syringe for later administration (usually as needed, approx. 50 – 100 μl).



Microbeads

Used for in vivo blood flow velocity measurements. Ultrasonicate beads prior to usage. Dilute stock concentration of 1 × 1010 beads/ml per factor 10 to 100 according to wished study purpose. For injection into yolk sac vessels, dilute 1 μl of bead-solution in a total of 5 μl of sterile NaCl or PBS injection solution.



In vivo Superfusion Buffer

Classical superfusion solution for IVM experiments as reported earlier (Klitzman and Duling, 1979). Prepare solution I, containing 292.9 g of NaCl, 13.3 g of KCl, 11.2 g of CaCl2, and 7.7 g of MgCl2 in a total of 3.8 liters of deionized water. Prepare solution II, containing 57.5 g of NaHCO3 in 3.8 liters of deionized water. The in vivo superfusion buffer is then obtained by adding 200 ml of solution I into a two liter cylinder. Fill the cylinder then up to 1,800 ml with deionized water. Then add 200 ml of solution II to the cylinder. Mix the solution and add a gas-combination of 95% N2/5% CO2 using a foam-disperser. If needed, inflammatory stimuli (for example fMLP) can be added to the superfusion buffer.



Equipment


Intravital Microscope

The intravital microscopic setup consists of an upright microscope, together with a motorized xyz-stage, which allows to save xy-positions and to move to a previously determined exact position again later throughout an experiment. Usage of inverted microscopes are not recommended as they can result in excessive pressure application onto the fetus and thus deterioration of blood flow in the field of observation. Equally, inverted microscopes do not allow for adequate superfusion of a fetus. For illumination different light sources (halogen lamp, Hg-lamp, stroboscopic flash lamp system, laser) are used together with a CCD-camera or photomultiplier tubes as appropriate for the type of microscopic technique (f.e., conventional fluorescence microscopy, multiphoton laser scanning microscopy, spinning disk microscopy and others, compare Table 3). The choice for usage of a specific microscope should depend on the research question in which either a fast image acquisition, long-term image stability or high resolution or tissue penetration are needed (see Table 3). To ensure optimal conditions for the animals during the IVM observation period, a heating pad and superfusion solution are used. The heating pad is placed below the mother animal to ensure adequate temperature of the maternal blood circulation which nurtures the placenta. Heating pad performance must be regularly controlled to guarantee appropriate environmental temperature. The superfusion solution is administered constantly with the use of a turning-pump/roller-pump. A polyethylene-tubing system is used to connect the superfusion system to the microscope objective. Temperature of the superfusion system must be adjusted to reach adequate temperature at the point of administration, thus measurements have to be performed directly at the objective. The temperature-controlled superfusion buffer in which the fetus is constantly immersed thus prevents cooling of the fetus itself. To guarantee a stable temperature of the superfusion buffer on the preparation, the superfusion buffer is continuously removed from the microscope stage through a small hole, connected to a vacuum pump reservoir (compare Supplementary Figure 1).

To keep the preparation in a fixed position, the mother animal is placed on a custom-made plexiglass animal stage, with the fetus positioned inside a petri dish (construction plan see Supplementary Figures 1–3), from which on one side, one part of the wall is removed to allow the fetus to lay inside the petri dish without the application of pressure or force onto it. The fetus is kept in place within the petri dish containing medical silicone-gel and the use of a custom made magnetic space-holder, which reduces the influence of the breathing movement of the mother-animal on the observation field. The space-holder contains a hole for microscopic access. A coverslip is placed on top of the fetus and used for observation. Care must be taken that the blood flow is not restricted by pressure application. Imaging techniques such as multiphoton-laser scanning-microscopy (MPLSM) are more sensitive to motion artifacts and thus require a higher degree of stabilization compared to conventional epifluorescence recordings. If the setup described herein is insufficient to achieve acceptable imaging conditions, users should consider the following options (also compare Tables 2, 3):


TABLE 2. Troubleshooting.

[image: Table 2]

TABLE 3. Microscope applications.
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1. If insufficient perfusion of the yolk-sac is observed, try to reduce pressure exerted by the stabilization device. If necessary (especially in very old fetuses), try to only use a cover slip without fixation device and keep the cover slip in position by application of additional medical silicone-gel outside of the field of observation.

2. If the image is unstable, increase pressure while directly observing the microcirculation through the microscope, without affecting blood circulation within the yolk-sac or fetus. Generally, ensure the mother animal is not in contact with the cover slip or holding device otherwise breathing artifacts are transferred to the preparation. Also, it is helpful to model the silicone-gel against the fetus to ensure it remains within its position for the duration of the recording. Additional care must be taken to ensure adequate anesthesia, which might require re-injection of anesthetics depending on the duration of recording.



Recording of the in vivo observations is conducted via a digital recording system.



Generation of Micropipettes for Fetal Microinjection

For microinjection purposes, glass capillaries are being heat-pulled utilizing a vertical heat-puller. Employing a stereoscope, pulled glass capillaries (micropipettes) are placed in a grinding device and grinded to create a syringe-like tip (open tip diameter 1-2 μm), which allows easier penetration of blood vessels.



RESULTS/PROCEDURES

A single experiment from the beginning of anesthesia until the end of image acquisition takes between one to one and a half hours for leukocyte imaging and two and a half hours for platelet function studies (Figure 1).


Mouse Anesthesia and Surgical Procedure

Anesthetize the pregnant mother animal, using 100 μl narcotic cocktail per 8 g bodyweight. Administration of anesthesia should be i.m., rather than i.p., as effectiveness of i.p. injection might be influenced by the surgical procedure of the model, which requires opening of the abdominal cavity with potential leakage of the applied anesthetic drugs. In addition, i.p. injection might also harm the fetuses by misplaced injection. After administration wait for about 20 min, until the mouse is securely unconscious. Check anesthesia through a pain stimulus (e.g., compression of the foot-limb). Place the mother animal with its back on the heating pad. Disinfect the abdominal site of preparation with 70% ethanol. Shaving can be performed as needed. Make a lateral horizontal incision in the expected size of the fetus (approx. 1 cm) to open the abdominal cavity. Cauterize blood vessels from which bleeding might occur either before or during incision of the peritoneum.



Preparation of Fetal Yolk-Sac Vessels

Localize the uterus horn and carefully grab it with blunt tweezers (Supplementary Movie 1). Try to hold on to muscle tissue of the uterine wall only, without grabbing the fetal body in order to prevent injury. This is most conveniently done in a region between two fetuses. Exteriorize the uterus. Make sure you prevent cooling and drying through administration of heated superfusion buffer (37°C) prior, during and after exteriorization. Incise the uterine musculature in a horizontal manner to reach to one vital fetus within its yolk sac. Place another incision in a vertical manner (90° to prior incision) to reduce pressure of the uterine musculature onto the placenta. Ensure to start the incision at the opposite site of the placenta, between two fetuses, where you can easily hold the uterus muscle tissue with blunt forceps, without harming the yolk sac. From there, extend the incision, using manually blunted microsurgery scissors. The uterus muscle fibers will start to contract and retract, giving access to the yolk-sac. It is very easy to puncture and/or rupture the yolk-sac while trying to cut through the uterine wall. Also, a high amount of pressure resulting from the contraction of uterine muscle fibers of the incised uterine horn, especially in older fetuses, can lead to the rupture of the yolk-sac and worsening perfusion. At this step, patience is necessary. Very often, the fetus within the yolk-sac finds its way out through the surgical opening of the placenta without external support.

After the fetus is exteriorized (Figure 2A) and still inside the yolk-sac, the fetus is gently placed into a modified petri dish (5 ml) (Figure 2B), filled with silicone and warmed superfusion buffer solution. Lifting cannot be done by directly pulling on the yolk-sac, as it will easily rupture. Therefore, try to pull on surrounding uterine musculature, located next to the preparation site. It is also possible to load the fetus onto a pre-wetted cotton-stick and carefully mobilize it. It is important not to damage the placenta to decrease the risk of bleeding. After having secured the fetus within the yolk sac, the animal stage can be transferred to the IVM for imaging.


[image: image]

FIGURE 2. Preparation of fetal yolk-sac. (A) Preparation allows access to the yolk-sac microvasculature. Image from Margraf (2018). (B) Following incision of the uterus, the fetus inside the yolk-sac is carefully mobilized and placed in a modified petri dish filled with medical silicone gel and superfusion buffer. (C) If needed, inflammatory stimuli can be injected into the uterus by puncturing in-between two separate fetuses. (1) Eye of the fetus. (2) Placenta. (3) Fetus inside yolk-sac. (4) Mother animal. (5) Uterus horn in-between two fetuses. (6) Syringe. (7) Abdominal opening of the mother animal.


We have performed extensive imaging studies on yolk sac vessels (a) to elucidate the maturation of neutrophil recruitment during inflammation throughout mouse fetal development and (b) to investigate platelet function during fetal ontogeny. The following sections will describe how we approached these two processes by intravital imaging:


Studying in vivo Neutrophil Recruitment During Fetal Development

Depending on the purpose of the project, the preparation of the fetus/yolk-sac can be performed in unstimulated pregnant mice or pregnant mice in which the uterus has been pre-stimulated with proinflammatory agents (f.e., intrauterine LPS, fMLP, or TNF-α, Figure 2C) prior to imaging. If no proinflammatory stimulus is applied, the surgical procedure itself will cause a mild inflammatory response with some rolling and adherent leukocytes, which can be compared to trauma-induced injury as described in the mouse cremaster muscle (Sperandio et al., 2001).

Using reporter mice such as Lyz2 EGFP mice (Faust et al., 2000) or Catchup IVM mice (Hasenberg et al., 2015), neutrophils can be visualized by their fluorescent signal. The yolk sac microcirculation does not need to be stained as the auto-fluorescence signal is bright enough for conventional fluorescence microscopy. Observation of rolling, adhesion and crawling of fluorescently labeled blood cells as neutrophils is then possible. In case no external stimuli are used, we see some rolling and adherent neutrophils, which increase in number with gestational age. For application of additional dyes or other agents into the maternal organism, a carotid artery catheter can be placed into the pregnant mouse before imaging. Injection of acridine-orange solution into the carotid artery will stain maternal and fetal leukocytes (placental passage!) and can be used as alternative approach in case reporter mice are not available.

Measuring of blood flow velocity:

Three different techniques can be applied to study blood flow characteristics during fetal ontogeny. The most precise and reproducible technique is the microbead based method. Overall, velocity is calculated as the displacement of a bead or cell from point a to point b during a pre-determined time interval, resulting in:

[image: image]


1. Leukocyte based method: Using a flowing leukocyte in the center of the vessel, the movement of the cell is followed frame by frame. This gives you information on traveled distance over time.

2. Microbead based method: Microbeads are microinjected into the fetus and allowed to circulate prior to imaging. As described under (1) two consecutive frames can then be used and microbead displacement assessed over time.

3. Multiphoton-laser scanning microscopy-based line-shift determination of blood flow velocity can be performed as previously described (Dietzel et al., 2014).





Studying Thrombus Formation and Platelet-Leukocyte Interaction in the Growing Mouse Fetus

Microinjection: Fill one grinded and prepared glass microcapillary with FITC-dextran, to a volume of approximately 5 μl (/beads/antibody-solution, respectively). Depending on the desired injection site, volume and opening diameter of the glass capillary, either manual pressure infusion, or a transjector-based approach can be chosen; equally, either manual puncturing or micromanipulator-based puncturing of the yolk-sac vessel can be performed.

Connect the microcapillary to the pressure-application tube. Hold the glass-capillary like a pencil, with the tip of your fingers, while using the other hand to stabilize. Make sure, to put the cauterization device close to the other hand (Supplementary Movie 1). Optional, you can hold it with your other hand (e.g., left, if right-handed), while puncturing the yolk-sac, to immediately occlude the injection-vessel in order to prevent bleeding out of the injected substance from the penetration point. Puncture a sidebranch vessel. Before doing so, observe blood flow characteristics, as it is crucial to choose a vessel which ensures distribution and flow into a bigger blood vessel. Rupturing and/or penetration of the yolk-sac is very easy during this step. Practice is necessary, while it can be helpful to know that due to the size of the glass capillary (depending on purpose of injection), tissue can be folded and pushed away during pressure application by the tip of the glass capillary (the bigger the tip diameter, the more difficult it will be to penetrate a vessel; yet the smaller the tip diameter, the more likely it will break or demolish the grinded tip). Once the applied puncturing-pressure is high enough, the tissue will allow access and the glass-capillary will slide into the blood vessel.

Applying constant injection pressure, administer the dye and/or antibody-solution into the vessel. Observe it through the stereo-microscope. Make sure to observe the level of the injection solution to prevent injection of air into the fetal vasculature. Thus, stop the injection right before air application and proceed to the next step, while maintaining a constant slightly positive pressure equivalent to the current intravascular blood pressure. It is easiest to manually adapt this pressure.

Remove the glass capillary from the vessel and immediately occlude the injection point with the electric-cauterization device. Be quick. If too slow, the injected solution will flow out of the vessel again. Additionally, it is important to minimize the applied heat/trauma using the cauterization device, to ensure sufficient blood flow in the surrounding vessels.

Leave the fetus for approximately 5–10 min in the dark room in warm superfusion buffer to guarantee circulation and thus distribution of the phototoxic dye and/or antibody-solution.

Imaging of the yolk-sac: Place the fetus onto the imaging-stage. Make sure not to rupture the connection between fetus and mother animal while positioning or moving the preparation. Transfer the preparation to the in vivo microscope setup. Choose appropriate light/filter/detector settings. For imaging choose a vessel away from the point of microinjection. Apply superfusion buffer throughout the experiment.

Thrombus induction: For thrombus induction, we recommend the phototoxic or laser-induced approach, yet depending on availability of techniques, also the mentioned other approaches can be used. Nonetheless, variation in results is greater in subsequently mentioned techniques.


Phototoxic Injury

For thrombus induction use phototoxic FITC-dextran as microinjection-solution. Perform imaging using a high intensity light source (e.g., mercury lamp). For FITC-Dextran, use a filter for excitation maximum: 490 nm, emission maximum: 520 nm. Observe one vessel (20–50 μm) for up to 1 h or until stop of flow occurs. Determine fluorescence intensity using histogram values. For our experiments we chose a camera exposure time of 10 ms. Of note, the field of view will be constantly illuminated by the light source throughout the experiment. Examine platelet adherence and vessel occlusion. Examine reflow-phenomena as an inverse correlate of thrombus stability for 10 min after complete occlusion of a vessel occurred. Once reflow appears, continue observation again for up to 1 h or until stop of flow occurs.



Laser-Induced Injury

For thrombus induction use 2-photon-imaging (Nishimura et al., 2006; Kamocka et al., 2010; Koike et al., 2011). Depending on laser-settings, use a small point laser scan in the level of the vessel wall. Create a vessel-wall injury using beam intensity slightly below apparent heat damage. Observe thrombus formation using time-laps stack acquisition. Movements in z-direction are difficult to outbalance. Thus, appropriate stack settings need to be chosen, allowing for a range of motion.



Chemical Injury

Prepare a 1 mm × 2 mm filter paper patch. Place the filter paper patch into FeCl3-Solution of desired concentration (e.g., 1%). Microinject GpIbβ-X488-antibody into the fetal vasculature and occlude the vessel (see above). A concentration of 0,1 μg/g body weight is recommended. Now apply the FeCl3-saturated paper patch onto the desired vessel under the stereomicroscope. Observe the surrounding area (borderline) of the patch-applied vessel for blood flow cessation. Remove the FeCl3-paper patch after a minimum time of 30 s and proceed quickly to the next step in order to observe the different steps of platelet-vessel-wall interaction. Perform imaging under the in vivo microscope using the appropriate filter sets for platelet observation. The forming clot can be noted as fluorescence enhancement at the site of adhering platelets. The antibody recommendation for imaging are to use FITC-fluorescence filter sets and exposure times between 200 and 400 ms depending on camera setup and excitation light source.



Platelet-Leukocyte Interactions

Utilizing antibody or genetic knock-in strategies to fluorescently label platelets and leukocytes (for example using a GFP-knock in for leukocytes and an Alexa649 antibody staining for platelets), platelet-leukocyte interaction can be quantified by counting double-positive (GFP+ and Alexa649+) cellular events and assessing rolling of leukocytes on adherent platelets. Both thrombotic (interaction of leukocytes with injury-related adherent platelets) and free circulating platelet-leukocyte aggregates can be enumerated. At early gestational ages no platelet-leukocyte aggregates can be observed as P-selectin and PSGL-1 expression levels are low. Transfusion of isolated, labeled adult platelets and/or leukocytes into older fetuses can help in dissecting cell- and maturation-specific phenotypes.



Fetus Exteriorization and Organ Imaging

Carefully open the yolk-sac and exteriorize the fetus (Figure 3A). Ensure the umbilical vessels are still intact and not damaged. Remove disturbing tissue and liquid. Place the fetus inside a modified petri dish filled with superfusion buffer. Proceed with preparation and imaging as described below:
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FIGURE 3. Preparation of fetal liver. (A) The yolk-sac is carefully opened. (B) The fetus is removed from the yolk-sac and (C) placed into the imaging-dish. (D) The liver region is prepared for imaging. (1) Placenta. (2) Fetus inside yolk-sac being mobilized. (3) Fetus without yolk-sac. (4) Fetus within yolk-sac. (5) Fetal liver. (6) Cranial region of fetus.



Skin

Place a cover slip onto the skin pattern you wish to image. Apply the fixation device. Perform in vivo imaging with constant superfusion. MPLSM can be used for deep tissue penetration.



Liver

Make a small incision within the posterio-lateral area of the fetus (Figures 3B,C), in an area where the liver is clearly visible through the thin skin (Figure 3D). From there, gently open the lateral side of the abdominal cavity of the fetus to display the fetal liver. If needed, carefully remove one of the forming ribs. It might be necessary to remove the liver capsule (Glisson’s capsule). The liver is a well perfused organ. Thus, preparation and manipulation within this area features high bleeding risk. Place a cover slip and the fixation device on top and transfer it to the imaging setup. MPLSM might hold best results due to its penetration depth.



Cranial Imaging

Carefully incise the skin in the head region (temporal region) and place a small silicon ring (approx. 0,5 to 1 cm diameter, depending on objective used for imaging) onto the top. Fill the ring with superfusion buffer for imaging of the cranial-window. Proceed to imaging.



Blood Sampling for Flow Cytometry and Systemic Blood Cell Counts

Acquisition for systemic fetal blood cell counts requires exact volumes as the cell amount can be fairly low.

To collect fetal blood the following procedure can be applied: Completely exteriorize the fetus from the yolk-sac, dry the fetus and remove any amniotic fluid with soft cotton sticks, perform a lateral neck incision, and discard the first small droplet of blood. Then place a 5 μl collecting glass capillary onto the incision site, where the blood vessels are clearly visible. Observe blood collection through a stereomicroscope to ensure no surrounding tissue leakage is collected into the capillary. Transfer the collected sample into citrate solution (45 μl 0.11 M sodium citrate solution, pH 6.5). Prepare the sample by adding appropriate antibodies directed against the required cell subpopulation. Add microbeads of known quantity and volume for later volume determination. Transfer samples to the flow cytometer for analysis.

If functional assays with fetal blood cells are planned and higher blood volumes are necessary, the following procedure can be used: Remove the yolk-sac and completely exteriorize the fetus and wash fetus and placenta quickly once in PBS. Dry the fetus and place it into a large petri dish filled with modified Tyrodes-HEPES-heparin-buffer. Make sure to leave the placenta outside of the petri dish. Dissect the umbilical cord and cut the fetal head with sharp scissors. Leave fetuses to bleed for approx. 10 min. Remove the fetus from the petri dish and collect the suspended blood. Washing, adding of antibodies and flow cytometry analysis can then be performed.



DISCUSSION/LIMITATIONS

The described preparation and imaging techniques allow several different applications. Yolk-sac analysis and microinjection of fluorescent substances enable examination of vessel- and blood cell properties. 3D-image reconstruction will show fluorescently labeled vessels following microinjection of plasma markers in both the yolk-sac layer and the deeper layers of the fetal body. Thrombus induction with phototoxic dyes results in a negative contrast image, in which the forming thrombus can be noted as a reduction in fluorescence intensity compared to the plasma marker FITC dextran. A stable image with only slight movement at young gestational ages and more intense motion at older gestational stages, is expected. In the setting of thrombus formation, platelet adherence followed by complete vessel occlusion can be observed within 30 min to 1 h in only a reduced number of animals, depending on fluorescent dye concentration, excitation light source and gestational age of the fetus. Leukocyte observation will show slight fluorescence of the surrounding vessel wall with strong fluorescent leukocytes within the blood which show a reduced recruitment phenotype in young gestational ages. Additionally, multiphoton-microscopy can be used, to generate SHG and THG (second- and third-harmonic-generation)-signals. Most commonly, a simple 2-D fluorescence image acquisition can be used, to display blood cells circulating in the microvasculature of the fetal yolk-sac.

Our model holds great potential for in vivo imaging of developmentally regulated processes. Nonetheless, only a restricted range of developmental stages can be selected for yolk-sac experiments, as insufficient size and the onset of circulation at young stages and yolk-sac involution processes at older stages of fetal development limit the practicability of such preparations. In accordance with this, our model is most suitable for in vivo experiments between developmental stages E13 and E18. Yet, with further manual skills and practice, also younger animals can be used (E9.5 onward). For older fetuses (E18 and E19), opening of the yolk-sac in the required region will facilitate vessel imaging also at this stage of development. In particular, a small incision in the cranial temporal region will allow access to the fetus for cerebral imaging purposes. Fetuses below the age of E13 are difficult to prepare due to the watery structure and lacking stability of the organism. Therefore, exteriorization of the fetus at this stage is accompanied by high fetal mortality.

As the yolk-sac is exteriorized and a counter-weighed fixation-device is used to stabilize the imaging setup, the experimenter must be aware of the possible influence of these manipulations on basic physiologic processes (Figure 4). Additional pitfalls include usage of large beads at high concentrations to study blood flow velocity. This could result in blockage of circulatory routes. Modulations in the cardiovascular and hemodynamic parameters of the mother animal will impact placenta perfusion and thus affect the fetus. Consequently, strict control of vital parameters and physiologic conditions not only for the fetus itself but also of the mother animal is needed throughout the experiment.


[image: image]

FIGURE 4. Exemplary fixation and microscope setup. (A) Microscope stage with magnetic spring-counter-weighed holding device. (B) In vivo microscopy setup including water bath and roller pump (lower left of the image). (C) Epifluorescence setup with superfusion-buffer needle attached to the objective. (D) Placement of the fetus and mother animal for imaging.


Using antibodies, labeling substances or fluorescent protein-expressing genetically modified animals (compare Table 1), this model has a wide range of applications. In this context, one must be aware of the difficulties of genetically engineered reporter mice as well as antibody labeling, as classical cell markers might be developmentally regulated and only appear late during fetal life or are temporally expressed in other cell types during fetal ontogeny. Examples include CD41 for platelets (Mikkola et al., 2003).

Ongoing research focusses on developmental aspects of leukocytes, platelets, megakaryocytes, macrophages, endothelial, and progenitor cells. Whereas general developmental aspects (platelet-hyporeactivity and leukocyte hyporeactivity) are of great interest for neonatologists and physiologists, more specific research questions will have to address the precise underlying mechanisms for each uncovered phenotype. Not only therapeutic options in the neonatal period depend on this, but knowledge with regard to aging and maturation could potentially be obtained and translated to the understanding of adult malignancies or modification of therapies. Even though this model holds great advancements for the scientific community, the performing researcher must be aware of inherent ethical conflicts. Ethical considerations with regard to the mentioned techniques must include not only general animal welfare regulations but should place special focus on the protection of unborn life, hindering unnecessary application of such invasive methodology without justifiable scientific and translatable purpose.

Summarizing, this model offers a powerful technique to study in vivo processes in the developing mouse fetus and advance our understanding of basic physiologic and disease-related processes during ontogeny.
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Dendritic cell–T cell (DC-T) contacts play an important role in T cell activation, clone generation, and development. Regulating the cytoskeletal protein rearrangement of DCs can modulate DC-T contact and affect T cell activation. However, inhibitory factors on cytoskeletal regulation in DCs remain poorly known. We showed that a soluble form of CD83 (sCD83) inhibited T cell activation by decreasing DC-T contact and synapse formation between DC and T cells. This negative effect of sCD83 on DCs was mediated by disruption of F-actin rearrangements, leading to alter expression and localization of major histocompatibility complex class II (MHC-II) and immunological synapse formation between DC and T cells. Furthermore, sCD83 was found to decrease GTP-binding activity of Rab1a, which further decreased colocalization and expression of LRRK2 and F-actin rearrangements in DCs, leading to the loss of MHC-II at DC-T synapses and reduced DC-T synapse formation. Further, sCD83-treated DCs alleviated symptoms of experimental autoimmune uveitis in mice and decreased the number of T cells in the eyes and lymph nodes of these animals. Our findings demonstrate a novel signaling pathway of sCD83 on regulating DC-T contact, which may be harnessed to develop new immunosuppressive therapeutics for autoimmune disease.

Keywords: sCD83, DC-T contact, Rab1A, immunological synapse, autoimmune uveitis


INTRODUCTION

Dendritic cells (DCs) play a crucial regulatory role in autoimmune disease and regulate the immune response by governing T cell activation or development. Immunological synapses (ISs) formed between DCs and T cells (DC-T) support direct communication between cells and are a key factor for T cell clone generation and development (Dustin and Shaw, 1999; Grakoui et al., 1999; Davis and Dustin, 2004). IS of DC-T contacts is a multimolecular assembly of receptors and adhesion molecules that act as a platform for cell activation and cell–cell communication (Dustin and Shaw, 1999; Grakoui et al., 1999; Davis and Dustin, 2004), and it is formed by cytoskeletal proteins around one or more major histocompatibility complex class II–peptide–T cell receptor (MHC-II–peptide–TCR) cluster. Regulating the IS of DC-T would influence T cell activation directly. Cytoskeletal rearrangement is one of the most important factors in altering DC-T contacts (Al-Alwan et al., 2001; Comrie et al., 2015). F-actin provides essential support for the platform on the DC side of the synapse (Al-Alwan et al., 2001) and could regulate DC-T contact and T cell activation (Lin et al., 2015; Chen et al., 2017). Furthermore, F-actin acts as a scaffold to sustain signaling pathway molecules and controls the spatial and temporal distribution of Ca2+ sources and sinks to influence the activation and maturation of DCs toward DC-T contact and T cell activation (Nolz et al., 2006; Quintana et al., 2006, 2007). Therefore, inhibition of the cytoskeleton of DCs would influence DC-T synapse formation and the aggregation of immune-stimulating molecules between DC–T cells, which as a result would further decrease DC-T contact and T cell activation. Superfamily small GTPases (e.g., Rho and Ras) are believed to control cytoskeletal function through the regulation of effector kinases. Recently, Rab1a is found to control the actin cytoskeleton by regulating Roco2 kinase activity (Kicka et al., 2011), although its major function is related to vesicle trafficking and autophagy (Ali et al., 2004; Webster et al., 2016). It indicates that Rab1a may participate to the DC-T IS formation. However, the regulatory mechanism of DC-T contact formation is still not very clear.

Soluble CD83 (sCD83) is an immunosuppressive mediator involved in the pathogenesis of immune-related diseases in humans such as multiple sclerosis and animal models of experimental autoimmune encephalomyelitis (Pashine et al., 2008), experimental autoimmune uveitis (EAU) (Lin et al., 2018), systemic lupus erythematosus (Starke et al., 2013), and transplant rejection (Xu et al., 2007; Lan et al., 2010). These studies investigated the effects of sCD83 inhibition on DC regulation by activation of interleukin 10 (IL-10) and indoleamine 2,3-dioxygenase, which further suppresses T cell activation (Lan et al., 2010; Lin et al., 2018). In the same study, we also showed that sCD83 inhibits calcium release in DCs to suppress T cell activation (Lin et al., 2018). A different study reported that sCD83 completely changes the cytoskeleton of mature DCs, altering cells to become rounded and having either short or truncated cytoplasmic veils or no veils at all (Kotzor et al., 2004). They also found that sCD83-treated cells were completely inhibited in their ability to stimulate T cells (Kotzor et al., 2004). Nevertheless, the mechanism underlying the effect of sCD83 on DCs remains unclear, and how sCD83-mediated regulation of the DC cytoskeleton inhibits DC-T contact and T cell activation is still unknown.

Autoimmune uveitis is a group of organ-specific immune disorders characterized by an inflammatory process, which includes increased CD4+ T cells infiltration in the eyes (Caspi et al., 1986; Muhaya et al., 1999; Ilhan et al., 2008), and is usually activated by DCs. Abnormal DC activation is a major cause of the pathogenesis of uveitis (Xu et al., 2007; Heuss et al., 2012; Constantino-Jonapa et al., 2020). Thus, regulating DC activation may reverse the inflammatory state of this disease by influencing either DC-T contact or T cell activation. Exploring the regulatory factors on DC function and DC-T contact will help identify new therapeutic targets for this disease.

In the current study, we identify a regulatory pathway of sCD83 on DC-T contact formation. We demonstrate that sCD83 inhibits IS formation of DC-Ts by disrupting the distribution of F-actin and MHC-II at DC-T contacts, and we find that this inhibitory effect of sCD83 on DCs is via suppression of Rab1a, which controls the LRRK2 and F-actin colocalization. Furthermore, sCD83-treated DCs alleviates the symptoms of EAU and decreases the number of T cells in the eyes and lymph nodes of mice with EAU. Our findings provide a possible mechanism of sCD83 on DC-T contact by Rab1a-mediated F-actin and MHC-II localization and may provide a new therapeutic approach for the treatment of EAU.



MATERIALS AND METHODS


Animals and EAU Model

Pathogen-free female C57BL/6 (6–8-week-old) mice were purchased from Beijing Vital River Laboratory Animal Technology Co., Ltd. (Beijing, China). These mice were maintained in specific pathogen-free conditions according to the guide for the care and use of laboratory animals of Shandong First Medical University & Shandong Academy of Medical Sciences (Jinan, China). The experiments were approved by the ethics committee of Shandong First Medical University & Shandong Academy of Medical Sciences (Jinan, China). The induction of EAU in C57BL/6 mice has been described in previous reports (Thurau et al., 1997; Beibei Wang et al., 2017; Lin et al., 2017). Briefly, C57BL/6 mice were subcutaneously immunized with 350 μg of human interphotoreceptor retinoid-binding protein peptide1−20 (IRBP1−20, China Peptides Co., Ltd., Suzhou, Jiangsu, China) that was emulsified in the complete Freund's adjuvant (Sigma–Aldrich Company, MA, USA). Concurrently, a single dose of 500 ng of pertussis toxin (PTX, Enzo Life Sciences, Farmingdale, NY, USA) was injected intraperitoneally. After immunization for 21 days, the mice were examined by histopathological examination or immunofluorescence examination, and the degree of disease was evaluated by a scoring system according to previously described (Thurau et al., 1997; Harimoto et al., 2014).



sCD83 Construction and Usage

Mouse sCD83 protein consists of the extracellular domain of the membrane-bound CD83 (mCD83) molecule (22–133 aa), which was purified from the supernatant of transiently transfected eukaryotic cells (Roman-Sosa et al., 2016). Purified sCD83 was detected by sodium dodecyl sulfate–polyacrylamide gel electrophoresis (SDS-PAGE) and Western blot (Supplementary Figure 1). For animal treatment, sCD83 (10 μg/mouse) was used on day 8 after EAU immunization and was administered intravenously every other day. The eyes were harvested on 21 days for immunofluorescence staining or hematoxylin-eosin stain. The eyes and lymph nodes were harvested and prepared for flow cytometry. For cell stimulation, sCD83 (100 ng/mL) was added to the culture of isolated wild-type (WT) DC or DC2.4 cell line for pretreatment 24 h, and then the cells were collected for detection. Human immunoglobulin G (IgG) protein was used as a negative control.



Plasmid Construction

Rab1aQ70L (a GTP-restricted mutant, activated form) was generated by polymerase chain reaction site-directed mutagenesis and confirmed by sequencing. The pCAG-LifeAct-RFP plasmid was used for F-actin visualization in DCs according to the manufacturer's instructions (ibidi, Martinsried, Germany).

Non-targeting control shRNA and targeting shRNA were constructed by JiMan Sigma (Shanghai, China). The sequence of effective Rab1a shRNA is 5′-GCACAATTGGTGTGGATTT-3′, and the sequence of MD-2 shRNA is 5′-AGTTATTGTGATCACTTGA-3′, respectively. They were constructed into PGMLV-SC5, separately. The cells were then transfected with 5–20 nM PGMLV-SC5-Rab1a shRNA or non-targeting control shRNA (NC) as per the protocol provided by the manufacturer. The pCAG-LifeAct-RFP plasmid was used for F-actin visualization in DCs according to the manufacturer's instructions (ibidi, Martinsried, Germany). pCAG-RFP empty plasmid was used as control.



Cells Culture and Isolation

DC2.4 cell line (a kind gift from Professor Yiwei Chu, Fudan University, Shanghai, China) was cultured in RPMI-1640 containing 10% fetal bovine serum and double antibodies. These cells were stimulated with IRBP1−20 (10 ng/mL) and PTX (10 ng/mL) overnight.

WT DCs or CD4+ T cells were obtained from the spleen and selected using a CD4-negative and CD11c-positive selection kit (Miltenyi Biotec, Bergisch Gladbach, Germany), respectively. Splenocytes were obtained, and red blood cell lysis buffer (Solarbio Science & Technology Co., Ltd., Beijing, China) was used to obtain the single-cell suspension as previously reported (Shao et al., 2003; Lin et al., 2017). And then, CD4+ T cells and DCs were isolated by kits according to manuscript protocol.



DC-T Contact Detected by Immunofluorescence

Wild-type DCs or DC2.4 cell lines were incubated with IRBP1−20 (10 ng/mL) and PTX (5 ng/mL) overnight to be activated (Lin et al., 2018). sCD83 (10 ng/mL) were added to stimulate overnight. CD4+ T cells were purified from the spleen of IRBP1−20-immunized B6 mice and were stimulated with IRBP1−20 (10μg/mL) in the presence of 1 × 107 irradiated syngeneic spleen cells as antigen presenting cells (APCs) in the presence of IL-2 (10 ng/mL), and then antigen-specific CD4+ T cells were obtained by CD4+ magnetic beads (Miltenyi Biotec, Bergisch Gladbach, Germany). CD4+ T cells were cocultured with antigen-pulsed mature DCs (T cell:DC ratio = 10:1) overnight. And then, the cells were fixed in phosphate-buffered saline (PBS)/4% paraformaldehyde for 10 min, followed by incubation with PBS/0.1 M of glycine for 3 min. Cells were permeabilized with 0.1% Triton X-100 for 20 min and then blocked with 2% bovine serum albumin buffer for 20 min. Next, the cells were stained with a 1:500 dilution of TRITC phalloidin (Molecular Probes, Carlsbad, CA, USA) as previously reported (Quintana et al., 2009; Lin et al., 2015), or cells were stained with anti-Rab1a (Abcam, Cambridge, MA, USA), anti-MHC-II (R&D Systems, Inc., Minneapolis, MN, Canada), and anti-LRRK2 (Abcam, Cambridge, MA, USA) antibody (1:1,000 dilution) for 60 min. After washing three times, corresponding fluorescent antibodies were added and detected by a confocal microscope.



Confocal Imaging

Images of the cells were taken with a confocal microscope (LMS 780, Zeiss, Germany) equipped with an APO oil immersion objective lens (63 ×, NA = 1.40) (Lin et al., 2015). The images were analyzed with the Imaris Software (Bitplane AG, Zurich, Switzerland) and ImageJ (National Institutes of Health, Bethesda, MD, USA). DC-T contact was observed by z-axis scanning. Three-dimensional (3D) intercellular contacts were reconstructed and analyzed by Imaris Software and ImageJ. Total fluorescence value of MHC class II or F-actin was quantified after 3D image reconstructed. Colocalization of Rab1a and LRRK2, or Rab1a and MHC-II, in DCs were analyzed by ImageJ with colocalization index (Pearson correlation coefficient, Pearson's r).



Rab1a Activation Assay

Cells were lysed with ice-cold lysis buffer [50 mM Tris-HCl (pH 7.5), 2% Nonidet P-40, 10 mM MgCl2, 300 mM NaCl, and protease inhibitor]. Collected lysates were incubated with GTP-agarose beads (Novus Biologicals, Co, USA) at 4°C for 2 h. And then, the beads were collected by centrifugation, and the binding of Rab1a was analyzed by Western blot with anti–Rab1a mAb.



Flow Cytometry

Aliquots of 1 × 106 cells were stained with different monoclonal antibodies according to standard protocols. The cells were analyzed on a FACSVerse cytometer (BD Biosciences, San Diego, CA, USA). Fluorescent antibodies of CD45 (clone 30-F-11), CD3ε (clone 145-2C11), CD4 (clone GK1.5), CD83 (clone Michel-19), CD11b (clone M1/70), ly6c(clone HK1.4), F4/80 (clone BM8), B220 (clone RA3-6B2), NK1.1 (clone PK136), MHC-II (clone M5/114.15.2), CD11c (clone N418), CD69 (clone H1.2F3), and Ki67 (clone B56) conjugated with the corresponding fluorescent dyes (eBioscience, San Diego, CA, USA) were used in the experiments.



Western Blot

DC2.4 cells or sCD83-treated DC2.4 cells were lysed with RIPA buffer (Beyotime Biotechnology, Shanghai, China). Identical quantities of protein were separated by 10% SDS-PAGE and transferred to polyvinylidene difluoride membranes. Subsequently, 5% non-fat dry milk in Tris-buffered saline 0.1% Tween 20 (TBS-T) was used to block non-specific binding sites for 1 h. After washing with TBS-T, membranes were incubated with primary antibodies against mouse Rab1a (Abcam, Cambridge, MA, USA), LRRK2 (Abcam, Cambridge, MA, USA), F-actin, MHC-II (R&D Systems, Inc., Minneapolis, MN, USA), and GAPDH (Cell Signaling Technology, Beverly, MA, USA) at 4°C for overnight. Membranes were then washed and incubated with secondary antibodies (goat-anti-rabbit IgG antibodies) conjugated to horseradish peroxidase (Beyotime Biotechnology, Shanghai, China) for 1 h. Finally, the membranes were developed using the Super Signal West Pico Chemiluminescent Substrate (Thermo Scientific, Rockford, IL, USA). Densitometric analyses were performed using the ImageJ software (National Institutes of Health, Bethesda, MD, USA).



Statistical Analysis

Data analysis was performed using GraphPad Prism 5 (GraphPad Software, San Diego, CA, USA). Two-tailed Student t-test or one-way analysis of variance was used as parametric tests. Mann–Whitney U-test or Kruskal-Wallis test were used as nonparametric tests. Data were represented as mean ± SEM. p < 0.05 (*), 0.01 (**), and 0.001 (***) were considered to be significant.




RESULTS


sCD83 Decreases DC-T Synapse Formation by Reducing Assembly of F-Actin at Sites of DC-T Contact

As previously reported (Lin et al., 2018), sCD83 treatment decreases the symptoms in EAU. In our study, we found that sCD83 treatment decreased the increased percentage of CD11c+ MHC-II+ DCs and CD4+ T cells in the eyes and lymph nodes of infected mice (Figure 1A). The retinal lesions of each group and T and DC lymphocyte subpopulation imaging are shown in Figure 1B. In the eyes of EAU, multifocal retinal fold (white arrows) and CD4+ T cells (red) and DCs (green) infiltration were found (Figure 1B), and DC-T contacts were found in lymph nodes of EAU (Supplementary Figure 2). However, almost no retina damage and the less lymphocytes infiltration were found in the eyes of sCD83-treated EAU mice (Figures 1A,B). Based on in vitro experiments, sCD83-treated DCs formed fewer DC-T contacts than those without treatment (Figure 1C). With sCD83 treatment, the mean fluorescence value of F-actin and MHC-II at DC-T contacts decreased (Figure 1D), and F-actin lost to accumulate and around with MHC-II to form DC-T synapse (Figure 1D). F-actin and MHC-II were essentially diffused at the sCD83-treated DC-T contact (Figure 1D). As a result, sCD83 treatment disrupts IS formation that requires both F-actin and MHC-II. However, sCD83 treatment did not influence the activation of T cells and did not influence sCD83-treated T cell contact with DCs (Supplementary Figure 3).
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FIGURE 1. The effect of sCD83 on T cells and DCs in vivo and in in vitro experiment. (A) sCD83 treatment decreased the increased percentage of CD11c+ MHC-II+ DCs and CD4+ T cells in eyes and lymph nodes of EAU mice. These data are from three separate experiments; five mice were used for every group and shown as mean ± SEM. *p < 0.05, ***p < 0.001. (B) The retinal lesions (white arrow showed multiple protrusions were found in the outer nuclear layer), CD4+ T cells (red). and CD11c+DC lymphocyte subpopulation (green) in the eyes of mock, EAU, and sCD83-treated EAU mice were detected by immunofluorescence. Nucleus is blue. Bar = 100 μm. (C) sCD83 treatment decreases the percentage of DC2.4-T contacts. (D) sCD83 treatment also decreases the IS formation of DC2.4-T contacts that require both F-actin and MHC-II (left panel). Mean fluorescence value of F-actin and MHC-II at DC-T contacts (right panel). Five cell–cell contacts/group were analyzed by confocal and Imaris Software. DC-T contact was reconstructed and analyzed by Imaris Software. The middle section or the largest section of the z-axis was selected and displayed in the right panel. Total fluorescence value of MHC class II or F-actin was quantified after 3D image reconstructed. (E) The distribution (left panel) and the mean value of F-actin (right panel) in DC2.4, which was under different concentrations of sCD83 stimulation. Five cell–cell contacts/group were analyzed. (F) Overexpression of F-actin into sCD83-treated DCs increased the percentage of DC2.4-T contact in DCs. (G) The distribution (left panel) and the mean value of F-actin and MHC-II (right panel) in F-actin overexpressed sCD83-treated DCs compared to empty plasmid overexpressed sCD83-treated DCs (control). Five cell–cell contacts/group were analyzed. Data of (C–F) are shown as mean ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001. Bar = 5μm.


Further, the mean fluorescence value of F-actin increased in activated DCs (Figure 1E). However, under different concentrations of sCD83 stimulation, we found that F-actin fluorescence in DCs gradually reduced with increased sCD83 concentration (Figure 1E). In addition, disrupting F-actin with cytochalasin D reduced DC-T contact and MHC-II accumulation at DC-T contacts (Supplementary Figure 4), whereas overexpression of F-actin in DCs promoted DC-T contact and MHC-II accumulation at DC-T contacts (Supplementary Figure 4). Overexpression of F-actin rescued the negative effect of sCD83 on DCs, causing increased DC-T contact, and F-actin and MHC-II accumulation at DC-T contacts (Figures 1F,G). Thus, sCD83 regulates DC-T synapse formation and MHC-II accumulation at DC-T contacts by controlling F-actin in DCs.



sCD83 Decreases Rab1a Expression in DCs

Next, we investigated the possible mechanism underlying sCD83-mediated regulation of F-actin at DC-T contacts. F-actin assembly is controlled by activated Rab1a (Kicka et al., 2011). As a small G protein, Rab1a is activated by binding with GTP. Using DCs incubated with Rab-GTP-agarose beads and an anti-Rab1a antibody to detect Rab1a binding, we found following PTX and IRBP stimulation a significant increase in the GTP-binding activity of Rab1a, as well as Rab1a in DCs (Figure 2A), Both of Rab1a and Rab1a-GTP decreased in response to sCD83 stimulation (Figure 2A). Moreover, we found that GTP-binding activity of Rab1a decreased following sCD83 administration at high concentrations (Figure 2B), as well as in response to the time of sCD83 action (Figure 2C). Thus, these findings indicate that sCD83 affects the amount of GTP-binding activity of Rab1a. Moreover, following sCD83 treatment, we found that the average fluorescence of Rab1a decreased and that localization was mainly around the nucleus (Figure 2D). Based on these findings, we conclude that sCD83 influences the expression and cellular localization of Rab1a in DCs.
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FIGURE 2. sCD83 inhibits the expression of Rab1a-GTP and the distribution of Rab1a. (A) The expression of Rab1a and Rab1a-GTP in DC2.4, activated DC2.4 and sCD83-treated activated DC2.4. (B) With different concentrations of sCD83 treatment for 24 h, the expression of Rab1a-GTP in activated DC2.4 was analyzed by Western blot. (C) With 10 ng/mL sCD83 treatment for 6, 12, or 24 h, the expression of Rab1a-GTP in activated DCs was analyzed by Western blot. Data of (A–C) are from three separate experiments and shown as mean ± SEM. ***p < 0.001. (D) The distribution of Rab1a (red) in activated DC2.4 cells, sCD83-treated activated DC2.4 cells, and IgG-treated activated DC2.4 cells. Nucleus is blue. Bar = 5μm.




sCD83 Disrupts LRRK2/F-Actin Distribution in DCs Through Rab1a

As Rab1a regulates localization of members of the LRRK2-related kinase family (Kicka et al., 2011), which controls the actin cytoskeleton of DCs, we hypothesized that sCD83 regulates DC morphology by affecting the expression and localization of F-actin and LRRK2 in DCs through Rab1a. First, we evaluated the expression and localization of Rab1a, F-actin, and LRRK2 in DCs with and without sCD83 treatment. Using PTX and IRBP stimulation, we found increased expression of F-actin and LRRK2 in activated DCs (Figure 3A). We also found that activated DCs were morphologically elongated in multiple directions, with F-actin distributed and supporting multiple directions, and Rab1a and LRRK2 were colocalized in these DCs (Figure 3B). Following sCD83 treatment, the expression of F-actin and LRRK2 decreased (Figure 3A), and Rab1a and LRRK2 were no longer colocalized so well (Figure 3B), and the distribution of F-actin was disrupted.
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FIGURE 3. Rab1a plays an important role in regulating the effect of sCD83 on the F-actin in DCs. (A) The expression of F-actin and LRRK2 in the DC2.4, activated DC2.4 cells, activated DCs with sCD83 treatment, or activated DCs with IgG treatment. (B) The localization of Rab1a (green), LRRK2 (red), and F-actin (white) in DC2.4 cells or activated DC2.4 cells, sCD83 treated-activated DCs, and IgG-treated activated DCs. Colocalization index (Pearson'r) was graphically represented (right panel). (C) With shRab1a or NC treatment, the localization of Rab1a (green), LRRK2 (red), and F-actin (white) in DC2.4 cells. Colocalization index (Pearson'r) was graphically represented (right panel). (D) The expression of F-actin and LRRK2 in activated DC2.4 cells with shRNA Rab1a (shRab1a) treatment, or activated DCs with NC treatment. (E) The localization of Rab1a (green), LRRK2 (red), and F-actin (white) in Rab1aQ70L-treated DC2.4 cells, or empty plasmid-treated DC2.4 cells (control). Colocalization index (Pearson'r) was graphically represented (right panel). (F) The expression of F-actin and LRRK2 in activated DC2.4 cells with Rab1aQ70L treatment or empty plasmid treatment (control). (G) Overexpressed Rab1aQ70L (green) or empty plasmid (control) influence the distribution of F-actin (white) and LRRK2 (red) in DC2.4 cells. Colocalization index (Pearson'r) was graphically represented (right panel). (H) Overexpressed Rab1aQ70L promotes the expression of F-actin and LRRK2 in sCD83-treated DCs, but empty plasmid (control) could not. Nucleus is blue. Bar = 5μm. Data of (A,D,F,H) were from three separate experiments, and data of (B,C,E,G) were form six cells/group and shown as mean ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001.


To further investigate the role of Rab1a in regulating the distribution of LRRK2 and F-actin in DCs, shRNA-Rab1a was used to interfere with Rab1a expression (Supplementary Figure 5). Following shRNA-Rab1a treatment, we found that DCs became morphologically round with short spikes (Figure 3C). The expression of F-actin and LRRK2 decreased in shRNA Rab1a-treated DCs (Figure 3D). In contrast, overexpression of an activated form of Rab1a (Rab1aQ70L) resulted in morphological changes of DCs, which became elongated with multiple extensions (Figure 3E). Rab1a colocalized with LRRK2 in Rab1aQ70L-treated DCs (Figure 3E), and LRRK2 and F-actin were uniformly distributed in cells and supported extended spike formation (Figure 3E). Further, Rab1aQ70L overexpression increased expression of F-actin and LRRK2 (Figure 3F). These findings indicate that activation of Rab1a correlates with the expression and localization of LRRK2 and F-actin in DCs.

Next, to determine whether the effect of sCD83 on DCs was regulated by Rab1a, Rab1aQ70L was overexpressed in sCD83-treated DCs for 72 h. We found that Rab1aQ70L overexpression promoted F-actin and LRRK2 expression and colocalization of Rab1a and LRRK2 in sCD83-treated DCs (Figures 3G,H). Based on these findings, we concluded that Rab1a participated in the regulation of sCD83 on F-actin in DCs by controlling colocalization of Rab1a and LRRK2.



Rab1a Controls Expression and Localization of MHC-II on the Surface of DCs

As a central molecule of IS, MHC-II expression in sCD83-treated DC-T contacts decreased and no longer accumulated in synapses (Figure 1D). In addition, sCD83 treatment decreased the surface expression of MHC-II on DCs (Figure 4A). And MHC-II in sCD83-treated DCs prefers to accumulate around the nucleus (Figure 4B). In activated DCs, MHC-II can colocalize with Rab1a (Figure 4B). However, sCD83 treatment disrupted the colocalization of MHC-II and Rab1a (Figure 4B). Based on these findings, sCD83 influences the expression and localization of MHC-II in DCs. We next investigated to determine whether the regulatory effect of sCD83 on MHC-II expression and localization in DCs was controlled by Rab1a, which is involved in vesicle transport, a process that transports proteins to the cell membrane. Following shRNA-Rab1a treatment, we found that MHC-II expression decreased (Figure 4C), and MHC-II accumulated around the nucleus of DCs (Figure 4D). In contrast, overexpression of Rab1aQ70L increased MHC-II expression (Figure 4E), and MHC-II preferred to colocalize with Rab1a in these DCs (Figure 4F). Moreover, overexpression of Rab1aQ70L in sCD83-treated DCs also increased MHC-II expression on the surface of DCs and promoted MHC-II colocalized with Rab1a (Figures 4G,H). Thus, these findings indicate that sCD83 influences the localization of MHC-II in DCs by Rab1a.
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FIGURE 4. Rab1a controls expression and localization of MHC-II on the surface of DCs. (A) The expression of MHC-II on the surface of activated DC2.4, sCD83-treated activated DC2.4, or IgG-treated activated DC2.4 cells. (B) The localization of MHC-II (red) and Rab1a (green) in activated DC2.4, sCD83-treated activated DC2.4, and IgG-treated activated DC2.4. Colocalization index (Pearson'r) was graphically represented (right panel). (C) The expression of MHC-II on the surface of shRNA Rab1a-treated activated DC2.4, compared to NC-treated activated DC2.4. (D) The localization of MHC-II (red) and Rab1a (green) in shRNA Rab1a-treated or NC-treated activated DC2.4. Colocalization index (Pearson'r) was graphically represented (right panel). (E) The expression of MHC-II on the surface of Rab1aQ70L overexpressed activated DC2.4, compared to empty plasmid transfected activated DC2.4 (control). (F) The localization of MHC-II (red) and Rab1a (green) in Rab1aQ70L overexpressed activated DC2.4 or empty plasmid transfected activated DC2.4. Colocalization index (Pearson'r) was graphically represented (right panel). (G) The expression of MHC-II on the surface of Rab1aQ70L overexpressed sCD83-treated activated DC2.4, compared to empty plasmid transfected sCD83-treated activated DC2.4 (control). (H) The localization of MHC-II (red) and Rab1a (green) in Rab1aQ70L overexpressed sCD83-treated DC2.4 or empty plasmid transfected sCD83-treated activated DC2.4 (control). Colocalization index (Pearson'r) was graphically represented (right panel). Bar = 5μm. Data are from three separate experiments; six cells/group were used and shown as mean ± SEM. ***p < 0.001.




Inhibitory Effect of sCD83 on DC-T IS Formation Is Regulated by Rab1a-Mediated F-Actin

Because Rab1a affects the expression and localization of F-actin and MHC-II, which are essential for DC-T IS formation, we explored whether Rab1a may be a regulator of DC-T synapse formation. Following shRNA-Rab1a treatment, we found that DC-T contact decreased, and IS formation between DC-T was disrupted (Figures 5A,B). However, overexpression of Rab1aQ70L increased the percentage of DC-T contact and promoted IS formation to accumulate F-actin and MHC-II at DC-T contact (Figures 5C,D). Based on these findings, we conclude that Rab1a regulates DC-T synapse formation.
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FIGURE 5. Rab1a-mediated F-actin regulated IS formation between DC and T cells. (A) With shRNA Rab1a or NC treatment, the percentage of DC-T contact in DCs. (B) With shRNA Rab1a, or NC treatment, the distribution (left panel) and mean fluorescence value (right panel) of F-actin and MHC-II at the contact between DC 2.4 and T cells. (C) Overexpression of Rab1aQ70L in DC promotes the percentage of DC-T contacts and (D) promotes the accumulation (left panel) and mean fluorescence value (right panel) of F-actin and MHC-II at the contacts of DC-T, compared to the empty plasmid transfected DC. (E) Overexpression of Rab1aQ70L in sCD83-treated DC promotes the percentage of DC-T contacts and (F) promotes the accumulation (left panel) and mean fluorescence value (right panel) of F-actin and MHC-II at the contacts of DC-T, compared to the empty plasmid transfected sCD83-treated DC. (G) Overexpression of F-actin in shRab1a-treated DC promotes the percentage of DC-T contacts and (H) promotes the accumulation (left panel) and mean fluorescence value (right panel) of F-actin and MHC-II at the contacts of DC-T, compared to the empty plasmid transfected shRab1a-treated DC (control). (I) Cytochalasin D treatment decreased the percentage of DC-T contact (left panel) in Rab1aQ70L overexpressed DCs, compared to PBS-treated Rab1aQ70L overexpressed DCs. (J) Cytochalasin D treatment distributed the accumulation (left panel) and mean fluorescence value (right panel) of F-actin and MHC-II in Rab1aQ70L overexpressed DCs, compared to PBS (control)–treated Rab1aQ70L overexpressed DCs. Bar = 5μm. Data of (A,C,E,G,I) are from three separate experiments, and data of (B,D,F,H,J) were from five cells/group and were shown as mean ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001.


In addition, overexpression of Rab1aQ70L rescued the expression and altered localization of MHC-II in sCD83-treated DCs (Figures 3G,H). Overexpression of Rab1aQ70L also increased the percentage of DC-T contacts and promoted MHC-II relocation to contacts of sCD83-treated DC-T (Figures 5E,F). Based on these findings, we conclude that sCD83 influences localization of MHC-II by Rab1a and that the inhibitory effect of sCD83 on IS formation between DC-Ts is regulated by Rab1a.

Furthermore, we found that overexpression of F-actin in shRNA Rab1a-treated DCs partially increased the percentage of DC-T contact and promoted IS formation between DC-T (Figures 5G,H). Following overexpression of Rab1aQ70L in DCs for 72 h and then disruption of F-actin arrangement by cytochalasin D, DC-T contact formation decreased, and cells lost the ability to form IS (Figures 5I,J). Therefore, Rab1a regulates DC-T contact and DC-T IS by F-actin.



sCD83-Treated DCs Decrease T Cell Number in EAU Mice

We then prepared and transferred sCD83-treated DCs to a mouse model of EAU and found that the retinal damage of EAU was alleviated (Figure 6A), and there was a decreased number of T cells in the eyes and lymph nodes of these mice with sCD83-treated DCs transferring (Figure 6B). However, transferring activated DCs into EAU aggravated the retinal damage of EAU and increased the percentage of T cells in the eyes and lymph nodes of these mice (Figures 6A,B). Moreover, the expression of Rab1a-GTP in DCs from sCD83-treated DCs transferred to animals with EAU was lower than that found in controls and activated DCs transferred mice (Figure 6C). In addition, we found that sCD83 decreased the percentage of WT DC-T contacts as well as reduced the expression and localization of MHC-II and F-actin at the site of DC-T contacts in vitro experiments (Figure 6D). Thus, these findings demonstrate that sCD83-treated DCs alleviate symptoms in a mouse model of EAU by inhibiting DC-T contact.
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FIGURE 6. The effect of sCD83-treated DCs on EAU and the synapse formation between sCD83-treated DCs and T cells in vitro experiment. (A) Representative images of the retina from an EAU, EAU with sCD83-treated DCs transferring, and EAU with activated DCs transferring as assessed by histology. Hematoxylin-eosin staining of the retina at 200× magnification. Black arrows mark retinal disorganization. Scale bar = 100μm. The histopathological scores were evaluated in three mice every group (right panel). (B) The percentage of T cells in the eyes and lymph nodes of these mice with sCD83-treated DCs transferring or activated DCs transferring or not. (C) The expression of Rab1a-GTP in DCs from mock, EAU, and EAU with sCD83-treated DCs transferring. (D) sCD83 treatment reduces the expression and localization of MHC-II and F-actin at the site of DC-T contacts in vitro experiments. Bar = 5μm. Data of (A–C) were from three separate experiments, and three mice/group were used. Data of (D) are from three separate experiments and shown as mean ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001.





DISCUSSION

The findings from our study show that sCD83 disrupts the accumulation of F-actin in DCs, resulting in decreased IS formation between DC-T, and that effect of sCD83 on DCs is mediated by decreased the expression of Rab1a to suppress the LRRK2/F-actin pathway and disrupt MHC-II localization on sites of DC-T contact (Supplementary Figure 6). In addition, our findings identify a new regulatory mechanism of DC-T contact formation. The activation and clonal expansion of naive T cells by antigen-loaded DCs are key events during immune response, and this activation involves the formation of a specialized IS between a mature DC and a CD4+ T cell (Dustin, 2009). Most prior studies on IS have focused on the T cell aspect of the synapse, with little information on the DC side (Rodriguez-Fernandez and Corbi, 2005; Rodriguez-Fernandez et al., 2009). The activation status of an encountered T cell controls the length of DC–T cell contact and drives cytoskeletal polarization in DC. In turn, disruption of DC IS formation blocks T cell activation (Al-Alwan et al., 2001). F-actin is an important cytoskeletal protein that clusters at DC-T contacts to maintain the structure and probably the signaling from this region (Al-Alwan et al., 2001). It also regulates DC synapse formation and function by promoting cell polarization and intracellular redistribution of proteins and organelles (Lin et al., 2015; Schulz et al., 2015). Disruption of the F-actin cytoskeleton in DCs severely diminishes T cell activation (Al-Alwan et al., 2001). In the current study, we found that sCD83 regulates F-actin by decreasing Rab1a activation. As a small G protein, activation of Rab1a may result in binding to Roco2 and further regulation of the activity of members of the Roco2 kinase family, including LRRK2, which controls F-actin rearrangement. In contrast to previous reports that found inhibitor cytokines such as IL-10–regulated F-actin in DCs (Xu et al., 2017), we showed an sCD83-based mechanism on regulating F-actin in DCs, a finding that contributes to a better understanding of the underlying regulatory mechanism of the DC cytoskeleton and DC-T contact.

Additionally, sCD83 regulated DC-T contact by decreasing Rab1a expression, which mediated endoplasmic reticulum (ER)–Golgi transport, and could result in the decrease of cell surface protein expression to influence DC-T contact. sCD83 may decrease the surface protein expression in DCs by Rab1a to inhibit DC-T contact and T cell activation. In this article, DCs were activated by PTX stimulation, which may increase cAMP (Burch et al., 1988) and up-regulate class II transcription in DCs. sCD83 may inhibit these activated DCs by down-regulating the expression of Rab1a to disrupt cAMP-mediated F-actin polymerization (Kicka et al., 2011).

As the extracellular domain of immunoglobulin CD83, sCD83 is absorbed by DCs (Yang et al., 2015) and may be degraded by Rab1a-mediated autophagy. sCD83 is secreted by activated CD83+ DC or other CD83+ cells, which may result in a large amount of sCD83 consumption or inhibition of Rab1a activity, leading to inhibition of the cytoskeleton and disruption of surface molecules in DCs, thereby preventing cell activation and function. This process would inherently act as a self-regulatory mechanism of sCD83 on DCs. Furthermore, sCD83 binds with MD-2 to inhibit the MD-2/TLR4 signaling pathway (Horvatinovich et al., 2017). However, MD-2 knockdown in DCs had no effect on the F-actin arrangement in DCs (Supplementary Figure 7). Thus, we propose that the effect of sCD83 on F-actin is independent of the MD-2/TLR4 pathway and that determination of the specific mechanism of sCD83 in DCs warrants further study.

Rab1a mediates ER–Golgi transport and some membrane molecules transport (Ali et al., 2004), and it also plays a role in autophagy (Webster et al., 2016). In addition, Rab1a regulates localization of members of the LRRK2-related kinase family to influence F-actin accumulation (Kicka et al., 2011), which further affects the accumulation of MHC-II at the site of DC-T contacts in our studying. Further, Rab1a regulates sorting of early endocytic vesicles involving Rab5, Rab7, Rab9, and Rab11, all of which would be required for MHC-II expression on DCs (Mukhopadhyay et al., 2014; Perez-Montesinos et al., 2017). Therefore, Rab1a may participate in antigen presentation processing by MHC-II. Further, Rab1a has a role in COPII vesicle traffic (Constantino-Jonapa et al., 2020; Westrate et al., 2020), which is important for MHC and antigen processing in the ER. Although Rab1a may have an important role in regulating antigen presentation processing by different means, a detailed understanding of the regulatory process of Rab1a in DCs warrants additional study.

Uveitis, an inflammatory disease involving the uvea, retina, retinal vessels, and/or vitreous body, can result in visual impairment and blindness (Rothova et al., 1996). The treatment of uveitis remains a challenging undertaking and an area of active research (Rothova et al., 1996; You et al., 2017; Zhao and Zhang, 2017). We demonstrated that increased sCD83 acts as a suppressive molecule in EAU alleviating symptoms of the disease by disrupting DC-T contact through IS inhibition in DCs, but not T cells (Supplementary Figure 3). This potential mechanism may underlie the decreased number of T cells and DCs following sCD83 treatment in mice with EAU and the amelioration of symptoms in affected animals. Furthermore, increased sCD83 in animals with EAU may be a result of self-regulation in the immune response, which warrants further investigation to better understand immune regulation in EAU. In addition, we found that administration of sCD83-treated DCs decreased the number of T cells and DCs in mice with EAU and reduced the symptoms of EAU. The mechanism of sCD83-treated DCs on EAU might be that these sCD83-treated DCs inhibit T cell activation by losing to interact with T cells well, or these sCD83-treated DCs would secrete IL-10 or IDO to inhibit T cell activation (Lin et al., 2018) or suppress the endogenous DCs by IL-10 to further inhibit T cell activation (Lin et al., 2018). The mechanism of sCD83-treated DC on EAU needs further study. Our findings may provide a new direction for the treatment of autoimmune uveitis using DCs.

To conclude, we demonstrate that sCD83 inhibits DC-T synapse formation by decreasing Rab1a activation to disrupt F-actin and MHC-II accumulation at sites of DC-T contact. Furthermore, our findings provide a possible mechanism of sCD83 on the role of DCs in IS and show that Rab1a may be a potential regulator of DC function. Finally, sCD83-treated DCs alleviate symptoms of EAU in mice, providing a potentially new avenue for EAU treatment.
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Inflammatory bowel diseases (IBD), encompassing ulcerative colitis (UC), and Crohn’s disease (CD), are a group of disorders characterized by chronic, relapsing, and remitting, or progressive inflammation along the gastrointestinal tract. IBD is accompanied by massive infiltration of circulating leukocytes into the intestinal mucosa. Leukocytes such as neutrophils, monocytes, and T-cells are recruited to the affected site, exacerbating inflammation and causing tissue damage. Current treatments used to block inflammation in IBD include aminosalicylates, corticosteroids, immunosuppressants, and biologics. The first successful biologic, which revolutionized IBD treatment, targeted the pro-inflammatory cytokine, tumor necrosis factor alpha (TNFα). Infliximab, adalimumab, and other anti-TNF antibodies neutralize TNFα, preventing interactions with its receptors and reducing the inflammatory response. However, up to 40% of people with IBD become unresponsive to anti-TNFα therapy. Thus, more recent biologics have been designed to block leukocyte trafficking to the inflamed intestine by targeting integrins and adhesins. For example, natalizumab targets the α4 chain of integrin heterodimers, α4β1 and α4β7, on leukocytes. However, binding of α4β1 is associated with increased risk for developing progressive multifocal leukoencephalopathy, an often-fatal disease, and thus, it is not used to treat IBD. To target leukocyte infiltration without this life-threatening complication, vedolizumab was developed. Vedolizumab specifically targets the α4β7 integrin and was approved to treat IBD based on the presumption that it would block T-cell recruitment to the intestine. Though vedolizumab is an effective treatment for IBD, some studies suggest that it may not block T-cell recruitment to the intestine and its mechanism(s) of action remain unclear. Vedolizumab may reduce inflammation by blocking recruitment of T-cells, or pro-inflammatory monocytes and dendritic cells to the intestine, and/or vedolizumab may lead to changes in the programming of innate and acquired immune cells dampening down inflammation.

Keywords: vedolizumab, inflammatory bowel disease, cell trafficking, macrophages, innate immunity


INTRODUCTION

Inflammatory bowel disease (IBD), encompassing ulcerative colitis (UC), and Crohn’s disease (CD) are a group of disorders that are characterized by chronic, relapsing, and remitting, or progressive inflammation along the gastrointestinal tract. UC involves continuous inflammation of the colon and the rectum (Fakhoury et al., 2014). It is limited to the mucosal layer of the intestinal wall. In contrast, CD causes discontinuous, transmural inflammation that can occur anywhere along the digestive tract, though it most commonly affects the distal ileum (Fakhoury et al., 2014). Canada has among the highest prevalence of IBD with 1 in 140 people affected (Kaplan et al., 2019). IBD has traditionally been regarded as a disease of developed and high-income nations, though incidence rates appear to have stabilized with high burden and prevalence. Incidence of IBD is now rapidly rising in newly industrialized countries (GBD 2017 Inflammatory Bowel Disease Collaborators, 2020). There were 6.8 million cases of IBD globally in 2017, with approximately 1.5 million in North America and 2 million in Europe (GBD 2017 Inflammatory Bowel Disease Collaborators, 2020; Jairath and Feagan, 2020). Individuals with IBD suffer from intestinal inflammation that can lead to debilitating symptoms including pain, nausea, and diarrhea (Rosen et al., 2015). In addition to disease burden, the chronic nature of IBD and its requirement for lifelong treatment causes significant economic burden for the individual and society. As analyzed by Park et al. (2020), the annual mean health care cost for people with IBD is over 3-fold higher than for people without IBD (selected from the general population using a health plan member database). Mehta (2016) estimated that extrapolated direct costs of IBD are between $11 to 28 billion in the United States. Including direct and indirect costs associated with loss of productivity and earnings, the total cost of IBD is between $14.6 and 31.6 billion annually (Mehta, 2016).

The etiology of IBD is multifactorial and includes genetic susceptibility, inappropriate immune activity, and environmental triggers. For example, a loss of function gene variant in the NOD2 gene is associated with increased susceptibility to CD due to increased production of pro-inflammatory cytokines (Ogura et al., 2001). Environmental factors affecting incidence of disease include geography, smoking, and pollution (Ananthakrishnan et al., 2018). Genetics, immune responses, and environmental variables also impact the host intestinal microbiota, which is often included as a fourth important factor in the development of IBD (Ananthakrishnan et al., 2018). While the exact cause is unknown, it is widely accepted that IBD occurs in genetically susceptible individuals with environmental influences that result in a dysregulated immune response to commensal intestinal microbiota (Rosen et al., 2015). The wide variation in disease presentation and treatment efficacy reflects the complexity of IBD pathogenesis (Chichlowski and Hale, 2008).

In this review, we will focus on the role of specific immune cells in IBD pathogenesis and how their trafficking and activity may be affected be vedolizumab. IBD is characterized by massive infiltration of circulating leukocytes into the inflamed intestinal mucosa. Diseased sections of the intestines have cytokine profiles that differ from healthy sections, indicating that cytokines play a pivotal role in the incidence and progression of disease (Murch et al., 1993; McAlindon et al., 1998). In particular, immune cells that are isolated from people with IBD display increased expression of pro-inflammatory cytokines and chemokines (Singh et al., 2016). Chemokine production leads to inappropriate recruitment and retention of cells such as T-cells, dendritic cells, and macrophages, which cause inflammation and establish the chronic inflammation that is characteristic of IBD (Singh et al., 2016). Chronic activation and proliferation of these immune cells leads to disruption of healthy tissues and thus further exacerbation of disease (Schippers et al., 2016). Macrophages in particular have a unique role in IBD due to their ability to exhibit pro-inflammatory activity that contributes to disease and Interleukin-10 (IL-10)-mediated anti-inflammatory activity (Kozicky et al., 2015). Anti-inflammatory macrophage activity has recently been described in the resolution of IBD during anti-TNFα therapies in mice and humans (Koelink et al., 2020). Specifically, macrophage IL-10 signaling was described to be the driving force behind the therapeutic effect of these therapies (Koelink et al., 2020). With respect to these studies, IBD therapies can reduce inflammation by targeting leukocyte trafficking to the intestine and pro-inflammatory activity.

There is no standard treatment for IBD. Therapeutic options are non-specific anti-inflammatories that include aminosalicylates, corticosteroids, and other immunosuppressants, and some biologics. New biological therapies have been designed to be specific to the gut to minimize side effects and increase responsiveness (Hazel and O’Connor, 2020). In particular, anti-integrin antibodies target key players in leukocyte trafficking to the gut to reduce immune cell infiltration and the resulting inflammation (Hazel and O’Connor, 2020). Vedolizumab is a therapy that was designed to reduce pathological inflammation in IBD by blocking T-cell recruitment to the intestine (Zeissig et al., 2019). However, some evidence suggests that it does not affect T-cell migration to the intestine (Zeissig et al., 2019). Herein, we describe the potential mechanisms of action by which vedolizumab may reduce pathological inflammation in IBD.



LEUKOCYTE TRAFFICKING AND ACTIVATION IN IBD PATHOGENESIS


Leukocyte Trafficking

Inflammatory bowel diseases is characterized by immune infiltration from the circulation into the inflamed intestinal mucosa. This migration is facilitated by complex interactions between circulating leukocytes and intestinal endothelial cells. Sialyl LewisX-modified glycoproteins on leukocytes bind selectins on the endothelial cells with low affinity, allowing leukocytes to roll along the endothelium (Wright and Cooper, 2014). Chemokines act as chemoattractants for the rolling leukocytes to promote their infiltration into the mucosa (Wright and Cooper, 2014). Integrins on leukocytes mediate adhesion by binding cellular adhesion molecules (CAMs) that are expressed on the endothelial cells during inflammation (Wright and Cooper, 2014). Integrins are heterodimeric receptors composed of an α and a β subunit, which exist in several forms that can combine to allow tissue-specific adhesion (Arseneau and Cominelli, 2015). For example, the α4β7 receptor is a marker for leukocyte trafficking to the intestine (Clahsen et al., 2015).

Three CAMs have been reported to mediate leukocyte trafficking to the inflamed intestine, contributing to IBD: intracellular adhesion molecule (ICAM)-1, mucosal addressin cellular adhesion molecule (MAdCAM)-1, and vascular cell adhesion molecule (VCAM)-1 (Arseneau and Cominelli, 2015). Pro-inflammatory cytokines that are expressed during inflammation increase ICAM-1 expression, which binds the αLβ2 receptor on leukocytes (Bendjelloul et al., 2000; Arseneau and Cominelli, 2015). MAdCAM-1, which is expressed within Peyer’s patches and intestinal lymphoid tissues, binds the α4β7 receptor on memory/effector T-cells to regulate their homing to the intestine (DeNucci et al., 2010; Arseneau and Cominelli, 2015). It is upregulated at sites of inflammation in people with IBD (Briskin et al., 1997). VCAM-1 binds the α4β1 and α4β7 receptors, which mediate leukocyte trafficking to the central nervous system and intestine, respectively, (Arseneau and Cominelli, 2015; Schippers et al., 2016). Blocking the integrin-CAM interactions in the intestine is used as a strategy for IBD therapy aimed at reducing immune cell infiltration into the inflamed intestine.



T-Cells

T-cells play a prominent role in the regulation of the inflammatory response associated with IBD. In the past, CD was thought to be a Th1-mediated disease characterized by elevated levels of the pro-inflammatory mediators interleukin-2 (IL-2), interferon gamma (IFNγ), and tumor necrosis factor alpha (TNFα; Fais et al., 1991; Breese et al., 1993; Fuss et al., 1996). Since then, additional cytokines have been implicated in the pathogenesis of CD. Neurath et al. (1995) reported that antibodies against the p40 subunit of IL-12, a cytokine which induces Th1 cell differentiation, were able to attenuate 2,4,6-trinitrobenzene sulfonic acid (TNBS)-induced colitis (Jacobson et al., 1995; Neurath et al., 1995). Th17 cells were implicated in intestinal inflammation when IL-23, which maintains and expands Th17 populations, was found to share the p40 subunit with IL-12 (Oppmann et al., 2000; Stritesky et al., 2008). Furthermore, IL-23 was also shown to be a key driver of intestinal inflammation in the Helicobacter hepaticus infection and T-cell transfer models of colitis (Hue et al., 2006). UC is characterized by higher expression of IL-5 and IL-13, but not IL-4 (Karttunnen et al., 1994; Fuss et al., 1996). IL-13 is a key effector, synergizing with TNFα to modulate the proteins in tight junction formation, thereby disrupting the epithelial barrier (Heller et al., 2005; Chen and Sundrud, 2016). Recently, Rosen et al. (2017) showed that IL-17A and IL-23 mRNA in pediatric rectal mucosal samples were increased in UC in addition to higher IL-5 and IL-13 mRNA. Thus, targeting T-cell trafficking may reduce the relative concentration of proinflammatory cytokines described to be involved in IBD. Finally, T-regulatory (Treg) cells regulate self-reactive lymphocytes by secreting inhibitory cytokines such as IL-10 and transforming growth factor-β (TGFβ; Taylor et al., 2006). By suppressing immune responses and maintaining tolerance to commensal microbes, Tregs are involved in intestinal homeostasis (Himmel et al., 2012).

Recent developments show multiple IBD susceptibility loci associated with T-cell activation and memory formation (Liu et al., 2015). Genes such as CD28 (T-cell co-stimulation), CCL20 and CCR6 (T-cell migration), NFATC1 (lymphocyte proliferation), NFKBIZ (Th17 development) associated with T-cell function demonstrate the potential for therapeutic strategies, which target different stages of T-cell involvement in IBD, such as recruitment, activation, proliferation, and retention. Genome-Wide Association Studies (GWAS) are crucial to explore potential genes associated with disease susceptibility and are further supported by literature that shows protein-level discrepancies between people with IBD and healthy control study participants. The presence of T-cells in the gut of people with IBD may be mediated via CCR6, CCL20, or the α4β7 integrin (Perez-Jeldres et al., 2019). Thus, blocking the interaction of these molecules with their respective ligands or receptors has not been accepted as the sole mechanism of T-cell trafficking. Drugs such as natalizumab, which binds α4 integrin, and vedolizumab, which targets the α4β7 heterodimer, have been developed specifically to target T-cell trafficking (Hazel and O’Connor, 2020). Therefore, it is crucial that we continue to explore the potential mechanisms of these, and other, therapies in order to improve existing therapies and to develop new ones.



Dendritic Cells

Dendritic cells (DCs) are professional antigen-presenting cells that control the innate and adaptive immune responses. In the intestine, there are two described subsets: conventional (cDCs) and plasmacytoid DCs (pDCs). Depending on their location within the epithelium, cDCs either secrete IL-10 and induce Th2 cells or secrete IL-12 and induce Th1 cells (Guan, 2019). They can be further distinguished by their expression of cell surface receptors, such as the integrin subunit CD103 (αE), which binds β7 to form the αEβ7 complex (Johansson-Lindbom et al., 2005; Clahsen et al., 2015). CD103 facilitates the retention of lymphocytes in the epithelium by binding E-cadherin (Johansson-Lindbom et al., 2005). CD103+ cDCs make up the majority of the DC population in the small intestine (Johansson-Lindbom et al., 2005; Clahsen et al., 2015). They are located in the lamina propria and intraepithelial compartment, but they can migrate to the mesenteric lymph node (MLN) to induce expression of the gut homing receptors CCR9 and α4β7 integrin on B and T-cells (Annacker et al., 2005; Schulz et al., 2009). Additionally, CD103+ cDCs can promote the development of Treg cells (Annacker et al., 2005; Clahsen et al., 2015). In contrast, CD103- (CX3CRI+) cDCs do not migrate (Schulz et al., 2009). Instead, they penetrate the epithelium to sample antigens in the lumen and present antigen to CD4+ T-cells, which differentiate into effector T-cells that secrete pro-inflammatory cytokines (Guan, 2019). Finally, pDCs are rare cells that secrete large quantities of type I interferons (Guan, 2019).

During IBD, DCs are attracted to sites of inflammation in the intestine by chemokines, such as CCL20 and MAdCAM-1 (Guan, 2019). Large numbers of activated DCs are found in the lamina propria and MLN and promote inflammation in murine models of IBD (Berndt et al., 2007; Guan, 2019). Conversely, ablation of DCs can also exacerbate disease (Muzaki et al., 2016). By regulating immune responses and tolerance to the microbiota, DCs play a critical role in IBD pathogenesis.



Macrophages

Macrophages play a role in all stages of inflammation: recognition, response, and resolution. They are highly heterogeneous, demonstrating a wide range of activation states (Kozicky et al., 2015). Cues from the microenvironment polarize macrophages to specific activation states (Kozicky et al., 2015). The three main phenotypes are grouped by function: inflammatory, wound-healing, and regulatory/anti-inflammatory, as reviewed in Steinbach and Plevy (2014). Inflammatory macrophages are promoted by IFNγ from NK and T-helper 1 (Th1) cells and TNFα from antigen presenting cells (Steinbach and Plevy, 2014). TNFα can also result from innate immune stimuli signaling that activates suppressor of cytokine signaling 3 (Steinbach and Plevy, 2014). Inflammatory macrophages produce high levels of the pro-inflammatory cytokines TNFα, IL-12, IL-6, and reactive oxygen and nitrogen species, which promote Th1 and Th17 cell activity and low levels of the anti-inflammatory cytokine, IL-10 (Hausmann et al., 2001; Heinsbroek and Gordon, 2009). Inflammatory macrophages are essential in the response to intracellular infections but can aggravate IBD due to their production of pro-inflammatory cytokines (Heinsbroek and Gordon, 2009). Wound-healing macrophages are induced by IL-4 from granulocytes or Th2 cells in response to tissue injury (Kozicky et al., 2015). They produce relatively lower levels of pro-inflammatory cytokines and higher levels of IL-10, protecting against parasites and promoting wound healing through the suppression of NLRP3 inflammasome activation, angiogenesis, tissue remodeling, and debris scavenging (Steinbach and Plevy, 2014; Yao et al., 2015). Wound-healing macrophages are protective in murine models of intestinal inflammation but may contribute to fibrosis in CD (Steinbach and Plevy, 2014). Regulatory or anti-inflammatory macrophages are a recently described phenotype that require two stimuli, one of which is pro-inflammatory (Mosser and Edwards, 2008; Kozicky et al., 2015). They can be activated by macrophage-derived TGFβ, IL-10, or immune complexes and a pro-inflammatory stimulus (Anderson et al., 2002; Mosser and Edwards, 2008; Kozicky et al., 2015). They produce high levels of IL-10 (Kozicky et al., 2015). In addition, regulatory macrophages express costimulatory molecules that activate T-cells (Steinbach and Plevy, 2014). They further differ from wound-healing macrophages in their lack of extracellular matrix production (Steinbach and Plevy, 2014). Regulatory macrophages play a key role in turning off the inflammatory response by reducing IL-12 synthesis (Kozicky et al., 2019) and are not predicted to promote fibrosis (Steinbach and Plevy, 2014).

In the lamina propria, macrophages control homeostasis by responding to infectious challenges with phagocytic and microbicidal activity while maintaining immune tolerance to commensal microbes. Differentiation into a tolerant phenotype is promoted by the presence of IL-10 and TFGβ in the microenvironment (Smythies et al., 2005). In contrast to the resident macrophages that do not mount an oxidative burst or inflammatory response, circulating blood monocytes are recruited to the sites of inflammation in the intestinal epithelium via chemokines and aggravate disease (Guan, 2019). Infiltration of these blood monocytes to local tissues is facilitated through tight α4β7-MAdCAM-1 interactions among other adhesion molecule and cadherin interactions (Berlin et al., 1993; Gorfu et al., 2009). Acute intestinal inflammation and chronic inflammation cause an influx of pro-inflammatory blood monocytes, which differentiate into inflammatory macrophages and exacerbate disease (Schippers et al., 2016). Macrophages isolated from people with IBD have increased oxidative burst activity and pro-inflammatory cytokine production (Guan, 2019). However, invading monocytes have been shown to dampen the inflammatory response through the release of IL-10 (Koelink et al., 2020). There is growing evidence that intestinal macrophages may play a critical role in the resolution of IBD, especially when activated towards regulatory or wound-healing phenotypes (Koelink et al., 2020). For this reason, macrophages, and subcellular molecules that modulate macrophages like chemokines and cytokines are potential therapeutic targets to ameliorate intestinal inflammation in IBD.




CURRENT TREATMENTS

The increasing disease burden of IBD reflects a need for a greater understanding of the mechanisms of IBD pathogenesis to improve existing therapies and develop new and effective therapies. IBD typically causes significant morbidity and requires lifelong medication in addition to possible dietary and lifestyle changes (Seyedian et al., 2019). There is no standard treatment regimen for individuals with IBD. Therapy relies on non-specific immune suppression to reduce symptoms, maintain remission, and prevent relapse (Hazel and O’Connor, 2020). Therapies include aminosalicylates, non-specific immunosuppressants, steroids, and biologics that target pro-inflammatory cytokines or leukocyte trafficking to the gut (Shi and Ng, 2018; Seyedian et al., 2019; Hazel and O’Connor, 2020). Surgery, which involves removal of the affected region, is an option for some people with acute, severe, refractory UC (Sica and Biancone, 2013), but not CD (Seyedian et al., 2019). Efficacy of therapy can be limited by a lack of primary response, secondary loss of response, and adverse side effects (Shi and Ng, 2018).


Anti-TNFα Biologics

Tumor necrosis factor alpha is an inflammatory cytokine that plays a prominent role in active inflammation associated with IBD (Fakhoury et al., 2014). An increase in TNFα has been shown to induce cell proliferation, differentiation, and upregulation of adhesion molecules on the endothelium to increase cell trafficking to the site of inflammation (Nawroth and Stern, 1986; Fakhoury et al., 2014). Considering its role in IBD, neutralizing TNFα has been used effectively to treat IBD (mechanisms of action reviewed by Park and Jeen (2015) and Adegbola et al. (2018)).

Anti-TNFα biologics, including golimumab, certolizumab, infliximab, and adalimumab, have revolutionized IBD treatment. However, many people with IBD are unresponsive or experience significant adverse effects; up to 40% of people with IBD are predicted to become unresponsive to anti-TNFα antibodies (Shi and Ng, 2018). More specifically, a recent meta-analysis showed secondary loss of response occurs in approximately 33% of people taking infliximab and 41% of people taking adalimumab with a median follow up of 1 year (Qiu et al., 2017). These studies highlight the need for developing new therapeutics to treat IBD.



Anti-interleukin Biologics

Ustekinumab is a monoclonal antibody which binds the p40 subunit of IL-12 and IL-23 and acts as an antagonist (Feagan et al., 2016; Sands et al., 2019). People with CD who received ustekinumab had significantly higher clinical response rates in the UNITI-1 and UNITI-2 clinical trials compared to placebo (Feagan et al., 2016). People with UC who were treated with ustekinumab had significantly higher rates of achieving and maintaining clinical remission compared to placebo (Sands et al., 2019). The FDA approved ustekinumab for treatment of moderate to severe CD in September 2016, and for treatment of moderate to severe UC in October 2019.



Anti-integrin Biologics


Natalizumab

Natalizumab is a humanized monoclonal antibody that targets the α4 chain of the α4β1 and α4β7 integrins expressed on the surface of leukocytes (Leger et al., 1997; Stuve et al., 2006; Haanstra et al., 2013). α4β1 binds VCAM-1 expressed by endothelial cells, which allows leukocytes to firmly adhere to the surface (Alon et al., 1995; Cerutti and Ridley, 2017; Chae et al., 2018). Natalizumab blocks the interaction between α4β1 and VCAM-1, which is required for leukocytes to cross the blood-brain barrier into the central nervous system (CNS; Kumar et al., 1975; Burkly et al., 1991).

Natalizumab was first used successfully for the treatment of relapsing and remitting multiple sclerosis (MS; Polman et al., 2006; Rudick et al., 2006). In January 2008, natalizumab was also approved by the United States Food and Drug Administration (FDA) for treatment of CD (Guagnozzi and Caprilli, 2008). It was the first anti-adhesion biologic used to treat IBD and established evidence for the potential efficacy of blocking leukocyte trafficking to treat IBD. However, clinical trials and market distribution of natalizumab were discontinued due to reports that two people had developed progressive multifocal leukoencephalopathy (PML; Kleinschmidt-DeMasters and Tyler, 2005; Langer-Gould et al., 2005; Van Assche et al., 2005). PML is an aggressive demyelinating disease of the central nervous system (CNS) caused by the opportunistic John Cunningham (JC) virus, for which the majority of the population (75–80%) is seropositive. The recall of natalizumab prompted the retrospective analysis of samples from a deceased person with CD who had been treated with natalizumab in a separate clinical trial (Van Assche et al., 2005). The individual’s serum and brain lesion samples were positive for JC virus, and there was a temporal relationship between natalizumab treatment and increase in viral load (Van Assche et al., 2005). Natalizumab was reapproved by the FDA and European Medicine Agencies (EMA) for the treatment of relapsing-remitting MS but it is not used for CD, due to risk of serious infections (European Medicines Agency, 2007; Ransohoff, 2007; Planas et al., 2014; Avasarala, 2015).



Vedolizumab

Vedolizumab is a humanized monoclonal antibody that was developed to reduce lymphocyte trafficking to the intestine by specifically targeting the α4β7 heterodimer, which is expressed on the surface of gut-specific lymphocytes (Soler et al., 2009; Feagan et al., 2013). In contrast to natalizumab, vedolizumab does not interfere with lymphocyte trafficking to the brain (Feagan et al., 2013).

Three Phase 3 clinical trials evaluated the efficacy and safety of vedolizumab for the induction and maintenance of clinical response and remission in people with moderate to severe UC (GEMINI 1) and CD (GEMINI 2 and GEMINI 3; Feagan et al., 2013; Sandborn et al., 2013; Sands et al., 2014). In the GEMINI 1 trial, 47.1% of people with UC had clinical responses by week 6 compared to 25.5% on placebo (Feagan et al., 2013). For the maintenance arm, 41.8% of people with UC who were treated with vedolizumab every 8 weeks and 44.8% of people with UC who were treated every 4 weeks maintained clinical remission at week 52 of the trial compared to only 15.9% of people with UC on placebo (Feagan et al., 2013). In the GEMINI 2 trial, 14.5% of people with CD who were treated with vedolizumab achieved clinical remission by week 6 compared to 6.8% on placebo (Sandborn et al., 2013). For the maintenance arm, 39.0% of people with CD who received vedolizumab every 8 weeks and 36.4% who received vedolizumab every 4 weeks were in clinical remission at 52 weeks, compared to 21.6% on placebo (Sandborn et al., 2013). In the GEMINI 3 trial, vedolizumab was subsequently shown to be effective for people who have moderate to severe CD and are refractory to TNF antagonists, but induction of remission required 10 weeks of treatment (Sands et al., 2014). Based on this, in May 2014, the FDA and European Medicines Agency (EMA) approved vedolizumab for the treatment of UC and CD (Raine, 2014).





VEDOLIZUMAB: POTENTIAL MECHANISMS OF ACTION

Vedolizumab was designed to reduce intestinal inflammation by interfering with the T-cell trafficking to the intestines (Picarella et al., 1997; Feagan et al., 2013). As mentioned earlier, α4β7 integrin is a receptor expressed on lymphocytes that recognizes MAdCAM-1 (Berlin et al., 1993). MAdCAM-1 is constitutively expressed on venular endothelium and upregulated during inflammation (Briskin et al., 1997). Though already approved by the FDA for treatment of UC and CD, the molecular mechanisms of vedolizumab in humans have not been elucidated and still require further study.

In a study by Zeissig et al. (2019), T-cell trafficking to the intestinal lamina propria in people with CD and UC, who were treated with vedolizumab, was not reduced. Vedolizumab treatment did not affect the intestinal T-cell receptor repertoire or the relative abundance of lamina propria CD4+ T-cells, CD8+ T-cells, central memory T-cells, or effector memory T-cells. However, in vitro and in vivo models of intestinal inflammation have been used to investigate the potential effects of vedolizumab on T-cell migration to the intestine (Fischer et al., 2016; Binder et al., 2018). An inventive in vitro model of blood flow using glass tubes and a peristaltic pump to mimic blood flow through capillaries was highlighted by Binder et al. (2018). The model allowed for researchers to study the effects of vedolizumab treatment on integrin adhesion properties and expression in various T-cell subsets in a distinct, controlled environment (Binder et al., 2018). The group reported that vedolizumab treatment reduced the adhesion of CD4+ and CD8+ T-cells to MAdCAM-1 (Binder et al., 2018). Fischer et al. (2016) injected human T-cells or PBMCs into the ileocolic artery of mice lacking murine lymphocytes and NK cells. They demonstrated that vedolizumab specifically restricts the migration of Tregs from people with UC in this model but does not affect the migration of effector T-cells (Fischer et al., 2016). In contrast, Lord et al. (2018) reported differences in α4β7 expression on circulating lymphocytes, postulating that vedolizumab may preferentially block the recruitment of pro-inflammatory cells to the intestine. Moreover, because Tregs express less α4β7 than effector cells, they may be less affected by vedolizumab and successfully recruited to inflammatory sites where they suppress local inflammation (Lord et al., 2018). Ex vivo work with blood and colonic biopsies from people with IBD, published by Rath et al. (2018), suggests that vedolizumab treatment reduces α4β7 integrin expression on B cells, NK cells, Th1, Th2, and Th17 CD4+ T-cell subsets. In addition, vedolizumab therapy-induced clinical remission was associated with a reduction of α4β7 expression on Th2 and Th17 mucosal CD4+ T-cells, which together could reduce recruitment of pro-inflammatory cells to the gut mucosa. Moreover, Rath et al. (2018) suggested that higher α4β7 expression on T-cells before vedolizumab treatment was associated with clinical remission. Together these studies suggest that vedolizumab may act via selective inhibition of specific T-cell subtypes migrating to the gut.

Clahsen et al. (2015) reported the CD103+ (a subunit of the αEβ7 integrin) subpopulation of cDCs is reduced in MAdCAM-1 deficient mice. CD103+ cDCs play a role in inducing the expression of α4β7 integrin on T-cells and promoting Treg cell development. This may explain the observation made by Fischer et al. (2016) that Treg cell migration was reduced by vedolizumab. If vedolizumab treatment similarly results in fewer CD103+ cDCs, α4β7 expression would be reduced, limiting T-cell recruitment. Fuchs et al. (2017) found an association of αEβ7 expression on effector T-cells with worsened clinical parameters. They propose that αEβ7 upregulation may be an alternative pathway for lymphocytes beyond the α4β7-MAdCAM-1 axis (Fuchs et al., 2017). Furthermore, Zundler et al. (2017) reported that αEβ7 expression was increased on CD8+ T-cells following vedolizumab treatment in people with IBD, suggesting that lymphocytes may use an alternative integrin to ensure their localization in the intestine despite vedolizumab-mediated inhibition of α4β7. Together, this suggests that vedolizumab may indeed cause changes in T-cell recruitment. Though results of these studies suggest that vedolizumab restricts T-cell recruitment via integrin binding, there are limitations in the applicability of in vitro and in vivo animal models when studying vedolizumab, and additional work is required to translate these findings for people with IBD.

Alternative mechanisms of action in blocking monocyte and dendritic cell recruitment have been proposed (Figure 1). Zeissig et al. (2019) investigated the migration of leukocytes to the intestines by staining and labeling peripheral blood leukocytes with Indium-111 and fluorescein for scintigraphy and endomicroscopy. Imaging showed the accumulation of leukocytes in the intestines was not affected by vedolizumab. However, there was a strong association between vedolizumab treatment and the downregulation of genes involved in the innate immune system in the sigmoid colon. Genes that regulate innate effectors, innate immune receptors, chemokines, and chemokine receptors were downregulated in people with UC and CD who achieved clinical remission with vedolizumab. Interestingly, the relative abundance of inflammatory and wound-healing macrophages was also affected by vedolizumab treatment, skewing macrophages toward a healing phenotype (Figure 1A).
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FIGURE 1. Vedolizumab: three potential mechanisms of action. (A) Vedolizumab binds α4β7 integrin, which alters gene expression of blood monocytes, skewing the population toward a wound-healing phenotype, and away from an inflammatory phenotype. (B) Vedolizumab binds to α4β7 integrin on blood monocytes, thereby inhibiting their ability to enter the intestinal epithelium. (C) Vedolizumab blocks localization of cDC and pDCs in the intestinal epithelium by binding α4β7.


Conversely, vedolizumab treatment has also been reported to interfere with homing of non-classical monocytes, which skew toward wound-healing macrophages (Olingy et al., 2017; Schleier et al., 2020). Approximately 5% of non-classical monocytes express α4β7 integrin, so it has been suggested that vedolizumab may actually disrupt intestinal wound healing and lead to complications (Schleier et al., 2020). Despite that, Danese et al. (2019) found that people with moderate to severe CD who were treated with vedolizumab presented with endoscopic and histological healing at both 26 and 52 weeks. Furthermore, Shen et al. (2019) analyzed data from the GEMINI 1, GEMINI 2, GEMINI Long Term Safety studies, and Vedolizumab Global Safety Database, reporting only a minor difference in the frequency of postoperative complications after intestinal surgery in people treated with vedolizumab compared to placebo. Together, this suggests that the beneficial anti-inflammatory effects of vedolizumab may override concerns about a lack of recruitment of non-classical monocytes, compromised wound healing, and downstream complications.

Schippers et al. (2016) suggested that the therapeutic efficacy of vedolizumab is linked to changes in the innate immune system rather than the adaptive immune system. They reported that the β7-integrin chain leads to recruitment of more inflammatory monocytes to the colon in the dextran sodium sulfate (DSS) model of IBD. In this model, DSS is administered in the drinking water of mice to disrupt the intestinal epithelial layer. The compromised intestinal barrier allows the luminal microbes to interact with underlying immune cells, leading to colitis that models human UC. β7-integrin deficient mice had a lower disease activity index (DAI; an additive score based on weight loss, stool consistency, and fecal blood). Colonic mRNA expression of inducible nitric oxide synthase (iNOS), proinflammatory cytokines, such as IL-6 and TNFα, and the chemokine CCL2 was lower in β7-integrin deficient mice than wild-type mice. RAG2 deficient mice, which lack mature T and B cells (Shinkai et al., 1992), were more susceptible to DSS-induced colitis than their wild-type counterparts. β7-integrin deficiency protected DSS-treated RAG2 deficient mice and mice double deficient in β7 and RAG2 in DAI and histopathology (Schippers et al., 2016). This suggests that an anti-integrin therapy, like vedolizumab, may block the recruitment of proinflammatory monocytes to the site of inflammation (Figure 1B).

Mucosal addressin cellular adhesion molecule primarily interacts with the α4β7 integrin to mediate lymphocyte homing, including effector and memory T-cells. Clahsen et al. (2015) propose a novel role for MAdCAM-1 in mediating intestinal localization of DCs to the intestinal epithelium. They found that MAdCAM-1 deficient mice and β7-integrin deficient mice had lower numbers of cDCs and pDCs in the intestinal epithelium compared to wild-type mice. They propose that MAdCAM-1 may mediate localization of cDCs and pDCs into the gut via the α4β7 integrin. Thus, vedolizumab may work, in part, by blocking recruitment of DCs that promote inflammation (Figure 1C).



FUTURE DIRECTIONS

A long-term goal including a system wide analysis of the effect of vedolizumab on α4β7- and αEβ7-mediated trafficking, myeloid and T-cell populations in the intestine, and clinical outcomes would be of tremendous value in this field. Additionally, the possibility that selective T-cell trafficking is blocked by vedolizumab should continue to elucidate the effect of less abundant T-cell populations, like Tregs, and the important ratio of Tregs/effector T-cells in the gut after vedolizumab treatment. Vedolizumab may also work in part by blocking pro-inflammatory monocyte and dendritic cell recruitment. Further studies on the properties of leukocyte populations in relation to vedolizumab treatment for people with IBD should be conducted. Additional studies using data derived from people with IBD being treated with vedolizumab are essential to translate potential mechanisms elucidated in vitro and in murine models to people with IBD.



CONCLUSION

In this paper, we reviewed multiple proposed mechanisms of action for vedolizumab, a relatively new biologic used to treat IBD. It was specifically developed to block T-cell trafficking to the gut, but recent evidence suggests that this may not be its sole mechanism of action. Three alternative mechanisms of action have been reported. Zeissig et al. (2019) examined a mechanism where vedolizumab intervention led to the downregulation of inflammatory gene expression in innate immune cells like monocytes. Clahsen et al. (2015) described a mechanism in which the MAdCAM-1 interaction with α4β7 integrin of pDCs and cDCs is necessary for migration into the intestinal epithelium, where these dendritic cells have been known to exhibit pro-inflammatory phenotypes. Lastly, Schippers et al. (2016) demonstrated a mechanism whereby vedolizumab restricts the recruitment of β7+ effector monocytes to the intestinal epithelium, thereby limiting the inflammatory response. Understanding the mechanism(s) of action of vedolizumab may enable us to improve the efficacy of current treatment and the develop new therapeutic strategies to treat IBD.
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Acute exercise increases the amount of circulating inflammatory cells and cytokines to maintain physiological homeostasis. However, it remains unclear how physical training regulates exercise-induced inflammation and performance. Here, we demonstrate that acute high intensity exercise promotes an inflammatory profile characterized by increased blood IL-6 levels, neutrophil migratory capacity, and leukocyte recruitment to skeletal muscle vessels. Moreover, we found that physical training amplified leukocyte–endothelial cell interaction induced by acute exercise in skeletal muscle vessels and diminished exercise-induced inflammation in skeletal muscle tissue. Furthermore, we verified that disruption of the gp-91 subunit of NADPH-oxidase inhibited exercise-induced leukocyte recruitment on skeletal muscle after training with enhanced exercise time until fatigue. In conclusion, the training was related to physical improvement and immune adaptations. Moreover, reactive oxygen species (ROS) could be related to mechanisms to limit aerobic performance and its absence decreases the inflammatory response elicited by exercise after training.

Keywords: physical training, muscular inflammation, neutrophil, exercise, oxidative stress


INTRODUCTION

Inflammation is a natural process of mammalian immune responses to tissue damage, triggered by invading pathogens or sterile tissue injury. This response comprises temporally and spatially orchestrated events in which inflammatory cells and mediators act to interrupt harmful stimuli and induce tissue repair, promoting a return to homeostasis (Medzhitov, 2010; Alessandri et al., 2013). Exercise-induced inflammation has been shown to be an essential for restoring homeostasis and improving physical capacity (Deyhle et al., 2015). During exercise, muscle resident cells and vascular endothelium release inflammatory mediators that generate chemotactic signals, which drive leukocyte trafficking to muscular tissue (Kolaczkowska and Kubes, 2013). The presence of these cells is associates with loss of muscular architecture after exercise (Ogilvie et al., 1988; Hortobagyi et al., 1998). This effect could be induced by metabolic processes characterized by events involving oxidative stress (Barbieri and Sestili, 2012).

Oxidative stress induced by reactive oxygen species (ROS) is increased by muscular contraction (Jackson et al., 2007) and is able to prolong muscular inflammation induced by acute exercise. Several studies have indicated that ROS produced during the exercise are required to activate signal transduction pathways in inflammation mechanisms and have an essential role in the physiological adaptive process in muscle cells (Barbieri and Sestili, 2012). An increase in antioxidant capacity through the intake of nutritional supplements appears to reduce exercise-induced muscle damage and may improve performance and recovery (Child et al., 1999; Taherkhani et al., 2020). However, whether training is able to provoke an adaptation in the inflammatory response induced by exercise and whether ROS are important to this process remain unclear. Thus, the present study aimed to assess the influence of physical training on inflammation and physical performance and the role of ROS in this process.



MATERIALS AND METHODS


Ethics Statement

The animal care and handling procedures were in accordance with the guidelines of the Institutional Animal Care and Use Committee, and the study received prior approval from Animal Ethics Committee of Universidade Federal de Minas Gerais (UFMG; protocol 7412/2012).



Mice

Eight to twelve weeks-old wild-type C57BL/6 male mice were obtained from the Centro de Bioterismo (UFMG) and gp91phox knockout C57BL/6 male mice were provided from Jackson Farms (Glensville, NJ, United States) and maintained at our laboratory. All mice were housed under standard conditions in a temperature-controlled room (23 ± 1°C) on an automatic 12 h/12 h light/dark cycle and had free access to commercial rodent food and water.



Running Treadmill Familiarization

Running treadmill familiarization was performed on different treadmills (LE400, Panlab, Harvard Apparatus, Cornella, Spain or Gaustec Magnetismo, Nova Lima, MG, Brazil) according to each design as previous protocols (Lacerda et al., 2005; Primola-Gomes et al., 2007).



Incremental-Speed Running Test Until Fatigue

An incremental-speed running test until fatigue on a treadmill (LE400, Panlab, Harvard Apparatus, Cornella, Spain) was performed to assess the peak speed (Speak). All these incremental running tests were performed at least 24 h after the last familiarization session. During this test, the mice began running at 6 m min–1 and the speed was increased by 3 m min–1 every 3 min at 5° slope until fatigue (Ferreira et al., 2007). Fatigue was defined as the moment at which the animals were unable to maintain their pace with the treadmill speed for at least 10 s, even when exposed to slight electrical stimulation.



Rest and Low or High Intensity Exercise

Wild-type C57BL/6 male mice were allocated into three groups, rest, low intensity (40% of Speak), or high intensity (80% of Speak) of exercise on the treadmill to analyze oxygen consumption (VO2) (LE400, Panlab, Harvard Apparatus, Cornella, Spain). The exercise intensity was calculated from Speak achieved in the incremental speed-running test until fatigue. Each exercise or rest lasted 30 min. The slope of the treadmill was maintained at 5°. All these procedures were performed at least 48 h after the incremental-speed running test until fatigue.



Fixed-Speed Running Test Until Fatigue

The workload and the VO2 of the mice at fixed-speed running test until fatigue on treadmill was evaluated (LE400, Panlab, Harvard Apparatus, Cornella, Spain) pre (at least 48 h after incremental-speed running test until fatigue) and post 4 weeks aerobic training (at least 48 h after the last training session). The intensity of this test corresponded to 80% of the Speak achieved at incremental-speed running test until fatigue and the treadmill slope adopted was also 5°. The workload attained in the fixed-speed running test was used as a reference for the load prescription in the exercise sessions throughout the aerobic training.



Physical Training Protocol

In all procedures involving training the mice were randomized allocated into sedentary or trained experimental groups. The trained group was submitted to exercise on a treadmill (Gaustec Magnetismo, Nova Lima, MG, Brazil) across 4 weeks, with 5 weekly sessions always performed at the same time of the day (8:00 a.m. to 10:00 a.m.). The slope of the treadmill was maintained at 5° throughout the training protocol. To ensure similar handling and exposure for each treadmill setup, the sedentary group mice performed an exercise at a speed of 6 m min–1 with maximal duration of 5 min, which was adjusted daily according to the body mass of the mice. The aerobic training load from the first to the last week was equivalent to 60, 70, 80, and 90% of the workload (%W) performed in the fixed-speed running test until fatigue prior to the 4 weeks aerobic training.



VO2 Measurement

VO2 was measured via open-flow indirect calorimeter (LE400, Panlab, Harvard Apparatus, Cornella, Spain) calibrated with a certified gas mixture (high O2 = 50.05%, high CO2 = 1.51%, low O2 = 20.02% and low CO2 = 0.00%). The air flow rate established was equivalent to 0.6 L min–1 throughout the procedures. VO2 data were analyzed using a computerized system (Metabolism software version 2.2.01 Panlab, Harvard Apparatus), transformed to milliliters per minute and relativized by the mice body mass (mLO2 kg–0.75 min–1).



Body Mass

The percentage of the body mass variation was calculated by the difference between the weight of the mouse before the second test (post training) and the weight before the first test (pre training) divided by the pre training weight, multiplied by 100.



Assessment of Pulmonary Mechanics

Pulmonary dysfunction was measured as we previously described (Campa et al., 2018; Russo et al., 2018). For invasive in vivo assessment, mice were anesthetized and tracheostomized, then were placed in a whole-body plethysmograph to maintain spontaneous breathing connected to a computer-controlled ventilator (Forced Pulmonary Maneuver System®, Buxco Research Systems©, Wilmington, North Carolina, United States). Under mechanical respiration the Dynamic Compliance (Cdyn) and Lung Resistance (Rl) were determined by Resistance and Chord Compliance RC test. To measure the Inspiratory Capacity (IC) a Pressure-Volume maneuver was performed, which inflates the lungs to a standard pressure of +30 cm H2O and then slowly exhales until a negative pressure of −30 cm H2O is reached. To evaluate airway hyperresponsiveness (AHR), the same mice used in previous maneuvers (basal condition) received Methacholine, 1 mg Kg–1 (Acetyl-β-methylcholine chloride, A-2251, Sigma-Aldrich St. Louis, MO, United States) i.v. and after 10 s, a new set of maneuvers were conducted to assess Rl changes. Suboptimal maneuvers were rejected and for each test at least three acceptable maneuvers were conducted in every single mouse to obtain a reliable mean for all numeric parameters.



Intravital Microscopy

The mice were anesthetized, and the femoral straight muscle venules were exposed by a resection in the anterior part of the thigh for exhibition of the femoral straight muscle. The animals received an i.v. injection from Rodamin 6G (0.3 mg kg–1, Sigma-Aldrich, Germany) to fluorescent labeling of leukocytes. An intravital microscope (ECLIPSE 50i; Nikon) with a 20 objective lens was used to examine the muscle microcirculation. A digital camera (DS-Qi1MC; Nikon) was used to acquire the images that were recorded for playback analysis with Nikon imaging software. The counting of rolling and adherent leukocytes was realized according to our previously published method (Rezende et al., 2017). Rolling leukocytes was defined as those cells moving thought the observed field at a velocity less than that of erythrocytes within a given vessel during 1 min. Leukocyte was considered to be adherent if it remained stationary for at least 30 s, and total leukocyte adhesion is quantified as the number of adherent cells within a 100 μm length of venule in 1 min.



Quantification of Cytokines

Hundred milligrams of the quadriceps muscle (wet) were separated and homogenized with PBS containing antiproteases (0.1 mM PMSF, 0.1 nM hydrochloric benzethonium, 10 mM EDTA and 20 Ki aprotinin A) and 0.05% Tween 20. The samples were centrifuged for 10 min, at 10,000 rpm and at 4°C. The supernatant was used for the ELISA assay with a 1: 4 dilution. The ELISA assay was performed according to the manufacturer’s instructions (R&D System) and quantified from the 492 nm wavelength acquired in a plate reader (Spectramax plus 384, Molecular Devices, United States).



Histology

Left femoral quadriceps was sectioned transversely in half, with the proximal half placed in O.C.T (Tissue-Tek®; Sakura, Netherlands) at −25°C. The tissues were sliced at 10 μm thickness using a cryostat (Leica CM1850, Leica Biosystems, Germany), immediately placed on silanized slide and fixed for 1 h in acetone at −80°C. The tissue sections were stained with HE according to standard histological technique and evaluated histologically in a blinded manner. The following parameters were evaluated and classified as absent, mild, moderate, or intense: fiber atrophy (morphological alteration), muscle necrosis/degeneration, inflammatory infiltrate in the endomysium/perimysium, endomysium/perimysium distension. These criteria were first described by Rizo-Roca et al. (2015).



Neutrophil Chemotaxis Assays

Neutrophil chemotaxis assay was performed using a modified Boyden chamber (Neuroprobe, Pleasanton, United States) and polycarbonate filters (4 μm; Neuroprobe, Pleasanton, United States) as previously described by Tavares-Murta et al. (2002). Bone marrow neutrophils were isolated and submitted to chemotactic stimulus with 28 μL of N-formyl-methionyl-leucyl-phenylalanine (fMLP). On one side of the membrane, the fMLP was placed, and on the other, a suspension of 1.0 × 106 neutrophils/mL. After 60 min of incubation at 37°C, the filter was removed, washed and fixed in methanol. Then, the membranes were stained in panotic for microscopic counting. Five random fields per sample were selected on the membrane to count cell migration.



Statistical Analysis

Data are expressed as mean ± SEM. The normal distribution was verified by the Shapiro-Wilk test. Comparisons among the groups were performed by unpaired Student’s t-test, one-way ANOVA or two-way ANOVA followed by the Tukey or Sidak post hoc analysis, whenever applicable. Statistical significance was set as p < 0.05. The statistical package used was GraphPad Software’s Prism 6®.



RESULTS

The magnitude and amount of stress induced by movement are important factors for morphological and functional changes in the body. We first determined the exercise intensity required to induce an efficient acute response during a single exercise session consisting of running on a treadmill. We observed that high intensity exercise (80% of the Speak) triggered an aerobic demand that increased in a time dependent manner. This was observed as a gradual increase in oxygen consumption (VO2) during the course of exercise (Figure 1A). Low exercise intensity (40% of the Speak) was unable to induce significant changes in VO2 (Figure 1A). Moreover, we found increased muscular levels of IL-6 after 12 h in mice subjected to high intensity exercise (Figure 1B). The levels of IL1-β and TNF-α were similar in all groups (Figures 1C,D).
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FIGURE 1. Homeostasis disruption by exercise induces leukocyte recruitment and late alteration of IL-6 balance in quadriceps muscles. VO2 immediately before and during 30 min at rest (n = 5) or at low (n = 5) and at high (n = 6) intensity exercises (A). IL-6 (B), IL-1β (C), and TNF (D) levels in the quadriceps femoris 12 h after rest (n = 4) or low (n = 4) and high intensity (n = 4) exercises. Neutrophil chemotaxis by Boyden chamber assay. Bone marrow isolated-neutrophils (1 × 106 cells/ml) from rest (n = 3) or high intensity (n = 3) groups stimulated by fMLP (28 μl) (E). The light beam from intravital microscopy targeting the distal region of the quadriceps femoris for intravital analysis (F). Exposed quadriceps for intravital experiment (G). The most (black arrows) and least (white arrows) frequently accessed vessels in the delimited region of the quadriceps. Leukocyte rolling (H) and adhesion (I) on microvasculature 12 h after rest (n = 5), low (n = 5) or high intensity (n = 6). Representative figure showing the vessel (dotted white line) and leukocytes (luminous bodies) quantified in (H–J). Data are expressed as mean ± SEM; ∗p < 0.05 compared to: rest (A,B,H,I) and RPMI high intensity group (E) and #p < 0.05 compared to: low intensity group (A,H,I) and fMLP rest group (E) using two-way ANOVA (A) or one-way ANOVA (B–E,H,I) followed by Tukey post hoc analysis.


Given the importance of the immune response during physical training, we next evaluated the interactions between leukocytes and muscle microvasculature after a single exercise session at different intensities. We assessed a specific distal region of the quadriceps femoris, localized near the rectus femoris tendon (Figure 1E). To ensure reproducibility and to reduce variability during measurements, we chose two vessels in this muscle region to better track the vessels during intravital microscopy analysis (Figure 1F). We observed an increase in leukocyte rolling and adhesion in the muscular vessels after 12 h in the group subjected to high intensity exercise (Figures 1G–I). We also found increased neutrophil chemotaxis toward chemotactic factor fMLP ex vivo using cells purified from the bone marrow of exercised mice (Figure 1J). Together, these results indicate that high intensity exercise applied by running on a treadmill offers the optimal conditions to provoke an important inflammatory response in muscular tissue.

Our experimental design (Figure 2A) was able to induce several adaptations in mice. Of note, the proposed aerobic training protocol offered a gradual increase in the load based on a targeted workload for each training session (Figure 2B, for more details see section “Materials and Methods”). Here, this experimental approach was efficient to elicit consistent change in mice aerobic status. We observed that mice increased the workload and total running distances in aerobic tests after the training period (Figures 2C,D, respectively). Moreover, the body mass variation in trained mice was less pronounced compared to the sedentary group (Figure 2E). These consistent alterations in aerobic status and control of the increase in body mass were accompanied by enhanced lung function in response to stressful exercise. We observed that 72 h after a single exercise session under fatigue conditions, the sedentary mice group displayed reduced inspiratory capacity and compliance (Cchord) in response to stressful exercise and an increased sensitivity to bronchoconstriction evoked by methacholine injection. However, the trained mice did not present this impact of stressful exercise, showing preserved inspiratory capacity and compliance accompanied by reduced airway hyper reactivity induced by methacholine (Figures 2F–H, respectively). No changes in the basal resistance were observed (Figure 2I).
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FIGURE 2. The aerobic training changes body mass gain dynamics, aerobic performance and respiratory mechanics in mice. Schematic diagram for experimental approach visualization (A). Aerobic training load characteristics (B). Workload (C) and running distance (D) evaluated pre and post aerobic training in both sedentary (n = 7) and trained (n = 8) groups. Body mass variation in sedentary and trained groups (C). Inspiratory capacity (F), chord compliance (G), lung resistance (H), and basal lung resistance (I) in the naive (n = 8), sedentary (n = 6) and trained groups (n = 8) evaluated 72 h after the fixed-speed running test until fatigue post training. Data are expressed as mean (C,D,F–I) or min to max in the box plot graph (E) ± SEM. ∗p < 0.05 compared to: sedentary post (C); trained pre (D); sedentary (E–I) and #p < 0.05 compared to: trained pre (C); sedentary post (D) using two-way ANOVA following by Sidak post hoc analysis (C,D), two-tailed t-test (E) or one-way ANOVA followed by Tukey’s post hoc analysis (F–I).


The aerobic training protocol was able to induce inflammatory response adaptations in muscular tissue. After 12 h of the fixed-speed running test there was an increase in both rolling and adhesion of leukocytes in muscle vessels of trained mice (Figures 3A–C). Nevertheless, 72 h after this test the loss in muscular architecture and the increase of inflammatory cells were more pronounced in sedentary than trained mice (Figures 3D,E). These results indicated that the profile of inflammatory response induced by exercise exhibited by trained mice could be important to the subsequent recovery of muscular tissue. Moreover, we demonstrated that trained mice presented a slight alteration in cellular profile with an increase in the blood CD8 + lymphocytes and a decrease in the bone marrow macrophages F4/80 + (Supplementary Figures 1D,G, respectively). We not observed any alterations in other leukocytes recovered in either blood (Supplementary Figures 1A–C) or bone marrow (Supplementary Figure 1F,H,I).
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FIGURE 3. Aerobic training changes the inflammatory response in the muscle. Quantification of leukocyte rolling (A) and adhesion (B) on microvasculature of the naive (n = 6), sedentary (n = 5), and trained (n = 6) mice 12 h after the fixed-speed running test until fatigue post training. Representative figure showing the vessel (dotted white line) and leukocytes (luminous bodies) quantified in (A–C). Histopathological quantification (D) and representative histological slide from H&E staining (E) of muscular tissue samples from sedentary (n = 7) or trained (n = 5) mice 72 h after the fixed-speed running test until fatigue post training. The yellow and white rows represent the inflammatory cells and endomysium distension, respectively. Data are expressed as mean ± SEM; ∗p < 0.05 compared to: naive (A,B) or sedentary group (D) and #p < 0.05 compared to: sedentary group (A) using one-way ANOVA followed by Tukey’s post hoc analysis (A,B) or two-tailed t-test (C,D).


To verify the influence of ROS production on aerobic status after training and in leucocyte interactions with the muscular vasculature after exercise, we used gp91phox–/– mice, which are animals with non-functional NADPH-oxidase. Trained mice showed a higher VO2 at the moment of fatigue than sedentary mice. Furthermore, it was observed that physical training improved the time to fatigue in both WT and gp91phox–/– as demonstrated by the higher workload achieved in the fixed-running test compared to the respective sedentary mice. However, exercise interruption post training was delayed for gp91phox–/– trained mice compared to WT trained mice (Figure 4A). In addition, the lack in ROS production potentializes the improvement in the running performance induced by aerobic training, which could be evidenced by the superior increase of workload realized by gp91phox–/– trained mice compared to workload of WT trained mice (Figure 4B). In contrast, the increase of rolling and adhesion expected 12 h after a single exercise session was inhibited in trained mice with a deficiency of ROS production (Figures 4C–E).
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FIGURE 4. The absence of ROS from NADPH-oxidase increases running capacity and abrogates the greater exercise-induced leukocyte interaction on vasculature after aerobic training. VO2 immediately before and during the fixed-running test until fatigue in the wild-type (sedentary, n = 7 and trained, n = 6) and gp91phox–/– (sedentary, n = 5 and trained, n = 4) groups, pre and post aerobic training (A). Workload pre- and post-aerobic training in all groups (B). Leukocytes rolling (C) and adhesion (D) on microvasculature 12 h after the fixed-speed running test until fatigue in all groups. Representative figure showing the vessel (dotted white line) and leukocytes (luminous bodies) quantified in (C–E). Data are expressed as mean ± SEM; ∗p < 0.05 compared to: 0 min (A) and respective sedentary groups (B–D) and #p < 0.05 compared to: respective sedentary (A) and respective trained groups (C,D) using two-way ANOVA followed by Tukey’s post hoc analysis.




DISCUSSION

Although it has been established that a single session of intense exercise is able to induce a considerable local and systemic inflammatory response, which could be reduced by short period of exercise repetition (Suzuki et al., 1996, 1999), little is known about the chronic effects of the training process on exercise-induced inflammation. The results found in this study can be summarized by the following points: acute high intensity exercise induced an important inflammatory response in the muscular tissue as demonstrated by (1) increases in the level of IL-6 in muscle, the amplified number of rolling and adhesion cells in the quadriceps vessels, and the stimulation of neutrophil chemotactic activity isolated from bone marrow in exercised mice. Moreover, we developed an effective running training for mice that was able to induce several adaptations, including (2) elevated workload and running distances reached in aerobic tests after the training period accompanied by reduced gains in body mass; (3) enhanced lung function; (4) high number of rolling and adherent cells on muscle vessels, but preserved quadriceps muscular architecture with a predominance of mononuclear cells. Finally, the deficiency in ROS production by NADPH oxidase enzyme (5) potentialized the improvement in the running performance induced by physical training, and (6) diminished the rolling and adhesion cells related to exercise.

In this work, the intensity of exercise was decisive in stimulating the muscle IL-6 synthesis assessed 12 h post exercise. Muscle production of IL-6 is related to the exercise mode, intensity, and duration (Nieman et al., 1998; Ostrowski et al., 2001). Muscle-produced IL-6 may act on skeletal muscle, in a paracrine manner, by regulating myogenesis, glucose uptake and use of glycogen by the contracting muscle and also exert systemic effects such as increased hepatic glucose production and lipolysis, when released into the circulation (Fischer, 2006; Serrano et al., 2008). Circulating IL-6 normally increases immediately in response to contracting muscle and declines in the post-exercise period (Suzuki et al., 2002). Raised plasma IL-6 after exercise may a play role in neutrophil mobilization into the circulation (Yamada et al., 2002). In fact, the kinetics of IL-6 may be different depending on whether there was muscle damage induced by exercise (Febbraio and Pedersen, 2002; Petersen and Pedersen, 2006). Thus, it is suggested that the highest level of IL-6 in the muscle 12 h after the exercise event could originate from immune cells present in the damaged muscle during high-intensity exercise. We also observed that acute high intensity exercise induced elevation of the number of rolling and adherent cells in the muscle vasculature. It is well established that prolonged exercise is associated with high levels of oxidative stress that stimulate the inflammatory response. This inflammation may result from muscle damage triggered by mechanical and metabolic exercise loads (Barbieri and Sestili, 2012). Previous notable results from our group also showed the interaction of neutrophils with endothelial cells in quadriceps muscles after exercise until fatigue by using intravital microscopy, corroborating our findings. We found that high intensity exercise stimulated the ex vivo migratory capacity of neutrophils isolated from bone marrow 12 h post-exercise. The migration of neutrophils from bone marrow to the circulation is influenced by stress hormones, G-CSF and cytokines released during exercise (Suzuki et al., 2000; Yamada et al., 2002; Summers et al., 2010). Additionally, it has been showed that aerobic exercise mobilizes hematopoietic stem cells in an intensity-dependent manner (Baker et al., 2017). However, the precise mechanisms by which exercise inflammation leads to hematopoiesis and consequently neutrophilia still need to be better elucidated.

We demonstrated an effective protocol of running training for mice that was able to improvement of physical capacity and pulmonary function, including inspiratory capacity, chord compliance, and lung resistance. It has been previously shown that pulmonary capability is correlated with exercise tolerance (Kerti et al., 2018) and it may be associated with our results from the elevated workload and running distances reached in the aerobic tests after the training period.

Interestingly, although we observed a greater number of rolling and adherent cells in trained mice compared to sedentary mice, this result was accompanied by a lower inflammatory score in the quadriceps of the trained group, with a predominance of mononuclear cells. Usually, neutrophils infiltrate the extracellular space around the damage, peaking between 6 and 24 h after exercise. Subsequently, there is an increase of pro-inflammatory macrophages within 72 h followed by an influx of macrophages with anti-inflammatory and pro-myogenic phenotypes, which may remain for more than 6 days after damage (Saini et al., 2016). In the present study, reduced muscular inflammation infiltration and endomysium distension indicate less tissue damage, which may be related to mononuclear cells with anti-inflammatory properties, but the profile and role of these cells in muscle repair were not investigated here. Exercise is accepted as an anti-inflammatory therapy in inflammatory diseases such as cardiovascular disease, diabetes, and Alzheimer’s (Pedersen and Saltin, 2015). The mechanisms by which exercise training induces these anti-inflammatory effects remains unclear, but there are several intriguing possibilities, including release of endogenous products, such as heat shock proteins, selective reduction of visceral adipose tissue mass or reduction of infiltration of adipocytes by macrophages, shifts in immune cell phenotype, cross-tolerizing effects, or exercise-induced shifts in accessory proteins of toll-like receptor signaling (Petersen and Pedersen, 2006; Flynn et al., 2007). It is also important to assess whether the arrival dynamics of cell subtypes is modified by physical training, as monocytes, which could orchestrate inflammation resolution, repair, and increase muscle performance. This possibility deserves further investigation in the future.

In a previous study published by our group pharmacological blockade (apocynin) or genetic deletion of NADPH-oxidase (gp91phox–/– mice) inhibited leukocytes recruitment after a single fatiguing exercise. Furthermore, the reduction of ROS production by apocycnin prevented the exercise-induced adhesion molecules (E-selectin, L-selectin and PECAM) expression, which may explain the increasing in the numbers of rolling, adherent, and transmigrating neutrophil, showing the role of ROS from NADPH-oxidase in the skeletal muscle inflammation process (Nunes-Silva et al., 2014). Thus, ROS may regulate cell adhesiveness to the vessel wall of the exercised muscle. ROS- mediated leukocytes recruitment after exercise may also contribute to the muscle remodeling signaling, including angiogenesis, hypertrophic response and mitochondrial biogenesis (Gomes et al., 2012). Similarly, using the genetically modified animals gp91phox–/–, we demonstrated that deficiency of ROS is related to a lower number of rolling and adherent leukocytes in the muscle vessels after training. Moreover, the gp91phox–/– mice presented an exacerbation in the increase of the workload induced by training. This result suggests that the chronic absence of ROS could impair a probable role of exercise-induced inflammation in controlling fatigue mechanisms and perhaps expose the organism to risks related to excessive exercise. Thus, the importance of investigations on the use of antioxidant strategies for exercise performance is highlighted. In fact, several studies have explored the effectiveness of antioxidant supplementation to enhance performance and adaptation to training, but its benefits and risks remain unknown (Bjornsen et al., 2016; Rothschild and Bishop, 2020).

In conclusion, acute high intensity exercise induced an evident inflammatory response. Additionally, the training was related to physical improvement and immune adaptations. Finally, our data suggest that ROS could be related to maintaining signaling for the limits of aerobic physical performance adaptation to training through the increased inflammatory response elicited by exercise. Nevertheless, the role of oxidative balance on aerobic performance and exercise-induced inflammation after training still needs to be elucidated.
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Supplementary Figure 1 | Effect of aerobic training on the profile of immune cells. The percentage of neutrophil Ly6G+, macrophage F480+, TCD4+ and TCD8+ cells of the sedentary (n = 7) and training (n = 8) mice were evaluated in blood (A–D, respectively) and bone marrow (F–I, respectively) by flow cytometry 72 h after fixed-speed running test until fatigue post training. Representative dot plots illustrating neutrophil Ly6G+, macrophage F480+, TCD4+, and TCD8+ cells of the sedentary (upper panel) and trained (below panel) mice in the blood (E) and bone marrow (J). Data are expressed as mean ± SEM; ∗p < 0.05 compared to sedentary using two-tailed t-test. Cells from bone marrow and blood were plated, 1 × 106 cells/well, in a 96-well plate and stained for extracellular molecular expression patterns using mAbs against mouse CD3 (Alexa-488 conjugated), CD4 (APC conjugated), CD8 (PE conjugated), CD11b (Alexa-488 conjugated), F4/80 (PE conjugated), and Ly6G (APC conjugated) (from BD Pharmingen, Le Pont de Claix, France). The cells were incubated with 20 μl/well of antibody solution 30’/4°C, followed by fixation in 4% of paraformaldehyde. Limits for the quadrant markers were always set based on negative populations and isotype control antibodies. The frequency of positive cells was analyzed by FlowJo X v10.2 software, using a gate that included lymphocytes, neutrophils and/or macrophages. The frequency (percentage) of the analyzed population in the total acquired events was used in the construction of the graphs.
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Leukocyte recruitment is a highly controlled cascade of interactions between proteins expressed by the endothelium and circulating leukocytes. The involvement of glycans and glycan-binding proteins in the leukocyte recruitment cascade has been well-characterised. However, our understanding of these interactions and their regulation has expanded substantially in recent years to include novel lectins and regulatory pathways. In this review, we discuss the role of glycans and glycan-binding proteins, mediating the interactions between endothelium and leukocytes both directly and indirectly. We also highlight recent findings of key enzymes involved in glycosylation which affect leukocyte recruitment. Finally, we investigate the potential of glycans and glycan binding proteins as therapeutic targets to modulate leukocyte recruitment and transmigration in inflammation.
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INTRODUCTION

Glycosylation is a post-translational modification whereby carbohydrates are added to proteins or lipids to expand their functional profile. Approximately 10% of the human genome encodes for proteins which play roles in glycosylation and about 1012 possible glycan structures have been previously predicted, highlighting the importance and complexity of this post-translational modification (Laine, 1994; Haslam et al., 2008). The majority of glycan structures are found on the cell surface, but can also be detected intracellularly in the cytoplasm and nucleus. Glycosylation is a tightly controlled process involving glycosyltransferases and glycosidases which form the carbohydrate structures dependent upon sugar precursors, cellular environment and cell type (Reily et al., 2019). Structurally and biosynthetically, glycans can be divided into N- and O-glycans (Figure 1).


[image: Figure 1]
FIGURE 1. N- and O-glycan differ in their core structure. (A) Various carbohydrates are making up mammalian glycans. (B) N-glycans share a common core structure. The carbohydrates added to the core structure define the three subtypes of N-glycans: high-mannose, hybrid and complex. (C) O-glycans discussed in this review are based on core 1 or core 2 O-glycans.


N-glycans all share the same core structure and are added to an asparagine (Asn) side chain via N-linked glycosylation initiated by oligosaccharyltransferase complex in the endoplasmic reticulum membrane (Schjoldager et al., 2020). N-glycans are attached to Asn located in a sequence of Asn-X-Serine/Threonine, whereby X can be any amino acid apart from proline (Figure 1B). The N-glycan core structure comprises of two N-Acetyl-D-glucosamine (GlcNAc) and three mannose molecules. This core structure is expanded through galactosylation, further GlcNAclyation, sialylation or fucosylation. These additions define three subclasses of N-glycans: high-mannose, hybrid and complex (Figure 1B).

O-glycans have eight different core structures and are attached to an -OH group of either serine or threonine via a O-glycosidic bond with an N-Acetyl-D-galactosamine (GalNAc) (Figure 1C) (Brockhausen et al., 2009). The glycan is attached to the amino acid residue via one of at least 21 known polypeptide-N-acetylgalactosaminetransferases (ppGalNAcT-1 to−21) (Brockhausen et al., 2009). However, further glycosyltransferases are involved in the formation of O-glycans by adding to specific core structures (Figure 1C). Not only the availability of the enzyme substrate, but also the subcellular localisation affects the activity of these enzymes and therefore contributes to a wide range of (branched) O-glycans (Brockhausen et al., 2009).

Due to the great heterogeneity of structures, the functions of glycans also vary greatly. The biological roles of mammalian glycans can be broadly classified into three groups: (I) structural and modulatory functions such as in membrane organisation and epigenetic histone modifications(II) extrinsic recognition, for example of bacterial or viral adhesins (III) intrinsic recognition, for example in cell adhesion or intercellular signalling (Varki, 2017). We will focus on the role of glycans in leukocyte recruitment and migration in this review. This function, as any other, requires the glycomic code to be translated into function. Glycan-binding proteins are proteins which recognise and bind specific sequences of glycans and therefore facilitate cellular processes based on the glycomic profile. Various families of these proteins have been described: -galactoside binding lectins (Galectins, Gal), C-type lectins which require calcium for binding, I-type lectins which are a subset of the immunoglobulin superfamily, L-type lectins which are similar to leguminous plant lectins, P-type lectins which recognise phosphorylated mannose residues and R-type lectins which have a similar carbohydrate recognition domain (CRD) as ricin (Varki et al., 2009). However, not all of the mentioned lectin families have been shown to play a role in leukocyte migration.

The migration of leukocytes was first described in the nineteenth century (Dutrochet, 1824; Wagner, 1839) and has since been characterised extensively. Leukocyte recruitment to sites of inflammation, infection or tissue damage involves a series of tightly regulated, co-ordinated steps (Figure 2). Traditionally, the leukocyte recruitment cascade was described as a three-step process of rolling, activation and firm adhesion. However, this model has been expanded upon to include slow rolling, crawling and transmigration (Ley et al., 2007). Numerous proteins involved in the regulation of these steps have been identified over the years (Figure 2) [we refer to the excellent review by Ley et al. (2007)]. Briefly, leukocytes are captured and roll along activated endothelium through interactions between selectins (E-, L-, and P-selectin) and glycosylated proteins such as P-selectin glycoprotein ligand (PSGL)-1, CD44 and E-selectin ligand (ESL)-1 (Katayama et al., 2005; Hidalgo et al., 2007). This leads to activation of leukocytes and conformational changes to integrins, enabling integrin-mediated leukocyte rolling followed by irreversible binding between integrins, such as Macrophage (Mac)-1 antigen found on neutrophils and monocytes, lymphocyte function-associated antigen (LFA)-1, found on lymphocytes, monocytes and neutrophils or Very late antigen (VLA)-1 found on monocytes and T-lymphocytes and adhesion molecules such as intercellular adhesion molecule (ICAM)-1 and vascular cell adhesion molecule (VCAM)-1 on the endothelium (Diamond and Springer, 1993; Mitroulis et al., 2015). Which types of integrins and adhesion molecules dominate in the adhesion is cell type and tissue dependent (Rossaint and Zarbock, 2013; Maas et al., 2018; Schnoor et al., 2021). For example, integrin-mediated lymphocyte and monocyte rolling is mainly dependent on VLA-1 (Berlin et al., 1995; Huo et al., 2000; Chan et al., 2001; Singbartl et al., 2001). ß2-integrins such as LFA-1 which interacts with ICAM-1 on the endothelial surface also support rolling, as has been shown for mouse neutrophils (Kadono et al., 2002). Integrin-mediated adhesion is also regulated by chemokines which trigger integrin activation and crawling. However, more recent studies have also highlighted tissue specific differences in leukocyte recruitment independent of selectins and integrins [reviewed in Schnoor et al. (2021)]. For example dipeptidase-1 acts as adhesion molecule for murine neutrophils in lung and liver, but not in the cremaster muscle (Choudhury et al., 2019). Various studies have identified ICAM-1, VCAM-1, platelet endothelial cell adhesion molecule (PECAM)-1, junctional adhesion molecule (JAM)-A and -C as well as ICAM-2 and Cluster of Differentiation (CD)99 as key molecules involved in transmigration, whereby leukocytes cross the endothelial layer in a trans- or paracellular manner.


[image: Figure 2]
FIGURE 2. Leukocyte migration cascade across endothelium. The leukocyte migration cascade comprises of a sequence of steps which are mediated by a range of proteins. The initial steps of capture and rolling are dominated by the interaction of selectins with proteins such as P-selectin glycoprotein ligand (PSGL)-1, E-selectin ligand (ESL)-1 and Cluster of differentiation (CD) 44. Activation leads to a conformational change in integrins such as lymphocyte function-associated antigen (LFA)-1, Macrophage (Mac)-1 antigen and Very Late Antigen (VLA)-4 which then interact with adhesion molecules such as Intercellular Cell Adhesion Molecule (ICAM-1) and Vascular Cell Adhesion Molecule (VCAM)-1. Together with chemokines presented on the endothelial surface, arrest and adhesion are triggered. The final step, transmigration through the endothelial cell layer is mediated by proteins such as platelet endothelial cell adhesion molecule (PECAM)−1, CD99 and junctional adhesion molecule (JAM) -A.


The roles of glycan-binding proteins such as selectins and glycosylated proteins including ICAM-1 in leukocyte recruitment and transmigration have been well-documented. However, advances in experimental procedures, such as glycomic profiling now enable researches to investigate glycans and the glycomic profiles in cells and tissues in much more depth. Nevertheless, the research in this field is still in its infancy and requires further exploration to uncover the potential use of glycans as significant therapeutic targets. This review will provide an overview over glycans and novel glycan-binding proteins in leukocyte trafficking and how they are regulated. Finally, we will discuss how glycans and glycan-binding proteins can be targeted by therapeutics using glycan analogues, antibodies, lectins and glycomimetics to treat inflammatory diseases.



GLYCANS AND GLYCAN BINDING PROTEINS IN LEUKOCYTE CAPTURE AND ROLLING

The initial interactions between the endothelium and leukocytes is mediated by selectins, a group of C-type lectins. Three types of selectins have been identified to date in mammals: (I) E-selectin, which requires transcriptional activation and is expressed on the endothelium upon pro- inflammatory stimulation with e.g. tumour necrosis factor (TNF) a (Gedeit, 1996); (II) L-selectin, expressed on leukocytes, but shed upon activation with e.g., N-Formylmethionyl-leucyl-phenylalanine (fMLP); and (III) P-selectin, expressed by platelets and endothelial cells, where it is stored in granules and mobilised to the cell surface upon activation of the endothelium. These selectins all bind to core 2 O-glycans on glycosylated proteins such as PSGL-1 and CD44. E- and P-selectins bind to glycans on leukocytes whereas L-selectin can bind core 2 O-glycans on endothelium and leukocytes. The generation of these core 2 O-glycans is facilitated by a range of different glycosyltransferases (Figure 3D). Core 1 ß-1,3-galacotsyltransferase, an enzyme catalysing the transfer of galactose from UDP-alpha-D-galactose to a beta-N-acetylgalactosamine, forms the core 1 backbone which is the basis of core 2. ß-1,6-N-acetylglucosaminyltransferase-1, ß-1,4-galactosyltransferases, α-2,3-sialyltransferases and α-1,3-fucosyltransferases, enzymes catalysing the transfers of N-acetylglucosamine, galactose, sialic acid and fucose respectively, further extend core 2 O-glycans (Figure 3D) (Sperandio et al., 2006; Buffone et al., 2013; Mondal et al., 2013; Wright and Cooper, 2014) and have been demonstrated to affect leukocyte recruitment in vivo (Weninger et al., 2000; Sperandio et al., 2006). For example, it was shown that leukocytes from mice with genetic ablation for both α-1,3-fucosyltransferase (Fut) IV and VII resulted in significant inhibition of rolling as observed using intravital microscopy of the post-capillary and collecting venules of mice ears (Table 1). The authors also found that rolling velocities were significantly increased in single knockouts for either Fut IV or VII (Weninger et al., 2000). Studies using bone marrow derived neutrophils from α-1,3-fucosyltransferase IV, VII and IX deficient mice (Fut4−/−, Fut7−/−, and Fut9−/− respectively) as well as corresponding knock downs in human cell lines further confirmed the importance of fucosylation of PSGL-1 in leukocyte rolling. The knock down of Fut7 and to a lesser extent Fut4 and Fut9 in human leukocytic HL-60 cells as well as in murine bone-marrow derived neutrophils decreased leukocyte interactions with recombinant selectins under hydrodynamic shear stress (Buffone et al., 2013). Polypeptide N-acetylgalactosamine transferase-1 (ppGalNAcT-1), which links the glycan molecule to the peptide (Figure 3D), has been also shown to play a crucial role in glycosylation of ligands for P-selectin (Tenno et al., 2007). More recently, its role in leukocyte rolling, adhesion and transmigration in vivo was characterised. These steps in the leukocyte trafficking cascade were significantly impeded in TNFα-treated cremaster muscles of ppGalNacT-1 knock out (Galnt1−/−) mice compared to littermate controls (Table 1). Chimera experiments suggest that the presence of the enzyme in hematopoietic cells is crucial for recruitment since less neutrophils migrated to the peritoneum after i. p. injection of thioglycollate in the Galnt1−/− mice who received bone marrow from Galnt1−/− animals compared to Galnt1−/− mice who received bone marrow from Galnt+/+ mice (Block et al., 2012). While these studies highlight the importance of various enzymes in leukocyte recruitment and their expression in certain cell types, other studies have shown that the glycosylation of cells can depend on their state. For example, naïve T-cells do not synthesise core 2 O-glycans and therefore do not bind to P-and E-selectins. Only upon stimulation T-cells increase the expression of enzymes encoded by Gcnt1 and Fut7, which generate core 2 glycans and enable activated T-cells to bind selectins (Buffone et al., 2013; Chen et al., 2016; Hobbs and Nolz, 2017). Not just glycans are altered, core 2 bearing glycoprotein CD43 has been found to be upregulated on activated T-cells, providing increased binding sites for E-selectin and therefore enabling capture and migration (Matsumoto et al., 2005, 2007; Fuhlbrigge et al., 2006; Alcaide et al., 2007; Clark and Baum, 2012). Lymphocytes are not the only cells to alter their glycosylation upon stimulation. Other studies have shown that the glycosylation changes upon stimulation also occur in monocytes: for example, PSGL-1 and sialyl Lewis X (sLex) have both been demonstrated to be upregulated on human CD14+ monocytes in a time-dependent manner upon IL-1ß stimulation (Kanabar et al., 2016). Interestingly, the same study showed that the ß-1,4-galactosyltransferase inhibitor, 5-(5-formylthien-2-yl) UDP-Gal, could prevent IL-1ß-mediated increase in PSGL-1 and sLex without affecting basal levels of the protein and sugar (Kanabar et al., 2016). However, the study did not address the effects of IL-1ß-mediated upregulation of PSGL-1 or the impact of treatment with the inhibitor on monocyte trafficking. Nevertheless, it highlights the therapeutic potential of targeting glycosyltransferases, especially, since the basal levels of PSGL-1 and sLex remained unaffected by the treatment. Other studies have also targeted glycosyltransferases acting in the generation of sLex or sialyl Lewis a (sLea), another core 2 glycan recognised by selectins (Rillahan et al., 2012). Even though inhibitors were able to interfere with the activity of the enzymes, their application in vivo remains limited due to off-target effects such as renal injury and difficulties in the delivery to the target site (Galeano et al., 2007; Patel et al., 2017). Interestingly, a recent study by May et al. (2020) has shown that alternative splicing of PGANTs, the Drosophila analogues of mammalian ppGalNTs (Table 1), which catalyse the addition of the glycan to serine or threonine, can alter the substrate and peptide preference of the enzyme. Even though this study investigates Drosophila PGANTs, a previous study has demonstrated the presence of splice variants in humans (Festari et al., 2017). Whether the splice variants of human ppGalNTs also affect the recognition of substrate in the same manner as the Drosophila splice variants and whether this impacts leukocyte recruitment remains unknown. Nevertheless, these findings offer a novel insight into previously unknown regulatory mechanisms of these enzymes which could be targeted by drugs. By targeting a more specific splice variant rather than all variants of one enzyme, it may offer a more precise treatment with less off-target effects.


[image: Figure 3]
FIGURE 3. Role of glycans and glycan binding proteins in leukocyte capture and rolling. (A) Exogenous Galectin (Gal)-1 inhibits capture and rolling of leukocytes. (B) Exogenous Gal-3 on the other hand promotes capture of leukocytes. (C) CD44 on leukocytes and the glycosaminoglycan hyaluronic acid on the endothelial cell (EC) surface interact to contribute to leukocyte capture. (D) Selectins are glycan binding proteins which bind to specific O-glycan structures such as sLex. These glycan structures are formed through a multitude of enzymes which catalyse the addition of different carbohydrates to the glycan precursor.



Table 1. Enzymes involved in the capture of leukocytes.
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Not only selectin-glycan interactions mediate leukocyte capture and rolling: the interaction between CD44 and the glycosaminoglycan (GAG) hyaluronic acid (HA) (Figure 3C) has previously been described to contribute to lymphocyte rolling in vitro (DeGrendele et al., 1996) and C-AM labelled leukocyte rolling in vivo (Xu et al., 2002). Further roles of the interaction between CD44 and HA in leukocyte trafficking have been reviewed elsewhere (McDonald and Kubes, 2015).

Although the changes in glycosylation of cells evidently contribute to the regulation of leukocyte rolling, other modes of regulation have been described. Galectins, a family of ß-galactoside binding proteins have been demonstrated to affect leukocyte rolling. Interestingly, even though from the same protein family, different galectins have been shown to affect leukocyte migration in opposing manner. Exogenous Gal-1, for example was described to inhibit rolling of polymorphonuclear cells (PMN) in vitro as well as in vivo during acute inflammation (Figure 3A) (La et al., 2003; Cooper et al., 2008). Conversely, endogenous chimera-type Gal-3 has been reported to promote recruitment of PMN and lymphocytes in vivo (Alves et al., 2013; Gittens et al., 2017). Impaired slow rolling and emigration was observed in Gal3−/− mice during acute inflammation, while the administration of recombinant Gal-3 reduced rolling velocity and increased the number of adherent neutrophils and monocytes in vivo (Gittens et al., 2017) (Figure 3B). The in vitro models support direct effects of Gal-1 and−3 on leukocyte migration (Figures 3A,B). However, in vivo studies using endothelial-specific knock out mice or bone marrow chimera models could help to distinguish between the role of endogenous galectins in hematopoietic and non-hematopoietic cells in context of recruitment (Suryawanshi et al., 2013; Robinson et al., 2019). Interestingly, various studies have demonstrated increased levels of soluble galectins in serum or plasma of patients with inflammatory diseases such systemic sclerosis, atherosclerotic stroke and systemic lupus erythematosus (He et al., 2017; Chihara et al., 2018; Matsuoka et al., 2020). Whether these increased levels of soluble protein affect the migration of leukocytes in these inflammatory diseases remains unknown, but merit further investigation.



GLYCANS AND GLYCAN BINDING PROTEINS IN LEUKOCYTE ADHESION

While the interaction between PSGL-1 and selectins is critical in the first stage of leukocyte recruitment, integrins such as Mac-1 and LFA-1, and adhesion molecules such as ICAM-1 and VCAM-1, are known to facilitate firm adhesion. Nevertheless, these two steps in the recruitment cascade must not be seen as separate entities: the interaction between PSGL-1 and selectins is required for E-selectin-mediated direct activation of integrins (Taylor et al., 1996; Schaff et al., 2008; Chase et al., 2012; Morikis et al., 2017) or for the exposure of rolling leukocytes to chemokines on the endothelium which triggers G-protein coupled receptors (GPCR)-mediated integrin activation (Tsang et al., 1997; Stadtmann et al., 2013) on leukocytes followed by firm adhesion. The interaction between O-glycans and L-selectin has been demonstrated to be vital in regulating integrin activation and thereby mediating neutrophil adhesion in vitro and in vivo (Stadtmann et al., 2013). Recently, several studies have also highlighted the role of glycans on Mac-1, an integrin made up of an alpha subunit (αM; CD11b) and beta subunit (β2; CD18), in neutrophil adhesion and migration (Zen et al., 2007; Brazil et al., 2016; Saggu et al., 2018; Kelm et al., 2020). Saggu et al. (2018) showed that the CD18 subunit of Mac-1 interacts with FcγRIIA to reduce the affinity to IgG and therefore inhibit FcγRIIA-mediated neutrophil recruitment. They further demonstrated that this interaction was glycan dependent and mediated between the αI-domain of CD18 and sialylated glycans on FcγRIIA. The glycosylation of integrins is also important for adhesion of monocytes (Yang et al., 2012). Yang et al. (2012) demonstrated that the pro-inflammatory cytokine interferon (IFN)γ changes the glycosylation of monocytes which affects their adhesion and migration (Figure 4D). More specifically, they found that the treatment with IFNγ downregulated N-acetylglucosaminyltransferase V which affected the levels of ß-1,6- linked GlcNAc on integrins α5 and ß1 without affecting their protein levels (Table 2). The decrease in N-acetylglucosaminyltransferase V increased the phosphorylation of focal adhesion kinase, which in turn phosphorylates Extracellular Signal-regulated Kinase (ERK). Utilising an ERK inhibitor, they were able to inhibit the IFNγ-mediated monocyte adhesion and transmigration (Yang et al., 2012).
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FIGURE 4. Glycans and glycan binding proteins in leukocyte adhesion. (A) Tumour necrosis factor (TNF) α stimulation of endothelial cells (EC) leads to a decrease of mannosidases and in turn to an upregulation of high mannose (HM) ICAM-1 on the EC. This glycoform of ICAM-1 selectively causes the adhesion of CD16+ monocytes. (B) Chemokines such as CCL-21 are bound to the endothelial surface via glycosaminoglycan heparan sulfate and interact with sialylated CCR-7 to mediate T-cell adhesion. (C) Glycan binding protein Galectin (Gal)-3 forms heterodimers with CXCL-12 which inhibit adhesion of neutrophils and monocytes in vivo. (D) Interferon (IFN) γ stimulation of monocytes reduces N-acetylglucosaminyltransferase (NAcT) V, which in turn decreases glycosylation of α5 and β1 integrin. This increases the phosphorylation of Focal adhesion kinase (FAK) and consequently Extracellular signal-regulated kinase (ERK), resulting in increased adhesion of monocytes.



Table 2. Enzymes involved in Leukocyte Adhesion and Transmigration.
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Evidently, the correct glycosylation of leukocytic proteins contributes greatly to the regulation of leukocyte migration. However, in the adhesion process, glycoproteins on the endothelium such as ICAM-1 and VCAM-1 also play a crucial role (Ley et al., 2007). They are expressed by the endothelium upon inflammatory stimuli and interact with integrins such as Mac-1 and LFA-1 (Diamond et al., 1991; Diamond and Springer, 1993). The importance of glycosylation in this interaction has been explored in a series of studies (Diamond et al., 1991; Sriramarao et al., 1993). Interestingly, contrary to O-glycan-mediated capture and rolling, N-glycans are the main type of glycans involved in adhesion. Particularly one type of N-glycan, high-mannose N-glycans (Figure 1B), increase monocyte adhesion (Figure 4A) (Scott et al., 2012). Specifically, high-mannose glycans on ICAM-1 have been demonstrated to drive the adhesion of the human monocytic cell line THP-1, independent of ICAM-1 and E-selectin expression (Chacko et al., 2011), as well as rolling and adhesion of primary monocytes (Scott et al., 2013a,b). This appears to be a mechanism occurring during acute inflammation; the pro-inflammatory cytokine TNFα, for example has been shown to downregulate mannosidases, enzymes which remove mannoses from glycans, due to hydrogen peroxidase released from endoplasmatic reticulum oxidoreductase-1-α (Figure 4A) (McDonald et al., 2020). This TNFα-mediated reduction in mannosidases in turn results in an increase of high-mannose N-glycans on the endothelial surface (Table 2) (Chacko et al., 2011; McDonald et al., 2020). Whether this is also occurring in chronic inflammation remains unknown. However, not only inflammatory cytokines appear to increase high mannose N-glycan levels on endothelium: oscillatory shear stress has been shown to increase these types of glycans too (Table 2) (Scott et al., 2012). Subsequent studies have shown that the increase of ICAM-1 glycosylated with mannose-rich glycans (high mannose ICAM-1) has functional consequences. High mannose ICAM-1 selectively recruits non-classical/intermediate (CD16+) monocytes over classical (CD16−) monocytes in a Mac-1 dependent manner (Regal-McDonald et al., 2019). Interestingly, studies using human and murine samples have shown that this high-mannose ICAM-1 glycoform is present in atherosclerotic lesions (Scott et al., 2012; Regal-McDonald et al., 2020) and positively correlates with macrophage burden in these lesions. α-2,6-sialylated ICAM-1 levels on the other hand, did not associate with increased macrophage content in lesions (Regal-McDonald et al., 2020). However, whether the selective recruitment of CD16+ monocytes by high-mannose ICAM-1 contributed to increased macrophage content in high-mannose positive atherosclerotic lesions still remains to be determined. The selectivity of recruitment caused by differential glycosylation of adhesion proteins is an interesting area for drug targeting. A study by Chacko et al. (2011) showed that the PPARγ agonist rosiglitazone, an anti-diabetic drug, reduced TNFα-induced expression of high-mannose N-glycans and successfully reduced adhesion of THP-1 cells and primary human monocytes under physiological flow. Whether this PPARγ agonist can also prevent increases in high-mannose glycans caused by oscillatory shear stress have not been established. While rosiglitazone successfully reduced the adhesion of monocytes, it has also been linked to an increased risk of cardiovascular disease (Chen et al., 2012) and therefore may not be a suitable therapeutic option. Other in vitro studies targeting high mannose glycans with specific antibodies or lectins have successfully decreased monocyte adhesion further highlighting the therapeutic potential of targeting these glycan structures (Scott et al., 2012), however, these effects need to be validated in vivo.

Chemokine-mediated arrest and spreading of leukocytes has been shown to also depend on GAGs such as heparan sulphate (Middleton et al., 2002). More recently, various studies showed that chemokine presentation such as that of CXCL-8 and CCL-21 depend on GAGs (Figure 4B) (Proudfoot et al., 2003; Bao et al., 2010; Weber et al., 2013; Joseph et al., 2015; Goldblatt et al., 2019). Bao et al. (2010) demonstrated that mutant heparan sulphate leads to diminished chemokine presentation, resulting in decreased integrin-mediated recruitment of lymphocytes in vivo while specifically CCL-21 has been demonstrated to be immobilised by GAGs on the cell surface (Weber et al., 2013). Furthermore, the ablation of GAGs on neutrophils in vitro resulted in reduced chemotaxis towards CXCL-8 (Goldblatt et al., 2019). These studies suggest that the immobilisation of chemokines through GAGs on the cell surface contribute to a high local concentrations of chemokines, concentration gradients and chemokine-receptor binding, all potentially modulating leukocyte migration. However, more studies are required to understand the regulatory mechanisms involved in GAG-chemokine interactions and their effect on leukocyte migration. Particularly tissue-specific differences in these interactions, as suggested by Gangavarapu et al. and others (Gangavarapu et al., 2012; Rajarathnam et al., 2018), are of interest in order to understand tissue-specific differences in leukocyte trafficking. A range of studies have also highlighted the importance of glycosylation of chemokines (Ludwig et al., 2000; Frommhold et al., 2008). Glycosylation, especially sialylation, was found to contribute to chemokine binding to their cognate receptors (Frommhold et al., 2008; White et al., 2013; Doring et al., 2014; Su et al., 2014; Wright and Cooper, 2014; Hauser et al., 2016). For example, sialyation of CCR-7, a receptor of CCL-19 and−21, inhibits its signalling and therefore migration of T-cells in vitro (Figure 4B) (Hauser et al., 2016). Interestingly, dendritic cells release enzymes which can de-sialylate CCR-7 and therefore increase T-cell chemotaxis (Hauser et al., 2016). However, not only chemokine-chemokine receptor interactions are dependent on glycosylation. More recently, a study revealed how glycan-binding protein Gal-3 can mediate chemokine function. The study revealed Gal-3 forms heterodimers with CXCL12 (Figure 4C) (Eckardt et al., 2020), a chemokine known to interact with CXCR4. This interaction between CXCL12 and CXCR4 is known to modulate tissue infiltration of neutrophils and monocytes in myocardial infarction and atherosclerosis (Zernecke et al., 2008; Liehn et al., 2011; De Filippo and Rankin, 2018). Eckardt et al. (2020) showed that Gal-3 inhibited CXCL12 mediated migration of neutrophils and monocytes in vitro as well as the infiltration of the peritoneum in vivo (Figure 4C). The study also showed that the recruitment of classical monocytes in vivo was significantly increased to the peritoneum of Gal-3−/− mice after thioglycollate treatment compared to wild type mice, further indicating a role for Gal-3 in CXCL12 mediated recruitment of classical monocytes. Whether circulating Gal-3, which is upregulated in various inflammatory pathologies (He et al., 2017; Dong et al., 2018; Di Gregoli et al., 2020) is also able to interfere with CXCL12 mediated leukocyte recruitment in situ remains unknown. The authors of the study nevertheless suggest that, based on their data, the CRD of Gal-3 may be a promising anti-inflammatory target. Other galectins have also been shown to modulate leukocyte adhesion (La et al., 2003; Norling et al., 2008; Yamamoto et al., 2008; Gittens et al., 2017); multiple studies have found that Gal-1 inhibits leukocyte extravasation (La et al., 2003; Norling et al., 2008; Iqbal et al., 2011). Conversely, several other galectins have been shown to promote leukocyte adhesion to the endothelium (Yamamoto et al., 2008). Yamamoto et al. (2008) treated peripheral blood leukocytes with Gal-8, and found increased adhesion to HUVECs which they believed was α4-integrin-dependent. An important caveat of this study was that these assays were performed under static conditions. Due to the lack of physiological flow, the leukocytes automatically come into contact with the endothelium and the effect of these galectins on the capture of leukocytes by the endothelium cannot be assessed. The use of physiological flow would help to uncover whether galectins also affect the capture, and therefore adhesion and transmigration.

These studies demonstrate the importance of glycosylation for leukocyte adhesion and suggest possible mechanisms which could be targeted by therapeutics.



GLYCANS AND GLYCAN BINDING PROTEINS IN LEUKOCYTE TRANSMIGRATION

During the final stages of the migration cascade, leukocytes transmigrate across the endothelium. This can happen in either a transcellular or paracellular manner. Similar to the previous steps of the recruitment cascade, leukocyte transmigration is regulated by a range of different proteins: including PECAM-1, JAM-A, ICAM-2 and CD99 on the endothelium.

JAM-A is known to contribute to the barrier function of the endothelium since it is located within tight junctions. It contributes to cell migration by acting as ligand for LFA-1 on leukocytes. Whether glycans play a role in this interaction remains unknown. However, a recent study has shown that a particular N-glycan at position N185 of JAM-A contributes to barrier function. The study showed that mutating the glycosylation site of JAM-A in CHO cells resulted in a decrease of LFA-1 dependent adhesion of leukocytes compared to cells expressing wild type JAM-A (Scott et al., 2015).

PECAM-1 is another key junctional molecule involved in transmigration. It forms homophilic interactions which play a key role in vascular permeability (Ferrero et al., 1995; Privratsky et al., 2011), detecting flow (Osawa et al., 2002; Tzima et al., 2005) and leukocyte transmigration (Muller et al., 1993; Nourshargh et al., 2006). Levels of PECAM-1 are reduced in sialyltransferase knock out (ST6Gal1−/−) mice (Kitazume et al., 2010). This suggests that the siaylation of PECAM-1 contributes to its presentation on the endothelial cell surface (Table 2). However, how this potentially contributes to the regulation of leukocyte migration remains unknown. A more recent study suggests that glycosylation plays a role in the homophilic interactions of PECAM-1 therefore potentially affecting leukocyte transmigration. It was found that glycans at the asparagine at position 25, which is located within the trans-homophilic binding interface of PECAM-1 contribute to the homophilic interactions (Lertkiatmongkol et al., 2016). The same study suggests that negatively charged 2,3-sialic acid moieties form electrostatic bridges with a positively charged lysine at position 89 (Lertkiatmongkol et al., 2016) which has previously been described to play a role in the homophilic interactions of PECAM-1 (Newton et al., 1997). Interestingly, 2,6 sialic acid moieties blocked the homophilic interactions. A N25Q mutant of PECAM-1, lacking the glycan at position 25 was shown to localise in the same manner as the native protein, however, the recovery of its barrier function was significantly damaged, highlighting an important role of the glycosylation in the permeability of the endothelium. How the lack of this glycan and therefore the homophilic interaction affects leukocyte migration remains unknown. Interestingly murine PECAM-1 lacks the asparagine at position 25 and therefore also the glycosylation. It has however two more glycosylation sites, a total of nine, compared to human PECAM-1 and highlights key differences of glycosylation between species. Also, how or if the glycosylation sites of PECAM-1 are affected in pathological conditions, especially during inflammation remains to be determined.

As previously mentioned, the various steps in the recruitment cascade are not separate mechanisms. Therefore, it is no surprise that glycans associated with selectins and therefore capture and rolling, can also act in transmigration, as demonstrated by various studies. The use of antibodies targeting sLex as well as the removal of sLex on Mac-1 disrupted the interaction between Mac-1 and E-selectin while causing degranulation of neutrophil secondary granules without stimulation with chemoattractants. Neutrophil transmigration across intestinal epithelial cell monolayers was also significantly decreased when the neutrophils were treated with these anti-sLex antibodies compared to neutrophils treated with a control antibody (Zen et al., 2007). A study by Brazil et al. (2016) also showed a role of Lex in neutrophil transmigration when targeting with antibodies. They observed that terminal glycans rather than subterminal Lex drive an increase in degranulation and a decrease in transepithelial migration of neutrophils, important in mucosa-lined organs such as the intestine and lung. Antibodies are not the only modalities used to target glycan moieties, Kelm et al. (2020) utilised lectins specifically targeting high-mannose or bi-antennary galactosylated N-glycans on CD11b and inhibited transepithelial migration among other inflammatory functions of neutrophils. Contrary to targeting Lex, targeting Lea, a stereoisomer of Lex, with antibodies or lectins increased transepithelial migration of neutrophils and therefore suggests a potential role of Lea in the inhibition of transepithelial migration. Interestingly, the same group had previously shown that targeting the sialylated version of Lea, sLea, on CD44v6 expressed by epithelial cells prevented transepithelial migration of neutrophils (Brazil et al., 2010, 2013). Whether the opposing results of antibodies and lectins targeting Lex and Lea are due to the presence of Lex and Lea on different proteins and therefore affecting the migration differently seems likely, since the expression of Lex and Mac-1 is increased with activation of neutrophils whereas Lea was not. Additionally, the ligation of Lex affected multiple cellular functions including migration and apoptosis, whereas targeting Lea only affected transepithelial migration (Brazil et al., 2017). Collectively, these studies highlight the potential of glycan specific antibodies and lectins as inhibitors of glycan-mediated functions.



INHIBITION OF GLYCAN BIOSYNTHESIS OR RECOGNITION

Several studies have highlighted the potential of glycosylation as a suitable therapeutic target to treat inflammatory diseases characterised by dysregulated leukocyte trafficking (Mertens et al., 2006; Gaber et al., 2011; Dwivedi et al., 2018; Kelm et al., 2020). This might be particularly promising since changes in the glycomic profile of cells and tissues have been previously described in various inflammatory diseases such as rheumatoid arthritis, ulcerative colitis and systemic lupus erythematosus (Axford et al., 1992; Gornik and Lauc, 2008; Larsson et al., 2011). Various approaches to target glycosylation can be taken: (i) interference with the biosynthesis of glycans using inhibitors of glycosyltransferases or (ii) interference with the recognition of glycans either by using targeted antibodies or lectins (Kelm et al., 2020) or (iii) blocking the glycan receptor with recombinant glycoproteins or glycomimetics (Dwivedi et al., 2018). The use of these different approaches as therapeutics to treat dysregulated leukocyte trafficking in inflammatory disease will be discussed in the following section (Figure 5).
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FIGURE 5. Therapeutic strategies to interfere with leukocyte recruitment and transmigration. (A) The use of synthetic glycan substrates impairs enzyme-catalysed glycan formation and prevents recognition by glycan-binding proteins (GBP). (B) Specific antibodies targeting glycans can also be used to interfere with glycan recognition by GBPs. (C) (Synthetic) lectins bind to specific glycan structures and interfere with recognition by GBPs. (D) Recombinant glycoproteins (rGP) bind to GPBs and therefore prevent binding to native glycoproteins (GP). (E) Glycomimetics can also be used to bind to GBPs and prevent binding to glycoproteins.



Interfering With Biosynthesis of Glycans–Glycosyltransferase Inhibitors

The biosynthesis of glycans is a tightly controlled pathway whereby a multitude of different glycosyltransferases are involved to generate thousands of glycan structures found in cells. Studies have revealed that the glycosylation changes in diseases (Axford et al., 1992; Gornik and Lauc, 2008; Larsson et al., 2011) and therefore, the enzymes involved in these processes may provide a suitable target. Introduction of synthetic glycan building blocks offer the opportunity to interfere with glycan recognition without disrupting enzyme activity by targeted delivery to the affected cell type or tissue. Disrupting the enzyme function in other tissues could lead to off target effects. Numerous studies have investigated the potential of such analogues in vitro (Barthel et al., 2011; Rillahan et al., 2012; Agarwal et al., 2013; Jiang et al., 2016; Kanabar et al., 2016; Dwivedi et al., 2018; Moons et al., 2019) and in vivo (Dimitroff et al., 2003; Gainers et al., 2007; Marathe et al., 2010) (Figure 5A). These approaches targeted various glycosyltransferases such as ß-1,4-galactosyltransferase, fucosyltransferase III, V, VI and VII as well as sialyl transferases (Burkart et al., 2000) and reported reductions in the respective O- and N-glycan structures. Particularly successful were fluorinated glycan analogues. Rillahan et al. (2012) found that the fluorinated fucose analogue GDP-2F-Fuc and sialic acid analogue 3F-Ax-NeuAc inhibited various fucosyltransferases and sialyl-transferases which resulted in reduced fucosylation and sialylation of N- and O-glycans. Particularly sLex was reduced, which impaired the binding of HL-60 cells to recombinant E and P -selectin under flow.

Even though these studies demonstrate the potential of glycan analogues as inhibitors of glycan biosynthesis, there is a lack of studies investigating their effects on leukocyte migration, particularly in vivo. Only such studies can evaluate the true potential of these inhibitors as drugs since targeting the biosynthesis of glycans may prove challenging since glycans are implicated in virtually all cell types and tissues. Currently, too little is known about their regulation, especially in pathological conditions to make reliable predictions. And while the inhibitors and analogues may provide the necessary insight into pathways of biosynthesis as well as cellular mechanisms in vitro, the overlapping specificities, multi-substrate specificities and structural homology of glycosyltransferases could prove too difficult to use as therapeutic targets in vivo (Videira et al., 2018).



Interfering With Glycan Recognition–Antibodies, Lectins and Glycomimetics

While glycan analogues target the biosynthesis of glycans, another approach to interfere with glycan function is to inhibit their recognition by glycan-binding proteins. We have previously mentioned studies targeting glycan structures with specific antibodies (Zen et al., 2007; Brazil et al., 2016, 2017) (Figure 5B). While these studies showed successful inhibition of glycan function through the use of specific antibodies, their potential in vivo remains untested. Lectins have also been previously used in in vitro studies to inhibit the recognition of glycans (Brazil et al., 2017; Kelm et al., 2020) (Figure 5C). Similar to antibodies, they bind specific glycan structures and interfere with recognition through glycan-binding proteins. The lectins used experimentally generally stem from natural sources such as tomatoes (Lycopersicon Esculentum lectin, LEL), peanuts (peanut agglutinin lectin, PNA) or mussels (Crenomytilus grayanus lectin, CGL) and are used as tools to investigate the function and expression of glycans rather than pharmacological agents. The use of synthetic lectins may provide a more promising approach since their specificity can be higher than of naturally occurring lectins (Ferrand et al., 2009). One study has used synthetic lectins to demonstrate their specificity for glycans as cancer diagnostics tools (Bicker et al., 2012). They used an array of various synthetic lectins and various cancerous metastatic and non-metastatic cell lines and showed that the synthetic lectins differentially bind to the glycans of these cell types, distinguishing subtle differences between healthy and different pathological glycan structures (Bicker et al., 2012). This may also be helpful as diagnostic tool in inflammatory diseases but requires further investigation. Even though these synthetic lectins provide high sensitivity, no studies, to our knowledge have used them to interfere with cellular functions in a therapeutic context.

Instead of glycans, glycan binding proteins could also be targeted to interfere with the recognition of glycans. For example, recombinant glycoproteins have been used to bind to glycan binding proteins, interfering with the binding of native glycoprotein (Figure 5D). This has been tested in clinical trials in the case of PSGL-1. Recombinant PSGL-1-immunoglobulin was successfully used in vivo before clinical trials in patients with myocardial infarction and renal allografts (Mertens et al., 2006; Gaber et al., 2011). Unfortunately, neither of the clinical studies could demonstrate significant beneficial outcomes for patients. Whether the glycosylation of recombinant PSGL-1 reflected the glycosylation of naturally occurring PSGL-1 is not known, but may be crucial for the success of it as a therapeutic modality. The choice of cell type producing the recombinant protein is important to ensure correct glycosylation. While the use of Escherichia coli (E. coli) is a cheaper option of generating proteins, E. coli glycosylation is significantly different to mammalian glycosylation (Lee et al., 2013) and has to be taken into account when generating proteins for the interference of glycan recognition. Other approaches of targeting the interaction between selectins and PSGL-1 might therefore be more promising. For example the use a mimetic of the N-terminus of PSGL-1, GsnP-6, which has successfully inhibited P-selectin function in vitro and in vivo (Krishnamurthy et al., 2015). GsnP-6 interfered in the interaction between PSGL-1 and P-selectin which resulted in increased rolling velocity of human neutrophils and monocytes in vitro. This PSGL-1 mimetic was also able to interfere with the interaction of P-selectin and PSGL-1 in vivo while inhibiting early thromboinflammatory events such as platelet aggregation and platelet-leukocyte interactions (Krishnamurthy et al., 2015). This interference may not only affect leukocyte recruitment, but may also be beneficial in inhibiting dendritic cell driven atherogenesis mediated through the interaction of P-selectin with PSGL-1 (Ye et al., 2019).

The use of glycomimetics (Figure 5E), rather than recombinant glycosylated proteins might improve the outcome of therapies targeting glycan recognition due to their high affinity to respective glycan-binding proteins and improved pharmacokinetics compared to their naturally occurring counterparts (Hevey, 2019). Synthetically generated glycomimetics can act as small molecule inhibitors by binding to glycan binding proteins with higher affinity. For example, Rivipansel (or GMI-1070), a pan-selectin targeting glycomimetic was successfully used to reduce sickle red blood cell-leukocyte interactions in vivo and therefore improved blood flow and survival of sickle cell mice (Chang et al., 2010). However, the Phase III, double-blind, placebo controlled clinical trial to treat vaso-occlusive events in humans with Sickle Cell Disease (clinicaltrials.gov, NCT02187003) did not meet the primary and secondary efficacy endpoints and was therefore unsuccessful1.

Various studies have used glycomimetics to target galectins (Figure 5D). While some glycomimetics have specific affinities to just one carbohydrate recognition domain of tandem-repeat galectins, other glycomimetics can bind to several galectins, revealing the complexity of these compounds (Pal et al., 2018, 2019; Stegmayr et al., 2019; Mahanti et al., 2020). For example, a quinolone-derivatised galactoside bound selectively to the N-terminal domain of Gal-8 (Pal et al., 2018) while 3 N-aryl galactosides were shown to selectively bind the C-terminal domain of Gal-9 and N-aryl gulosides to the N-termainal domain of Gal-9 (Mahanti et al., 2020). Their efficacy was demonstrated for extra- and intracellular galectins and they were able to interfere with cellular functions dependent on the respective galectin (Delaine et al., 2016; Stegmayr et al., 2019). Glycomimetics targeting Gal-3 have been shown to block extracellular binding of Gal-3 to CHO cells and also successful in inhibiting intracellular accumulation of Gal-3 around the disrupted membrane of intracellular vesicles of JIMT-1 breast cancer cells while having a low basal toxicity (Stegmayr et al., 2019). The inhibitor GB0139 (formerly TD139) targeting Gal-3 has been tested as therapeutic in lung fibrosis, successfully passed Ib/IIa clinical trials, and has moved into IIb trials which are currently in progress (clinicaltrials.gov; NCT03832946). Another glycomimetic Gal-3 inhibitor (Salameh et al., 2010), Cpd47, blocked Gal-3 inhibition of insulin-stimulated glucose transport in L6 myocytes and has also been tested in Type 2 diabetes models in vivo. The Gal-3 inhibitor improved the glucose tolerance in obese mice after a single dose of the inhibitor as well as continuous administration over 2 weeks via a minipump, suggesting a promising treatment for Type 2 diabetes in acute and chronic settings (Li et al., 2016).

These studies clearly demonstrate the potential of glycomimetics as therapeutics. Whether they could also interfere with glycan-dependent steps of the leukocyte recruitment cascade remains to be tested.




DISCUSSION

Here, we have reviewed novel roles of glycans in leukocyte recruitment and transmigration as well as their potential as therapeutic targets in the treatment of inflammatory diseases. While the roles of glycans in leukocyte recruitment were reported decades ago, more recent research has uncovered roles in virtually all steps of the pathway. Each step in the recruitment cascade has a number of enzymes involved which can alter the glycosylation of certain proteins and therefore the capture, adhesion and transmigration of leukocytes. More specifically, this review has shown, that the enzymes can act in a tissue- or leukocyte subset-dependent manner. However, differences between acute and chronic inflammatory settings, the translatability of preclinical in vitro and in vivo studies still requires more validation. Various studies have also highlighted the potential of targeting glycan biosynthesis by interfering with enzyme activity or by targeting glycan recognition directly with specific antibodies, lectins or glycomimetics. However, to be able to target these safely, more studies are needed to limit off-target effects. Nevertheless, the inflammation-dependent changes in glycosylation provide a promising therapeutic target.
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FOOTNOTES
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The dynamic re-organization of cellular membranes in response to extracellular stimuli is fundamental to the cell physiology of myeloid and lymphoid cells of the immune system. In addition to maintaining cellular homeostatic functions, remodeling of the plasmalemma and endomembranes endow leukocytes with the potential to relay extracellular signals across their biological membranes to promote rolling adhesion and diapedesis, migration into the tissue parenchyma, and to ingest foreign particles and effete cells. Phosphoinositides, signaling lipids that control the interface of biological membranes with the external environment, are pivotal to this wealth of functions. Here, we highlight the complex metabolic transitions that occur to phosphoinositides during several stages of the leukocyte lifecycle, namely diapedesis, migration, and phagocytosis. We describe classical and recently developed tools that have aided our understanding of these complex lipids. Finally, major downstream effectors of inositides are highlighted including the cytoskeleton, emphasizing the importance of these rare lipids in immunity and disease.
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INTRODUCTION

Chemotaxis and phagocytosis are fundamental processes employed by myeloid cells of the immune system to protect the body from harmful invading microorganisms and maintain tissue homeostasis. Neutrophils, which are prototypical of myeloid cells, are the dominant circulating leukocytes; every day billions of neutrophils enter and exit the circulation (Teng et al., 2017). Their importance is revealed in cases of neutropenia –a decrease in the number or quality of circulating neutrophils—which results in recurrent bacterial infections (Leliefeld et al., 2016).

When pathogens break through the epithelial barriers of the host, circulating neutrophils are rapidly recruited to the site of infection. Upon invasion, pathogens cause the local release of molecules such as formyl peptides, peptidoglycans or lipoproteins. Further, proximal tissues are flagged for recognition by the production of inflammatory mediators (Nathan, 2006). Neutrophils sense these pathogen-associated molecules and inflammatory signals through various receptors including Toll-like receptors (TLRs) and G protein-coupled receptors (GPCRs). Upon receptor activation, neutrophils undertake diapedesis to exit blood vessels and migrate toward the site of infection within the tissue parenchyma to deploy antimicrobial functions, including but not limited to phagocytosis (Mayadas et al., 2014). They generate reactive oxygen species, release antimicrobial peptides and other cytotoxic granule components, and form neutrophil extracellular traps, all of which are effective in creating a microbicidal environment intended to eliminate pathogenic organisms (Segal, 2005). The multistep process of rolling adhesion, paracellular extravasation through endothelial junctions, migration, and ultimately the deployment of antimicrobial functions demands great morphological and functional diversity of leukocytes.

Importantly, the roles of neutrophils and other myeloid cells extend far beyond the clearance of pathogenic microorganisms. Excellent reviews are available that highlight their roles in cancer (Coffelt et al., 2016), auto-immunity (Thieblemont et al., 2016), and overall health and disease (Liew and Kubes, 2019).

Here, we describe the dynamic receptor-mediated processes of leukocyte chemotaxis and phagocytosis, two responses that are highly dependent on lipidic signals. We highlight the role that phosphoinositides, key signaling lipid molecules, play in regulating the complex series of events involved in the actin re-organization that underlies cell migration and phagocytosis. Furthermore, we describe the current tools used to study and manipulate phosphoinositides and, when possible, offer insights of their relevance to health and disease.


Part I: Introduction to Phosphoinositides

Cellular processes, such as signal transduction, endocytosis, exocytosis, and cell migration are dependent on cellular membranes. These membranes (plasmalemmal and endomembranes) are dynamic entities that constantly undergo remodeling events, typified by fusion, budding and fission. Understandably, regulation of membrane dynamics is critical for cellular physiology. Pivotal to this regulation is the timely recruitment of effector proteins to specific membranes and to sub-domains therein. Phosphoinositides (PPIns) contribute importantly to this recruitment.

Phosphoinositides are phosphorylated derivates of phosphatidylinositol (PtdIns). They represent a minor fraction of the cellular phospholipids, yet they regulate a plethora of biological responses. PtdIns consists of a diacylglycerol (DAG) linked to D-myo-inositol-1-phosphate ring by a phosphodiester linkage. Phosphorylation can occur in the 3-, 4-, and 5-hydroxyl groups of the inositol ring, giving rise to the seven naturally occurring PPIns species. The interconversion of PPIns into other lipid species or other secondary messengers is facilitated by numerous kinases, phosphatases, and lipases which possess refined activities toward a subset of the 1-, 3-, 4-, or 5-moieities of the inositol ring. As a result, PPIns are differentially distributed among cellular membranes and within distinct membrane sub-domains, where they selectively recruit effector proteins and act as landmarks for membrane identity (Balla, 2013).

Phosphoinositides exert their functions by interacting with membrane resident molecules such as transporters and ion channels, or by selectively recruiting signaling molecules in a reversible manner. These interactions are facilitated by stereospecific inositide-binding domains present in the signaling molecules that get recruited by PPIns. The first of these domains was identified in pleckstrin (Harlan et al., 1994) and since then, the term pleckstrin homology (PH) domain has been used to refer to these homologous modules. A vast array of regulatory modules bear PH domains (Cozier et al., 2004). However, it is worth mentioning that not all PH domains bind phosphoinositides and that many also have protein-binding properties. Other classes of PPIns-binding domains have been identified: these include FERM domains that link the actin cytoskeleton to PPIns of the plasma membrane (PM) (Chishti et al., 1998), BAR and EHD domains that can sense and induce membrane curvature, and FYVE and PX domains that target several protein families to endolysosomal membranes (Chishti et al., 1998; Frost et al., 2009).

The discovery of such domains has been instrumental for studying the function and localization of PPIns (Hammond and Balla, 2015) in situ. As discussed below, the use of specific PPIns-binding domains as biosensors has been crucial in gaining insight of the distribution, dynamics and function of PPIns. These probes have made it possible to establish that different PPIns mark distinct membranes. Thus, PtdIns(4)P, PtdIns(4,5)P2, PtdIns(3,4,5)P3, and PtdIns(3,4)P2 are present almost exclusively at the PM, whereas PtdIns(4)P is recognized as the signature PPIns of the Golgi complex, and pools of PtdIns(3)P and PtdIns(4)P are present in early and late endosomes, respectively. Given the fact that many PPIns-binding proteins exhibit low affinity for their ligand, recruitment of these proteins often requires coincident detection of other binding determinants such as specific protein motifs (Simonsen et al., 1998; Wijdeven et al., 2015) or by sensing membrane curvature (Carlton et al., 2004).



Part II: Methods to Monitor Phosphoinositides in Leukocytes

Classical biochemical techniques provided the first insight into PPIns biology in leukocytes. The discovery of PtdIns(3,4,5)P3 (Traynor-Kaplan et al., 1988) and PtdIns(3,4)P2 (Traynor-Kaplan et al., 1989), two species formed de novo following the stimulation of neutrophils with formylated chemotactic peptides, was possible by loading large numbers of cells with radiolabeled [3H]inositol or [32P]phosphate. Following acid extraction, inositol headgroups were deacylated by enzymatic or chemical means allowing the water-soluble radiolabelled headgroup to be isolated and analyzed. Following nuanced separation by thin-layer chromatography or by high-performance liquid chromatography (HPLC) the relative amounts of different inositide species could be inferred. Alternatively, the deacylated headgroups can be quantitatively analyzed by radioreceptor assays (Várnai and Balla, 1998), or without radiolabeling by anion-exchange HPLC coupled to conductivity detection (Nasuhoglu et al., 2002).

More recent developments in the field of lipidomics are based on ultra-high-pressure HPLC coupled to mass spectrometry (HPLC-MS/MS) (Wenk et al., 2003; Clark et al., 2011; Bui et al., 2018). Following methylation of inositol headgroups to render them electroneutral, ionization and subsequent detection allows for sensitive quantitation of the amount of different PPIns in parallel with other phospholipids. Quite importantly, although early iterations of this technique could not resolve regio-isomers (e.g., PtdIns(3,4)P2, PtdIns(3,5)P2, PtdIns(4,5)P2) (Kielkowska et al., 2014), harnessing differences in isomer-specific methylation patterns now allows the separation of such isomers, with the exception of PtdIns(4)P and PtdIns(5)P (Wang et al., 2016). These mass spectrometry approaches have the additional benefit of reporting fatty acyl chain length and degree of saturation, and have even been extended to analyze PPIns in whole organs (Wang et al., 2016). However, all the above biochemical readouts suffer from a major limitation: as they analyze extracts of multiple whole cells, small changes occurring asynchronously in subcellular compartments cannot be resolved. Subcellular fractionation could in principle be performed to refine the detection, but the inevitable exposure of the membranes to kinases, phosphatases and phospholipases during the lengthy fractionation schemes distorts the composition of the samples.

The sub-cellular distribution and relative levels of specific PPIns species can instead be monitored by immunostaining with specific antibodies coupled to fluorescent or chemiluminescent secondary antibodies. Originally developed by immunizing mice with immunogen-cationized inositides (Chen et al., 2002) or with liposomes containing specific PPIns (Thomas et al., 1999), this antibody collection is carried today by Echelon Biosciences. It is important to note, however, that PPIns do not contain primary amines and, therefore, cannot be easily cross-linked and stabilized during traditional fixation with paraformaldehyde. A great deal of time has been invested to develop and understand which PPIns pools can be reliably detected by immunostaining and under what conditions (Hammond et al., 2006, 2009; Yip et al., 2008). For example, preserving plasma membrane integrity requires careful adjustments to standard immunostaining methods such as the addition of the fixative glutaraldehyde, careful buffering of pH, the use of reduced temperatures and saponin for permeabilization. Unfortunately, in attempting to preserve one membrane, conditions may fail to recognize the lipid of interest in another, possibly important, cellular organelle (Hammond et al., 2009, 2012). As such, these tools should be employed only with a clear experimental focus (e.g., a defined organelle of interest in mind) and great caution. Nonetheless, immunostaining aided in revealing the presence of PtdIns(3,4)P2 in clathrin-coated pits (Posor et al., 2013), PtdIns(4)P in the plasma membrane (Hammond et al., 2009), and PtdIns(3,4,5)P3 at the leading edge of migrating leukocytes (Wang et al., 2002).

The dynamic and localized responsiveness of living organisms to stimuli presents several challenges to biologists interested in PPIns signaling: the spatiotemporal nature of events, rapid turnover, and low abundance of PPIns cannot be properly appreciated by any one of the techniques discussed above. Indeed, many cellular processes necessitate the ability to track organelles or sub-domains of organelles on a second-to-second basis. The introduction of genetically-encoded biosensors based on high-affinity PPIns-binding domains provided a way to address many of these shortcomings, and led to an explosion of knowledge and interest in the field of PPIns biology (Hammond and Balla, 2015; Wills et al., 2018). PPIns biosensors exploit high-affinity, stereospecific interactions of protein domains with available lipids, an interaction that drives protein recruitment to biological membranes (Figure 1A). The PH domain of phospholipase C (PLC) δ1 was the first to demonstrate clear stereospecificity for PtdIns(4,5)P2 and soluble Ins(1,4,5)P3 (Ferguson et al., 1995; Lemmon et al., 1995). Soon after, the fusion of PH-PLCδ1 to a fluorescent protein created a reporter that has been widely utilized as an indicator of PtdIns(4,5)P2. The potential of GFP-tagged PH-PLCδ1 to monitor PtdIns(4,5)P2 in real time was demonstrated by its dynamic relocalization in response to platelet-activating factor treatment of leukocytes (Stauffer et al., 1998), and to calcium ionophore or hormone treatment of fibroblasts (Várnai and Balla, 1998). The growing knowledge of PPIns-binding domains rapidly expanded the repertoire of tools to monitor PPIns at a single-cell level (Table 1). Our toolbox today allows for monitoring of PtdIns(4,5)P2 (Stauffer et al., 1998; Várnai and Balla, 1998), PtdIns(4)P (Brombacher et al., 2009; Dolinsky et al., 2014; Hammond et al., 2014; Weber and Hilbi, 2014), PtdIns(3)P (Gaullier et al., 2000; Ellson et al., 2001; Kanai et al., 2001), PtdIns(3,4,5)P3/PtdIns(3,4)P2 (Frech et al., 1997; Gray et al., 1999; Watton and Downward, 1999; Manna et al., 2007), PtdIns(3,4,5)P3 (Klarlund et al., 1997, 2000; Venkateswarlu et al., 1998a,b; Várnai et al., 1999, 2005; Cronin et al., 2004; Manna et al., 2007), PtdIns(3,4)P2 (Thomas et al., 2001; Goulden et al., 2019), and PtdIns (Pemberton et al., 2020) with great selectivity, although several cautionary notes discussed below should be considered before working with these reporters.


[image: Figure 1]
FIGURE 1. Principles of operation of phosphoinositide biosensors in leukocytes. (A) Model of a generic phosphoinositide-specific biosensor in equilibrium between the cytosol and membrane following activation of the kinase that generates the target lipid, or its disappearance due to phosphatase activation, or pharmacological kinase inhibition. (B) Dynamic redistribution of the PH-AKT biosensor in response to changes in 3-phosphorylated species. PH-AKT was co-transfected with class I PI3K-CAAX into RAW264.7 cells, leading to constitutive production of PtdIns(3,4,5)P3 and PtdIns(3,4)P2 at the plasma membrane. PI3Ks were then inhibited pharmacologically with wortmannin (100 nM). Note both the decrease in plasma membrane fluorescence and the concomitant increase in cytosolic GFP intensity over time.



Table 1. Summary of phosphoinositides, effectors in leukocytes, and biosensors used for their detection.
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Many inositide-binding domains found in nature are not selective for a single PPIns species or have too low an affinity to direct protein localization. As well, some domains exhibit protein-protein or protein-lipid interactions other than their PPIns binding and impact their localization (Hammond and Balla, 2015). Therefore, the task of generating a successful lipid biosensor is not a straightforward one. It is important and obvious that a successful biosensor must demonstrate selectivity for the lipid species of interest and depend on the lipid for its localization to the membrane. However, less obvious is the fact that the sensor should demonstrate sufficiency to recognize the lipid in a membrane where the lipid is not normally found (Hammond and Balla, 2015; Wills et al., 2018). Sufficiency for biosensor recruitment has been elucidated elegantly in vivo by several methods, including chemical dimerization and optogenetic activation (discussed further below) that induce ectopic synthesis of the lipid of interest in its non-native organelle. Unfortunately, several first-generation PtdIns(4)P probes did not comply with the latter requisite in that their membrane targeting required both PtdIns(4)P and active Arf1 resulting in a biased localization to the Golgi (Levine and Munro, 2002; Godi et al., 2004; Balla et al., 2005). Similarly, several biosensors developed for PtdIns(3,4,5)P3 based on domains of cytohesin-family proteins require Arf/Arl GTPase and/or adjacent polybasic regions for successful membrane targeting (Cohen et al., 2007; Hofmann et al., 2007; Li et al., 2007). Similarly, the PH domain from Bruton's Tyrosine Kinase which recognizes PtdIns(3,4,5)P3 can be influenced by direct interaction with heterotrimeric G proteins (Tsukada et al., 1994) and protein kinase C (Yao et al., 1994). The complexities that may arise because of these compounding variables should not fully preclude researchers from utilizing these tools, however. For example, first-generation sensors for PtdIns(4)P provided useful insights to the functions of this lipid in the Golgi, despite being “blind” to other PtdIns(4)P pools (Szentpetery et al., 2010). Likewise, mutations can be introduced into binding domains to prevent protein-protein interactions while preserving PPIns-specificity (Várnai et al., 2005; Cohen et al., 2007; Hofmann et al., 2007; Goulden et al., 2019). Such considerations will be critical in the continued development of improved PPIns biosensors.



Part III: Tools to Manipulate Phosphoinositides in Leukocytes

Along with the rapid expansion of tools to monitor PPIns came developments that enabled researchers to selectively disrupt these lipids. Many of these experimental approaches can serve “double-duty” by either validating the ability to monitor a specific PPIns pool (Part II) and/or to assess the consequences on downstream effector signaling (Part III). These tools revolve around the manipulation of the kinases, phosphatases, and phospholipases that control phosphoinositide metabolism.

Pharmacological approaches to inhibit PPIns synthesis or degradation are a simple and widely accessible method. As exemplified in Figure 1, membrane-targeted, constitutively-active class I phosphoinositide 3-kinase α (PI3Kα) can be utilized to increase PtdIns(3,4,5)P3 in the membrane; this is evinced by the strong membrane enrichment of the AKT PH domain sensor. The addition of the fungal metabolite wortmannin, which can potently inhibit the activity of PI3Ks (Arcaro and Wymann, 1993; Ui et al., 1995), causes the abrupt release of PH-AKT from the membrane (Figure 1B). This simple approach validates the notion that PPIns products of PI3K-activity are required to recruit and retain the biosensor at the plasma membrane, while also demonstrating that the toxin is active against PI3K.

Inhibitors of class I PI3Ks have been a major class of candidates for the treatment of solid and blood-borne cancers. This has resulted in the development of several pan- and isoform-specific class I PI3K inhibitors [reviewed in (Burke, 2018)]. Specific inhibitors have also been developed for several PI4K (Knight et al., 2006; Tóth et al., 2006; Bojjireddy et al., 2014; Li et al., 2017) and PIP5K isoforms (Semenas et al., 2014; Wright et al., 2014). On the other hand, useful inhibitors have also been described for several PPIns phosphatases including those of the SHIP (SH2 domain-containing inositol polyphosphate 5-phosphatase) family which dephosphorylate PtdIns(3,4,5)P3 to PtdIns(3,4)P2 (Brooks et al., 2010; Fuhler et al., 2012), and several for the INPP5 family (Pirruccello et al., 2014) that dephosphorylate both PtdIns(3,4,5)P3 and PtdIns(4,5)P2 in the 5-position. The mechanism by which these compounds inhibit SHIP phosphatase activity is unclear, while the INPP5-specific inhibitors bind directly to the catalytic domain. Several PPIns 3- and 4-phosphatases are members of the redox-sensitive protein tyrosine phosphatase family. Oxidizing compounds containing vanadate (e.g., bisperoxovanadate) or the addition of hydrogen peroxide acutely and potently inhibit their activity (Rosivatz et al., 2006; Ross et al., 2007). The acute and reversible nature of this inhibition has been harnessed to understand SAC1 activity in the endoplasmic reticulum (ER) (Zewe et al., 2018) and derivatives have even been applied in vivo (Zhang et al., 2017). Lastly, it is possible to deliver PPIns to the cytosol of intact cells by utilizing membrane-permeable acetoxymethyl esterified derivatives. In the cytosol, endogenous esterases cleave the acetoxymethyl group, releasing intact PPIns that then partition into the cytosolic leaflet of organelles.

In addition to pharmacological manipulation, PPIns-metabolizing enzymes can be genetically manipulated by over-expression, RNA interference-mediated depletion, genetic knockout or knock-in mutations, or by exploiting mutations from human samples or model systems. In contrast to pharmacological approaches, these methods are generally chronic in nature and can be susceptible to cellular compensation that may cloud the interpretation. Nonetheless, they represent a valuable way to tease out biological mechanisms when effective and specific pharmacological inhibition is not available for an enzyme of interest (Zunder et al., 2008; Huw et al., 2013). Knock-in mutations incorporated directly into the lipid-binding domains of cellular proteins or PPIns-metabolizing enzymes is a particularly clever way to understand their regulation by phospholipids. Indeed, mutations in amino acids that coordinate the inositol headgroup within biosensors are often included to control for non-lipid-mediated localization (Stauffer et al., 1998; Várnai and Balla, 1998; Várnai et al., 1999, 2005). Conversely, relatively high expression of biosensors or tandem domains of biosensors that have higher avidity can be utilized to effectively occlude downstream signaling by PPIns. Although normally avoided during routine experiments, this approach has been useful in understanding the roles of PtdIns(4,5)P2 in controlling cortical actin networks (Raucher et al., 2000; Ueno et al., 2011) and of PtdIns(3)P during resolution of endocytic compartments (Freeman et al., 2019).

PPIns-metabolizing enzymes and their activity can be targeted to virtually any cellular organelle constitutively or acutely to manipulate local PPIns signaling. Constitutive targeting can be accomplished by including defined, well-characterized motifs in the primary sequence of kinases, phosphatases, or phospholipases that dock the enzyme onto the organelle of choice (Figure 1B). Targeting motifs are often transmembrane domains of integral membrane proteins or tail-anchored proteins but electrostatic interactions can also mediate targeting of domains to the plasma membrane (Won et al., 2006; Yeung et al., 2006). PPIns enzyme domains can be recruited to the cytosolic leaflets of specific organelles more acutely (within seconds) by chemically-induced dimerization. The first such system developed was based on the domains from FK506 binding protein (FKBP) and mTOR (FRB domain) that undergo heterodimerization in the presence of rapamycin (Spencer et al., 1993; Inoue et al., 2005). The elegance of this method quickly gained traction for cell biologists as it can allow the tightly controlled depletion of phosphoinositide pools from specific organelles, while largely bypassing any adverse effects of chronic over-expression of PPIns-metabolizing enzymes (Fili et al., 2006; Suh et al., 2006; Varnai et al., 2006; Szentpetery et al., 2010; Hammond et al., 2014). As an alternative to rapamycin-based dimerization, analogous systems have since been developed utilizing the gibberellin plant hormone GA3 (Miyamoto et al., 2012), and photoactivation-induced dimerization (Idevall-Hagren et al., 2012). The rate and magnitude of depletion of PPIns can be monitored by co-expression with biosensors and monitoring fluorescence intensity changes or changes in Förster resonance energy transfer (FRET) with fluorophore pairs in the organelle of interest (Varnai et al., 2006; Hammond et al., 2014). In these complex multi-variable experiments, several controls should be implemented for robust conclusions: visualization of the pre- and post-stimulated localization of the protein of interest, recruitment of domains lacking the active cargo (i.e., without the PPIns-metabolizing enzyme) or encoding catalytically-inactive enzymes to control for non-lipid-mediated effects.

Lastly, recent developments have enabled the optogenetic activation of enzymes by incorporating unnatural amino acids (Luo et al., 2014; Courtney and Deiters, 2018). In this case, “caged” (inactive) versions of PPIns-converting enzymes can be expressed in cells at high levels without adverse effects, that can then be activated acutely (Goulden et al., 2019).




PHOSPHOINOSITIDES IN LEUKOCYTE CHEMOTAXIS

The ability of immune cells to migrate is fundamental to embryonic development, infection control, sterile wound healing, the clearance of transformed cells, and tissue regeneration. Its aberrant activation can, however, contribute to inflammatory diseases, tissue necrosis, atherosclerosis, and hematological cancers (Ley et al., 2018; Weavers and Martin, 2020). During chemotaxis, leukocytes extend pseudopods at their leading edge that are directed toward chemoattractants like formyl-peptides, leukotrienes and complement fragments, or away from chemorepellants (Andrew and Insall, 2007; Westman et al., 2019). Through an iterative process, extremely shallow concentration differences (often <5% from leading-to-trailing edge) of the attractants are detected across the plasmalemmal surface and amplified intracellularly. The periodic extension, bifurcation and retraction of leading-edge pseudopodia are driven by dynamic remodeling of the underlying actin cytoskeleton and supported by adherence to the underlying substratum via integrins (Kinashi, 2005; Renkawitz and Sixt, 2010; Weavers and Martin, 2020). In contrast, the trailing edge uropod –which is comprised of more stable actin networks– must simultaneously release from the substratum and retract (Hind et al., 2016). The polarized gliding movement that results can attain speeds >10 μm/min in some leukocytes. The information directing actin polymerization and ongoing feedback for its remodeling are communicated by several parallel pathways involving PPIns that are in turn responsive to the extracellular gradient of the chemoattractants.

Broadly speaking, pseudopod formation requires activation of the Rho-family GTPases Rac and Cdc42 to drive F-actin polymerization into protrusions that drive forward motion (Kraynov et al., 2000; Itoh et al., 2002; Ridley et al., 2003; Willard and Devreotes, 2006; Yang et al., 2016). Conversely, the sides and uropod contain active RhoA, myosin light chain kinase, and ezrin-radixin-moesin (ERM) protein scaffolding to support actomyosin-based contraction of the trailing edge and stabilize adhesion to the endothelium during extravasation (Yoshinaga-Ohara et al., 2002; Xu et al., 2003; Lee et al., 2004a; Hind et al., 2016).


Pseudopod Organization by 3-Phosphorylated Inositides

The 3-phosphorylated species PtdIns(3,4,5)P3 and PtdIns(3,4)P2 are markedly enriched at the leading edge of migrating cells (Figure 2A). This hallmark of polarized migration has been recognized across numerous subsets of leukocytes, though the first identification occurred in the social amoebae Dictyostelium (Meili et al., 1999; Dormann et al., 2002). Robust signaling through class I PI3Ks is the principal determinant of accumulation of 3-phosphorylated species at the leading edge. Of note, PtdIns(3,4,5)P3 and/or PtdIns(3,4)P2 are polarized toward chemoattractants despite depolymerization of the underlying actin cytoskeleton (Servant et al., 2000; Dormann et al., 2002; Janetopoulos et al., 2004; Xu et al., 2005) demonstrating that gradient sensing and PPIns polarization are upstream of the cytoskeletal rearrangement and morphological changes. Evidence for the role of PI3Ks in chemotaxis came from pharmacological treatment with wortmannin or LY294002, which effectively block PtdIns(3,4,5)P3 production and recruitment of PH-AKT to the inner leaflet of the PM in response to several chemoattractants (Knall et al., 1997; Niggli and Keller, 1997; Servant et al., 2000). Further, the importance of 3-phosphorylated species has been highlighted by the sufficiency of exogenously delivered PtdIns(3,4,5)P3 (Niggli, 2000; Weiner et al., 2002) or the synthetic activation of endogenous PI3Ks (Inoue and Meyer, 2008) to polarize neutrophils, signal downstream actin polymerization, and elicit random leukocyte migration.
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FIGURE 2. Polarization of phosphoinositide signals during chemotaxis. (A) A representative confocal micrograph of PH-AKT expressed in a RAW264.7 monocytic cell undergoing chemokinesis (random motion) in the presence of growth factors from fetal-bovine serum. PH-AKT bi-specifically recognizes PtdIns(3,4,5)P3 and PtdIns(3,4)P2. The image has been pseudocolored to reflect the abundance of the probe. (B) Phosphoinositide signaling controlling “frontness” during leukocyte chemotaxis. A signal arising from the stimulation of cell surface GPCRs and associated activation of G-proteins (β, γ) by chemokines lead to the activation of class I PI3Ks to produce PtdIns(3,4,5)P3 from PtdIns(4,5)P2. Together with PtdIns(3,4)P2, the product of dephosphorylation of PtdIns(3,4,5)P3, 3-phosphoinositides in the leading-edge membrane mediate a feed-forward loop that activates Rho- and Arf-family GTPases and Lmpd to drive actin polymerization and locally amplify PI3K-signaling. (C) Engagement of substratum by leukocytes favors the “backness” signals PtdIns(4)P and PtdIns(4,5)P2. PI4KA mediates the synthesis of PtdIns(4)P from PtdIns, which is necessary for the activation of PIP5KIγ90 and the generation of PtdIns(4,5)P2. RhoA signaling networks and ERM proteins regulated by PtdIns(4,5)P2 are critical for leukocyte rolling adhesion, diapedesis, and uropod contraction during migration. (D) A representative confocal micrograph of 2xP4M expressed in a RAW264.7 cell undergoing chemokinesis (random motion) in the presence of growth factors from fetal-bovine serum. The P4M domain derived from Legionella's SidM specifically recognizes PtdIns(4)P. The image has been pseudocolored to reflect the abundance of the probe in the Golgi, endolysosomes, and the plasma membrane including in the region of the uropod. GPCR, G protein-coupled receptor; PI3K, phosphoinositide 3-kinase; SHIP, SH2 domain-containing inositol polyphosphate 5-phosphatase; Lmpd, Lamellipodin; ERM, Ezrin-Radixin-Moesin.


Class I PI3Ks are activated in response to chemokines via two major pathways: signaling through G protein βγ subunits liberated from αi downstream of activated GPCRs, and by the small GTPase Ras through Ras-binding domains in several PI3Ks (Figure 2B, left) (Suire et al., 2006; Kurig et al., 2009; Surve et al., 2014). Of the four class I PI3K isoforms which are expressed in leukocytes, the class IB isoform PI3Kγ was identified as the chief kinase generating PtdIns(3,4,5)P3 in response to chemotactic stimuli in leukocytes. Neutrophils and macrophages, natural killer (NK) lymphocytes, and T lymphocytes that are deficient in PI3Kγ do not migrate efficiently toward various chemoattractants in vitro or to sites of inflammation in vivo (Hirsch et al., 2000; Li et al., 2000; Sasaki et al., 2000; Hannigan et al., 2002; Reif et al., 2004; Suire et al., 2006; Ferguson et al., 2007; Nishio et al., 2007; Saudemont et al., 2009). Interestingly, substantial positive crosstalk exists between PI3K, its initial PtdIns(3,4,5)P3 synthesis, and cytoskeletal regulators. A secondary activation of PI3Ks has been posited to amplify and sustain this important signaling node during chemotaxis (Niggli, 2000; Sadhu et al., 2003; Boulven et al., 2006). One way this occurs is by initiating a feedback loop between PI3Ks and Rho-family GTPases (Figure 2B, center circle), which activates additional PtdIns(3,4,5)P3 synthesis (Servant et al., 2000; Wang et al., 2002; Weiner et al., 2002; Srinivasan et al., 2003; Park et al., 2004; Inoue and Meyer, 2008; Kuiper et al., 2011). The pre-treatment of cells with Clostridioides-derived toxins (which inactivate several Rho-family GTPases) or interference with Rho-family activating proteins can strongly reduce the polarization of PH-AKT in response to chemokines (Weiner et al., 2002; Srinivasan et al., 2003; Kunisaki et al., 2006). How does this occur mechanistically? Both active Rac1 and Cdc42 can directly associate with PI3Kβ and stimulate its lipid kinase activity (Fritsch et al., 2013). Additionally, the activation of PI3Kβ by G-protein βγ subunits (Figure 2B, center) when GPCRs and receptor tyrosine kinases (RTKs) are co-stimulated (Houslay et al., 2016) could mechanistically explain the contribution of PI3Kβ to leukocyte migration (Vanhaesebroeck et al., 1999; Ferguson et al., 2007). In parallel, genetic or pharmacological inhibition of the hemopoietic-specific class IA PI3Kδ revealed a pronounced role of this isoform in PtdIns(3,4,5)P3 synthesis, polarization, and directed migration of neutrophils, lymphocytes, and NK cells (Sadhu et al., 2003; Reif et al., 2004; Saudemont et al., 2009). The activation of PI3Kδ is likely secondary to the PI3Kγ-mediated activation of Rho-family effectors or occurs downstream of Ras activation (Figure 2B) (Burke, 2018). Importantly, despite similar enzymatic activity, distinct PI3K isoform-specific roles have been revealed in vivo: PI3Kγ mediates early extravasation and chemotaxis, while PI3Kδ sustains long-term chemotaxis into inflamed tissues (Liu et al., 2007). Lastly, effectors of Rac1 recruited by the products of PI3K (discussed further below) can in turn support the polarization of 3-phosphorylated inositides in the pseudopod (Kunisaki et al., 2006).

Beyond the edges of the leading pseudopod, PtdIns(3,4,5)P3 is limited in abundance and distribution by the PPIns 3-phosphatase, PTEN (phosphatase and tensin homolog) (Ferguson et al., 2007; Nishio et al., 2007), and by the action of the Type III 5-phosphatases SHIP1 (Nishio et al., 2007) and SHIP2 (Lam et al., 2012). Collectively, the 5-phosphatases convert PtdIns(3,4,5)P3 to PtdIns(3,4)P2, while PTEN terminates signaling by hydrolyzing both PtdIns(3,4,5)P3 and PtdIns(3,4)P2 to generate PtdIns(4,5)P2 and PtdIns(4)P, respectively (Malek et al., 2017; Goulden et al., 2019). Although data on the role of PTEN in mammalian leukocytes is somewhat discrepant (Nishio et al., 2007; Wang, 2009; Balla, 2013), the phosphatase has been localized to the trailing uropod of neutrophils (Li et al., 2005), similar to its polarized localization in Dictyostelium (Iijima and Devreotes, 2002). The depletion of PTEN in both systems causes abnormal actin polymerization into multiple pseudopods and prolongs the duration of AKT signaling (Funamoto et al., 2002; Iijima and Devreotes, 2002; Huang et al., 2003; Subramanian et al., 2007; Li et al., 2019). Although the resulting migration is error-prone and often fails to prioritize between chemotactic signals, migration speed actually increases, augmenting the number of PTEN-null neutrophils that enter inflamed tissues in vivo (Subramanian et al., 2007; Heit et al., 2008b; Sarraj et al., 2009). Recruitment of PTEN to the membrane, which is critical for its lipid phosphatase activity, occurs largely through its interaction with PtdIns(4,5)P2 (Rahdar et al., 2009), but also by front-to-back signaling networks involving PI3Kδ and RhoA (Li et al., 2005; Papakonstanti et al., 2007) (Figure 2C). Unlike Dictyostelium, mammalian cells are also regulated by SHIP1 and SHIP2. The deletion of SHIP1 in neutrophils and macrophages severely inhibits their speed and ability to polarize their actin cytoskeleton toward various chemoattractants in vitro, phenocopying cells lacking PI3Kγ (Ferguson et al., 2007; Nishio et al., 2007). PtdIns(3,4,5)P3 levels are elevated at rest and during stimulation in these cells and SHIP1−/− cells have multiple broad, distorted lamellae marked by the AKT biosensor. This implies an important regulatory role for SHIP phosphatases and their enzymatic activity in organizing the pseudopod (Nishio et al., 2007).

It is nevertheless important to note that although PI3Ks and their downstream products are critical for many aspects of chemotaxis –such as speed and initiating morphological polarization—PI3Ks do not comprise the basis for the “biological compass” that orients cells toward or away from the chemical stimulus itself. In many settings, the deletion or inhibition of PI3Ks does not ultimately eliminate the ability of cells to bias their motility in the direction of a chemotactic signal; PI3Ks merely help to get them there (Loovers et al., 2006; Hoeller and Kay, 2007; Nishio et al., 2007; Takeda et al., 2007; Heit et al., 2008a). Studies of leukocyte recruitment in vivo have revealed that several other pathways operate in parallel or in conjunction with PI3K-related pathways to properly resolve the complex collective of endogenous and exogenous chemotactic signals (Heit et al., 2002, 2008a,b).



PtdIns(4)P, PtdIns(4,5)P2, and the Control of “Backness”

In contrast to 3-phosphorylated species, PtdIns(4)P and PtdIns(4,5)P2 are sustained in an opposing back-to-front gradient (Figures 2C,D) which has important consequences for extravasation and to establish the “biological compass” of migrating leukocytes. In addition to its phosphorylation by class I PI3Ks, PtdIns(4,5)P2 is selectively hydrolyzed at the leading edge by PLC. The activation of G proteins βγ by chemokines triggers several isoforms, including PLCβ2 and PLCβ3, to be activated at the leading edge of migrating leukocytes (Tang et al., 2011; Balla, 2013). PLCβs possess N-terminal PH domains that interact with PtdIns(4,5)P2 and Ins(1,4,5)P3, as well as a polybasic C-terminal region (Balla, 2013) that likely favors association with negatively charged lipids [i.e., PtdIns(3,4,5)P3] at the leading edge. Interestingly, PLCβ2 is also regulated by Rho-family GTPases, as exemplified by its binding to Rac and sequestration into subdomains of the PM (Illenberger et al., 2003; Gutman et al., 2010; Tang et al., 2011). Together, these membrane-targeting mechanisms support PLC-mediated hydrolysis of PtdIns(4,5)P2 to diacylglycerol (DAG) and Ins(1,4,5)P3 in the pseudopod (Keizer-Gunnink et al., 2007; Nishioka et al., 2008)—two intermediates with important consequences on the activation of integrin-based adhesiveness (Kinashi, 2005; Herter and Zarbock, 2013). In combination with PI3K activity, PLCβ2 and β3 enzymes are clearly important for establishing the back-to-front gradient of RhoA signaling and myosin contractility in leukocytes (Gao et al., 2015), which ultimately impact chemotaxis greatly (Tang et al., 2011).

Within the uropod, several type I PIP5Ks (PIP5KI) are activated to generate a modest enrichment of PtdIns(4,5)P2, which can be visualized with the biosensor PH-PLCδ (Figure 2C) (Lokuta et al., 2007; Xu et al., 2010). The engagement of αLβ2 and αMβ2-integrins triggers the polarization of PIP5KIγ90 (also called PIP5K1C90) to the uropod of migrating cells (Xu et al., 2010), likely supported by the ability of the kinase to bind anionic lipids within the PM (Fairn et al., 2009). PIP5KIβ also has been localized to the uropod of migrating leukocytes, supported by its interaction with ERM proteins (Lacalle et al., 2007; Mañes et al., 2010). PtdIns(4,5)P2 produced by PIP5KIs was initially posited to be sufficient to control “backness” by positively-regulating RhoA-signaling and ERM-mediated linkage to the plasma membrane (Xu et al., 2010) –both critical features of the uropod (Figure 2C, center). However, more recently it was realized that the PIP5KI-mediated synthesis of PtdIns(4,5)P2 is accompanied by an enrichment of its substrate, PtdIns(4)P, within the uropod (Ren et al., 2019) (Figure 2D). An innovative study by Ren et al. revealed that not only is plasmalemmal PtdIns(4)P polarized toward the uropod during extravasation but depleting the inositide destroys the polarization to the uropod of several proteins including PIP5KIγ90 itself and active myosin light chain. The resulting PtdIns(4)P-depleted neutrophils are defective in their ability to bind to inflamed endothelium as a result of these polarization defects.

PtdIns(4)P is maintained in multiple sub-cellular compartments including the Golgi, late endosomes/lysosomes, and the PM by the activity of four PI4-kinases (Balla, 2013; Hammond et al., 2014). In the uropod membrane, PtdIns(4)P is synthesized by PI4KA following its activation by srGAP, an inverted F-BAR protein that senses increased membrane curvature (Ren et al., 2019). These studies present an interesting paradigm in which the polyanionic lipids PtdIns(4)P and PtdIns(4,5)P2 positively influence each other, orchestrate the stereospecific and electrostatic recruitment of effector proteins that scaffold the uropod, and ultimately the adhesion and initial directionality of leukocyte migration.



Phosphoinositide Effectors During Chemotaxis

The actin cytoskeleton receives multiple inputs via PPIns. One important cytoskeletal effector at the leading edge is the five-membered WAVE (SCAR/WASP family verprolin-homologous protein) regulatory complex. WAVE is one of several nucleation-promoting factors (NPFs) necessary for the full activation of the Arp2/3 complex that generates branching actin filaments (Takenawa and Suetsugu, 2007). The importance of WAVE for migration is supported by numerous studies in different cell types and organisms (Krause and Gautreau, 2014) including leukocytes, where WAVE complex members rapidly localize to the leading pseudopod (Weiner et al., 2006, 2007; Millius et al., 2009). Although the WAVE complex can be recruited and activated directly by receptors (including possibly the CXCR5 chemokine receptor) (Chen et al., 2014), this complex is generally recruited and activated at the membrane by factors such as lipids. Within the WAVE complex, WAVE1, WAVE2, and WAVE3 possess a carboxy-terminal basic region that has a higher affinity for PtdIns(3,4,5)P3 over other inositides and can promote its membrane recruitment (Oikawa et al., 2004). Normally inhibited in trans by other complex members (Eden et al., 2002), the WAVE complex can be activated by GTP-bound Rac on PtdIns(3,4,5)P3-containing liposomes (Lebensohn and Kirschner, 2009) and by Arf GTPases that synergize with Rac in the presence of this inositide (Koronakis et al., 2011).

Supporting these notions, a number of guanine nucleotide exchange factors (GEFs) and GTPase-activating proteins (GAPs) for Rho-, Arf-, and Ras-families of GTPases are recruited to membrane domains by PPIns-binding domains that recognize PtdIns(3,4,5)P3 and/or PtdIns(3,4)P2 (Krugmann et al., 2002; Rossman et al., 2005; Campa et al., 2015; McCormick et al., 2019). GEFs aid in the exchange of GDP for GTP, thereby promoting effector association, while GAPs enhance their intrinsically low GTPase activity. Therefore, the recruitment of Rac, Cdc42, and Arf GEFs and GAPs to the leading edge can indirectly regulate effectors of cytoskeletal remodeling. Prototypical examples have been reported for several Rac GEFs such as Vav1/3, Tiam1/2, and P-rex1, which are recruited to the pseudopod membrane in a PI3K-dependent manner to stimulate chemotaxis via Rac [see (McCormick et al., 2019) and (Campa et al., 2015)]. Leukocytes also express several atypical Rac GEFs from the Dock family that function through association with Elmo proteins (Sanui et al., 2003). These bipartite GEFs specifically associate with PtdIns(3,4,5)P3 for activation (Côté et al., 2005) but, conversely, are also required for full PI3K activation and 3-PPIns polarization during chemotaxis (Kunisaki et al., 2006). Similarly, the recruitment to the pseudopod of several Arf GEFs, including ARAP3 (Krugmann et al., 2002; Gambardella et al., 2013) and GBF1 (Mazaki et al., 2012), occurs via 3-PPIns.

The recruitment and activation of the WAVE complex is independently promoted by PtdIns(3,4)P2 and its binding partner, lamellipodin (Lmpd) (Figure 2B, right). Initially described during fibroblast migration, Lmpd recruitment to activated RTKs is dictated by its PH domain, that has affinity for PtdIns(3,4)P2, and by its Ras-association domain which can interact with both active Ras and Rac (Krause et al., 2004; Law et al., 2013); these determinants promote the direct interaction between Lmpd and the WAVE complex at the leading edge that controls migration speed and directional persistence. Lmpd can also promote actin filament elongation at the leading edge by recruiting Ena/VASP proteins (Krause et al., 2004; Michael et al., 2010; Hansen and Mullins, 2015; Carmona et al., 2016). This molecular axis has since been extended to other settings which include leukocyte migration: the depletion of PtdIns(3,4)P2 by overexpressing the PPIns 4-phosphatases INPP4A/B severely inhibits the migration speed and ability of lymphocytes to orient toward chemokines (Li et al., 2016). The details of how Lmpd is activated downstream of G proteins in leukocytes is unclear, but a mechanism can be gleaned by analogy with its activation by RTKs. Not only are class IA PI3Ks and SHIP2 activated by RTKs to produce PtdIns(3,4,5)P3 and PtdIns(3,4)P2, respectively, but so too are several GEFs for Rac and Ras GTPases. Lmpd could sense similar inputs downstream of GPCR activation.

Lastly, in addition to directly regulating the actin cytoskeleton, a tantalizing possible function of PtdIns(3,4)P2 and Lmpd in leukocyte migration may be that they regulate the selective endocytosis of activated GPCRs via a pathway termed Fast Endophilin-Mediated Endocytosis, or FEME for short (Boucrot et al., 2015) (Figure 2B, right). This clathrin-independent pathway relies on the localized synthesis of PtdIns(3,4)P2 sensed by Lmpd, to engage endophilin and pre-localize this endocytic complex at the leading edge of migrating cells (Chan Wah Hak et al., 2018). In the event of receptor activation, PtdIns(3,4)P2 synthesis can trigger the downregulation of PI3K-signaling by endocytosis of activated cell surface receptors. Although the FEME pathway is active in lymphocytes, the role of endophilin and FEME in leukocyte chemotaxis and GPCR trafficking are yet to be explored.



Pathogens Interfere With Phosphoinositide Signaling During Chemotaxis

Considering the fundamental role that PPIns play in various cellular processes, it is not surprising that certain pathogens have developed strategies to hijack inositide signaling to create or sustain their replicative niche (Kumar and Valdivia, 2009; Pizarro-Cerdá et al., 2015; Walpole and Grinstein, 2020). The deployment of PPIns-specific metabolizing kinases and phosphatases into the host cell by several pathogens is one exemplary case.

The Gram-negative obligate anaerobe Treponema denticola (T. denticola) is a key bacterial pathogen in the development of oral periodontitis (Sela, 2001), the leading cause of tooth-loss worldwide (Darveau, 2010). In addition, periodontitis has been increasingly implicated as a driver of other systemic diseases, underscoring the importance of understanding its pathogenesis. T. denticola is normally a minor component of the diverse microbial community within the oral cavity, but can opportunistically take hold during dysbiosis and contribute to the inflammation-mediated breakdown of soft tissues, bone resorption, and resulting tooth loss. Following its attachment to the extracellular matrix, the spirochete expresses a major outer membrane sheath protein known as Msp that targets PI3K-signaling in neutrophils. Specifically, Msp reduces neutrophil PI3K activity (Visser et al., 2013) and hyperactivates PTEN (Jones et al., 2019), reducing cellular PtdIns(3,4,5)P3 and PtdIns(3,4)P2 levels. Consistent with its hyperactivation, PTEN is constitutively recruited to the plasma membrane in Msp treated-neutrophils (Jones et al., 2019). Because of the aberrant PPIns signaling, Msp potently blocks the activation of Rac1 and precludes the necessary actin rearrangements that drive effective chemotaxis (Thomas et al., 2006; Jones et al., 2019). The C-terminus of Msp is necessary for such effects (Jones et al., 2017), but how or if the effector is delivered into the host cell cytosol to manipulate PPIns-metabolizing enzymes remains an unresolved question in periodontal research.




PHOSPHOINOSITIDES DURING PHAGOCYTOSIS

Phagocytosis is the process whereby cells internalize and dispose of solid particles. Specific cell surface receptors recognize phagocytic targets and deliver them into vacuoles known as phagosomes. Phagocytosis plays essential roles throughout the body and can be carried out by multiple cell types. Phagocytosis carried out by myeloid cells such as macrophages, neutrophils and dendritic cells, constitutes the first line of defense against invading microorganisms and is also essential for the development of the adaptive immune response through antigen presentation. These myeloid cells are collectively known as professional phagocytes. Secondly, phagocytosis is fundamental for the daily clearance of billions of apoptotic cells, maintaining homeostasis within an organism. Professional, as well as non-professional phagocytes such as fibroblasts, epithelial, endothelial and mesenchymal cells, can clear apoptotic cells. Finally, phagocytosis of effete cells plays a pivotal role in wound healing, tissue development, morphogenesis and regeneration. The elimination of effete cells is carried out by both professional and non-professional phagocytes.

Given this variety of biological functions and the myriad phagocytic ligands, a sizeable number of receptors are required to recognize and discriminate the diversity of phagocytic targets (Flannagan et al., 2012). Amongst these receptors are: (1) pattern-recognition receptors (PRRs) like MARCO that bind pathogen-associated molecular patterns (PAMPs) present on microbial surfaces; (2) receptors like TIM-4 that bind phosphatidylserine and other apoptotic corpse markers; and (3) opsonic receptors such as FcɤR and iC3b that recognize immunoglobulin-opsonized pathogens or complement-opsonized foreign and self-antigens, respectively. The most studied of these is by far the Fcɤ receptor family, which we will use as a prototype throughout this review.

The diversity of phagocytic targets and receptors entails patently different molecular mechanisms of phagosome formation, maturation and resolution. Despite these differences, all types of phagocytosis share an inherent dependence on the rearrangement of the actin cytoskeleton and on the dynamic remodeling of the plasma membrane, as the phagosome evolves.

Phagocytosis can be divided into three main stages: phagosome formation, phagosome maturation and phagosome resolution. The formation of the phagosome involves probing for potential targets by plasma membrane ruffling, followed by target binding, pseudopod progression around the target, and scission of the phagosome from the plasma membrane (Hoppe and Swanson, 2004; Levin et al., 2016). During the maturation stage nascent phagosomes convert into early phagosomes that in turn evolve into late phagosomes and then to phagolysosomes (Vieira et al., 2002; Canton, 2017; Levin et al., 2017). The ultimate resolution of phagolysosomes entails their shrinkage and recycling of membrane and luminal components (Levin-Konigsberg et al., 2019).

Phosphoinositides in the cytosolic leaflet of the phagosomal and plasma membrane orchestrate the changes in membrane composition and actin cytoskeleton during each stage of phagocytosis. The phosphoinositides with documented essential roles during phagocytosis are PtdIns(3)P, PtdIns(4)P, PtdIns(4,5)P2 and PtdIns(3,4,5)P3 (Bohdanowicz and Grinstein, 2013; Swanson, 2014; Levin-Konigsberg et al., 2019); these will therefore occupy center-stage in this section of the review. The following pages describe the dynamics of phosphoinositides during phagosome formation, maturation and resolution (Figure 3).
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FIGURE 3. Phosphoinositide fluxes drive phagosome formation, maturation, and resolution. (A) Graphic representation of the process of phagocytosis. The three main stages (phagosome formation, phagosome maturation and phagosome resolution) are depicted. (B) Representative confocal micrographs of some of the biosensors used to detect phosphoinositides during the three main stages of phagocytosis, color-coded to match (C). (C) Temporal distribution of five major phosphoinositides and the enzymes involved in their metabolism during phagosome formation, maturation and resolution. During these stages the levels of PtdIns4P (green), PtdIns(4,5)P2 (blue), PtdIns (3,4,5)P3 (orange), PtdIns(3,4)P2 (red), and PtdIns(3)P (purple) in the cytosolic leaflet of the phagosome undergo drastic changes, as indicated. These changes are mediated by a series of kinases (ovals), phosphatases (rounded rectangles/capsules), and phospholipases (rectangles) that accumulate and are activated at the phagosomal membrane at distinct timepoints during the process of phagocytosis. PI4K, phosphoinositide 4-kinase; PI3K, phosphoinositide 3-kinase; PLC, phospholipase C; SHIP, SH2 domain containing inositol polyphosphate 5-phosphatase; INPP, inositol polyphosphate phosphatase; OCRL, oculocerebrorenal Lowe syndrome protein; PTEN, phosphatase and tensin homolog; MTM, myotubularin.




PHAGOSOME FORMATION

The formation of the phagosome can be divided into three main stages: (1) Ruffling and probing for targets; (2) binding of the target particle and pseudopod progression, and (3) phagosomal scission. The following pages provide a detailed description of the role of phosphoinositides during these sub-stages.

1. Ruffling and target probing: elevated PtdIns(4,5)P2 and PtdIns(3,4,5)P3.

Phagocytic cells, such as macrophages and dendritic cells, constantly probe for targets by ruffling their plasma membrane and extending pseudopods (Bohdanowicz et al., 2013). As described in the chemotaxis section, these membranous protrusions are driven by actin polymerization, which is facilitated by elevated PtdIns(4,5)P2 levels. Additionally, accumulation of PtdIns(3,4,5)P3 and PtdIns(3,4)P2 at the leading edge of ruffling membranes control actin assembly and disassembly. PtdIns(4)P is also present in the plasma membrane of resting phagocytes and during phagosome formation, however its role during this stage is undefined.

At rest, PtdIns(4,5)P2 is localized in the cytosolic leaflet of the plasma membrane primarily, where it accounts for about 1–2% of the total phospholipid content (McLaughlin and Murray, 2005). The elevated levels of PtdIns(4,5)P2 in ruffling membranes are generated by PIP5KI, which phosphorylate PtdIns(4)P at the D5 position of the inositol ring. Type II phosphatidylinositol phosphate kinases could conceivably phosphorylate PtdIns(5)P at the D4 position and generate PtdIns(4,5)P2. Moreover, dephosphorylation of PtdIns(3,4,5)P3 by PTEN would also yield PtdIns(4,5)P2. However, the contribution of the these latter pathways to PtdIns(4,5)P2 formation in the resting state is thought to be insignificant (Mondal et al., 2011; Bohdanowicz and Grinstein, 2013) (Figure 3).

The increased activity of PIP5KI observed during ruffling is triggered, at least partially, through stimulation by Rho-family (Tolias et al., 1995; Weernink et al., 2004) and Arf GTPases (Honda et al., 1999; Brown et al., 2001). PtdIns(4,5)P2, can in turn stimulate Rho GTPases, making this positive regulation reciprocal (Tolias et al., 2000). Elevated levels of phosphatidic acid have been reported in the plasma membrane of ruffling phagocytic cells (Bohdanowicz et al., 2013), where it is thought to activate PIP5KI via Arf6 (Honda et al., 1999). Remarkably, production of phosphatidic acid from phosphatidylcholine by PLD is also dependant on PtdIns(4,5)P2 as a cofactor (Divecha et al., 2000). Accordingly, a constitutive positive feedback loop between Rho and Arf GTPases, phosphatidic acid, and PIP5KI allows for continuous probing by resting phagocytic cells.

Actin polymerization in ruffles and pseudopods is coordinated by elevated levels of PtdIns(4,5)P2 in multiple ways. Firstly, PtdIns(4,5)P2 provides stability to the active state of NPFs such as WASP and N-WASP, members of the of the Wiskott-Aldrich syndrome protein (WASP) family (Rohatgi et al., 2000, 2001). NPFs activate the Arp2/3 complex, which in turn catalyzes branched actin filament nucleation (May et al., 2000). PtdIns(4,5)P2-mediated WASP stabilization was also shown to be dependent on Rho GTPases (Caron and Hall, 1998; May et al., 2000; Park and Cox, 2009). Furthermore, PtdIns(4,5)P2 can directly activate formins, a family of linear actin nucleators (Rousso et al., 2013). Secondly, PtdIns(4,5)P2 inhibits actin-severing proteins, such as gelsolin (Janmey and Stossel, 1987) and cofilin (Gorbatyuk et al., 2006), thus curtailing the depolymerization of the actin cytoskeleton. Thirdly, PtdIns(4,5)P2 allows for the growth of actin filaments by recruiting I-BAR proteins to the tip of the pseudopods, fostering actin polymerization (Hotulainen and Saarikangas, 2016). Lastly, PtdIns(4,5)P2 facilitates the tethering of the plasma membrane to the underlying actin cytoskeleton through the ERM family of anchor proteins (Bretscher et al., 2002).

Elevated basal levels of PtdIns(3,4,5)P3 have also been reported in the plasma membrane of probing phagocytic cells (Bohdanowicz et al., 2013; Canton et al., 2016), allowing for the rearrangement of the actin cytoskeleton necessary for pseudopod protrusion and increased phagocytic receptor mobility. As described earlier in this review, PtdIns(3,4,5)P3 production primarily occurs through the phosphorylation of PtdIns(4,5)P2 by class I PI3Ks. Mechanisms by which PtdIns(3,4,5)P3 can promote actin rearrangement are described in the following section but share similarities with proposed functions in chemotaxis.

2. Target binding: high PtdIns(4,5)P2 and appearance of PtdIns(3,4,5)P3 in the phagocytic cup and Pseudopod progression: decline of PtdIns(4,5)P2 with sustained PtdIns(3,4,5)P3.

Ruffling and probing increase the probability of contacting a phagocytic target. Phagocytosis is initiated upon the binding of phagocytic target ligands to one or more receptors expressed on the surface of phagocytic cells. During the first stage of phagocytosis PtdIns(4,5)P2 transiently rises, whereas a marked accumulation of PtdIns(3,4,5)P3 occurs at the newly formed phagocytic cup.

Ligation of multiple vicinal ligands causes receptor clustering and activation (Jones et al., 1985). In the case of Fcɤ receptors, clustering prompts the phosphorylation of their immunoreceptor tyrosine-based activation motifs (ITAMs) by non-receptor tyrosine kinases of the Src family (Ghazizadeh et al., 1994), which include Lyn and Hck (Wang et al., 1994; Carréno et al., 2002). Phosphorylated ITAMs interact with Syk kinase which has two Src-homology two domains (Greenberg et al., 1996). Syk then recruits and phosphorylates scaffolding adaptors like Gab2, which in turn recruit p85, the catalytic domain of PI3K to the site of receptor binding (Gu et al., 2003). PI3K catalyzes the formation of PtdIns(3,4,5)P3 from PtdIns(4,5)P2, and important signal for the progression and completion of phagocytic cup formation (Figure 3).

Concomitant with the synthesis of PtdIns(3,4,5)P3 is the formation of its precursor PtdIns(4,5)P2. Extending pseudopods exhibit a moderate elevation of PtdIns(4,5)P2 relative to resting plasma membrane. Increased production rather than reduced consumption explains this elevation. PIP5KI activity is stimulated by elevated phosphatidic acid levels catalyzed by the enhanced activity of PLD (Divecha et al., 2000) observed during phagocytosis (Kusner et al., 1999; Lee et al., 2002; Iyer et al., 2004). In addition, activated Rho GTPases downstream of engaged phagocytic receptor signaling sustain the activity of PIP5KI (Fairn et al., 2009). Together, these effectors elevate PtdIns(4,5)P2 in the periphery of forming phagocytic cups (Botelho et al., 2000; Hoppe and Swanson, 2004).

Upon particle engagement and receptor clustering, the extending pseudopods wrap around the phagocytic target in a zipper-like manner. Two opposing modalities of actin dynamics favor the expansion of the contact area with the phagocytic target. Initially, branched and linear actin filament polymerization is required to drive the plasma membrane around the particle. Conversely, actin disassembly must occur at the base of the phagocytic cup; otherwise, polymerised actin would act as a mechanical obstacle to proper engulfment (O'Callaghan et al., 2011), preventing delivery of endomembranes (Bajno et al., 2000; Dewitt et al., 2006) and restricting receptor clustering at the phagocytic synapse (Treanor et al., 2011; Freeman et al., 2015). While PtdIns(4,5)P2 is known to facilitate the growth of actin filaments in a manner analogous to the one described above for the ruffling membranes, PtdIns(3,4)P2 can also coordinate actin assembly. PtdIns(3,4)P2 formed by the dephosphorylation of PtdIns(3,4,5)P3 is known to recruit Lamellipodin and thereby ENA/VASP to the leading edge of migrating cells (Krause et al., 2004) and could tentatively play an analogous role during phagosome formation. In line with this, Ena/VASP family proteins seem to be essential for the FcγR receptor-mediated remodeling of the actin cytoskeleton (Coppolino, 2001) (Figure 3).

PtdIns(4,5)P2 then disappears from the base of the phagocytic cup, coinciding in time and space with the disassembly of cortical actin (Scott et al., 2005). PtdIns(4,5)P2 disappearance from the base of the phagocytic cup can be attributed to three main factors. Firstly, PtdIns(4,5)P2 is consumed by PI3K when producing PtdIns(3,4,5)P3. Secondly, PtdIns(3,4,5)P3 recruits PLC (see Table 1) to the phagosome where it hydrolyzes PtdIns(4,5)P2 (Falasca et al., 1998) and is likely to represent the main factor responsible for the disappearance of PtdIns(4,5)P2 (Azzoni et al., 1992; Liao et al., 1992). Lastly, PtdIns(4,5)P2 can also be dephosphorylated by the inositol 5-phosphatases INPP5B (Bohdanowicz et al., 2012) and OCRL (Mehta et al., 2014) that are recruited to sites of phagocytosis, producing a transient increase in PtdIns(4)P (Bohdanowicz et al., 2012; Levin et al., 2015).

Breakdown of PtdIns(4,5)P2 is required for completion of phagocytosis for two main reasons. Firstly, its removal terminates actin polymerisation at the base of the cup, which is necessary to induce membrane curvature and for the focal secretion of endomembranes. Consistently, inhibition of PLC impairs phagosome formation (Botelho et al., 2000) and is accompanied by persistent actin accumulation at the base of the phagocytic cup (Scott et al., 2005). Secondly, DAG and IP3, the two second messengers produced by the PLC-mediated hydrolysis of PtdIns(4,5)P2 play important roles in phagocytosis (Bengtsson et al., 1993; Ueyama et al., 2004; Nunes et al., 2012; Schlam et al., 2013). DAG is not only a source of PA following its phosphorylation by DAG-kinase (Bohdanowicz and Grinstein, 2013), but it also activates conventional and novel protein kinase C (PKC) which seemingly participates in phagocytosis (Ueyama et al., 2004) and promotes the activation of the NADPH oxidase (He et al., 2004; Cheng et al., 2007). Furthermore, IP3 induces calcium release from the ER that is thought to promote membrane fusion during phagosome formation (Jaconi et al., 1990; Bajno et al., 2000; Braun et al., 2004; Dewitt et al., 2006). Thus, the disappearance of PtdIns(4,5)P2 from the base of the phagocytic cup is not purely a consequence of the formation of PtdIns(3,4,5)P3, but is in effect, an important outcome of PtdIns(3,4,5)P3 formation.

Lastly, accumulation of PtdIns(3,4,5)P3, together with the clearance of PtdIns(4,5)P2, play an essential role in regulating the ability of receptors to diffuse and recycle by directly removing actin from the base of the phagocytic cup. PtdIns(3,4,5)P3 binds and recruits GAPs, such as ARHGAP12, ARHGAP25, and SH3BP1 to the phagocytic cup (Schlam et al., 2015). This, along with the elimination of PtdIns(4,5)P2, results in the inactivation of Rho GTPases and prompts the termination of actin polymerisation that would otherwise curtail the mobility of transmembrane proteins (including receptors) via the cytoskeletal picket fence.

3. Phagosome Scission: disappearance of PtdIns(3,4,5)P3 and production of PtdIns(3)P

Sealing of the phagosome occurs when the pseudopods fully surround the target particle and fuse at their distal ends. Effectors of PtdIns(3,4,5)P3 appear to be crucial for the two main events necessary for proper internalization at this stage. These are (1) clearance of actin surrounding the phagosome (Cox et al., 1999; Beemiller et al., 2010) and (2) constriction of the exofacial leaflets of the plasma membrane where the pseudopods meet to promote scission of the phagosome.

The role of PtdIns(3,4,5)P3 and its effectors in mediating actin clearance has been described above. In support of PtdIns(3,4,5)P3 being necessary for phagocytic cup formation is the observation that inhibition of PI3K arrests phagosome formation and leads to actin accumulation at the base of frustrated phagosomes (Araki et al., 1996; Cox et al., 1999). Furthermore, expression of constitutively active mutants of Rho GTPases that antagonize actin disassembly yields a similar phenotype of abortive phagocytic cups (Beemiller et al., 2010).

Relatively little is known about the mechanisms behind membrane fusion during scission; however, myosin-driven contractility is probably involved. Myosin X (Cox et al., 2002) and myosin IC (Swanson et al., 1999) localize to sites of phagosome closure, where they are thought to play independent roles during sealing. Interestingly, myosin X harbors a PH domain that binds PtdIns(3,4,5)P3 enabling its recruitment to the plasma membrane (Isakoff et al., 1998). Accordingly, the PI3K inhibitor wortmannin prevents myosin X accumulation and expression of a truncated mutant of myosin X reduces phagocytic efficiency (Cox et al., 2002). Surprisingly, the antagonistic effects on phagosomal scission caused by PI3K inhibition seem to be size dependent. PI3K inhibitors only arrest phagocytosis of comparatively large targets (>1 μm) (Cox et al., 2002) while internalization of smaller particles (<1 μm) seems to be largely unaffected (Cox et al., 1999; Vieira et al., 2001).

PtdIns(3,4,5)P3 disappears from the phagosomal membrane shortly after scission occurs (Marshall et al., 2001) (Figure 3). Conversion of PtdIns(3,4,5)P3 into PtdIns(3,4)P2 occurs at this stage since SHIP, a 5-phosphatase (McCrea and De Camilli, 2009), accumulates at the phagosomal membrane (Marshall et al., 2001; Kamen et al., 2007). It is unclear whether PtdIns(3,4)P2 plays a role during this stage, other than being a substrate for the formation PtdIns(3)P by INPP4B, a 4-phosphatase (Nigorikawa et al., 2015). PtdIns(3,4,5)P3 also can be dephosphorylated by PTEN to regenerate PtdIns(4,5)P2 (Maehama and Dixon, 1998).

Lastly, PIP5KIs detach from the membrane of the newly formed phagosome, likely preventing further formation of PtdIns(4,5)P2 from PtdIns(4)P (Figure 3). This detachment is partially due to the reduced electronegativity of the early phagosomal membrane, since PIP5KI isoforms contain a polycationic region that preferentially binds negatively charged membranes (Fairn et al., 2009).



PHAGOSOME MATURATION

The maturation of the phagosome is characterized by a series of fission and fusion events that occur soon after sealing. These steps modify both luminal and membrane components of the phagosome and give rise to the ultimate stage of degradation and reabsorption of the cargo during phagosome resolution. The nascent phagosome undergoes stepwise fusion events with early endosomes, late endosomes and lysosomes, which leads to the formation of the early phagosome, late phagosome and phagolysosome, respectively. Microbicidal properties, acidic pH and degradative enzymatic machinery are gradually acquired during phagosome maturation. Nevertheless, it is worth mentioning that differences in the extent and rate of phagosome maturation have been reported between different phagocytic cells (Nordenfelt and Tapper, 2011; Canton et al., 2014). The nature of the engulfed material also accounts for some of the heterogeneity observed during phagosome maturation. For example, phagosomes containing pathogens need to preserve selected peptides for posterior antigen presentation to lymphocytes (Savina and Amigorena, 2007). On the other hand, clearance of apoptotic cells requires rapid acidification and maturation, in addition to secretion of anti-inflammatory cytokines in order to prevent auto-immunity (Ravichandran, 2010; Uderhardt et al., 2012).

As mentioned earlier, phagosome maturation can be additionally sub-classified into three main sequential stages: the early phagosome, the late phagosome and the phagolysosome. These are discussed individually below.


PtdIns(3)P Defines the Early Phagosome

Phagosome maturation starts as soon as the nascent phagosome detaches from the plasma membrane. Nevertheless, fusion events with endomembranes occur even before phagosome sealing is completed (Bohdanowicz et al., 2012). The newly formed phagosome preferentially fuses with early endosomes (Mayorga et al., 1991; Desjardins et al., 1997), resulting in a poorly degradative, slightly acidic hybrid organelle. Rab family proteins are crucial for vesicular traffic and phagosome fusion events during this and subsequent stages of maturation (Kinchen and Ravichandran, 2008; Fairn and Grinstein, 2012). Rab5 is involved in the early steps and is the prototypical marker of early phagosomes (Bucci et al., 1992; Roberts et al., 2000; Vieira et al., 2003).

Relevant to this review is the fact that the class III phosphatidylinositol 3-kinase, Vps34, is one of the key effectors of Rab5 (Christoforidis et al., 1999; Vieira et al., 2001; Munksgaard et al., 2002). Vps34 is present in early endosomes where it generates PtdIns(3)P by phosphorylating PtdIns on the D3 position. PtdIns(3)P is also the defining phosphoinositide of the early phagosome (Vieira et al., 2001) (Figure 3). Depletion of PtdIns(3)P through pharmacological inhibition of Vps34 arrests phagosome maturation at the early stage (Stephens et al., 1994; Fratti et al., 2001), demonstrating the crucial role of PtdIns(3)P in the progression of phagosomes. Multiple effectors are recruited to the early phagosome by virtue of PX and FYVE domains that bind selectively to PtdIns(3)P.

EEA1 is one of the effectors of PtdIns(3)P that binds the phosphoinositide through its FYVE domain (Simonsen et al., 1998). EEA1 interacts simultaneously with the active form of Rab5 (Mishra et al., 2010) and with PtdIns(3)P in the membrane of early phagosomes and early endosomes. This dual interaction favors early endosome-early phagosome tethering. In addition, EEA1 interacts with the soluble NSF-attachment protein receptors (SNAREs) including syntaxins 6 and 13, which further promotes membrane fusion after tethering (Simonsen et al., 1999; Collins et al., 2002). Accordingly, microinjection of neutralizing EEA1 antibodies arrest phagosome maturation (Fratti et al., 2001).

The disappearance of PtdIns(3)P from the phagosomal membrane signals the termination of the early phagosomal stage. Three different mechanisms could account for PtdIns(3)P disappearance: phosphorylation, dephosphorylation, or hydrolysis. The relative contribution of these pathways is currently unknown; however, the enzymes that can catalyze these reactions are known to be present. PtdIns(3)P can be phosphorylated by PIKfyve on its D5 position, yielding PtdIns(3,5)P2 (Burd and Emr, 1998). Additionally, MTM1, a member of the myotubularin family of 3-phosphatases capable of breaking down PtdIns(3)P into PtdIns can also displace Vps34 from endosomal membrane, favoring PtdIns(3)P depletion (Yan and Backer, 2007). Lastly, lysosomal phospholipases can break down PtdIns(3)P (Ching et al., 1999), an event likely to occur upon formation of intraluminal vesicles (ILVs).

Despite the fact that multiple fusion events take place during phagosome maturation, the surface area of the phagosome remains virtually unchanged. This suggests that membrane recycling mechanisms must occur concomitantly. Retrograde transport of phagosomal components to the trans-Golgi network is partially responsible for membrane recycling, a process mediated by the retromer complex (Hierro et al., 2007). The retromer is composed of a sorting nexin (SNX) dimer (SNX1/SNX2 and SNX5/SNX6) and a cargo-recognition trimer (Vps26-Vps29-Vps35). SNXs contain a PX domain that serves to recruit them to the early phagosome, where PtdIns(3)P is present. Tellingly, the last steps of retrograde traffic are completed during the late stages of phagosome maturation (Bonifacino and Hurley, 2008).

As previously mentioned, in addition to outward vesiculation, the phagosomal membrane experiences inward budding and generates ILVs destined for degradation (Lee et al., 2005). ILV formation in phagosomes and endosomes is dependent on the endosomal sorting complex required for transport (ESCRT) (Vieira et al., 2004; Babst, 2011). The ESCRT super-complex consists of four smaller complexes (ESCRT-0-III) that together recognize ubiquitinated cargo such as Fcγ receptor (Booth et al., 2002; Wollert and Hurley, 2010). Most relevant to this review, ESCRT-0 bears a FYVE domain-containing subunit, known as Hrs, through which it binds to PtdIns(3)P. Thus, ESCRT-0 gets recruited to the maturing phagosome (Vieira et al., 2004), triggering the assembly of the entire ESCRT super-complex. This results in the inward budding of PtdIns(3)P-enriched ILVs that are degraded at later stages of phagosome maturation.

Reactive oxygen species, a crucial component of the microbicidal properties of phagocytic cells (Nunes et al., 2013), are produced by the action of NOX2 in the phagosomal lumen. Most significant to this review is the fact that p40phox, one of the six subunits that make up the oxidase, has a PX domain that binds PtdIns(3)P, making the phosphoinositide crucial for the sustained stimulation of NOX2 in early phagosomes (Ueyama et al., 2007, 2008). Inhibition of PI3K, consequently, prevents the retention of p40phox at the phagosomal membrane and reduces the production of reactive oxygen species (Tian et al., 2008).



PtdIns(4)P Defines the Late Phagosome

The early phagosome then transitions into a late phagosome, which is more acidic and degradative than earlier stages. A crucial step for this transition is the conversion from a Rab5-positive to a Rab7-positive organelle. As maturation continues, the phagosome migrates toward the microtubule-organizing center (MTOC), which promotes the fusion with late endosomes and lysosomes (Harrison et al., 2003). The active form of Rab7, together with two of its effectors –the Rab7-interacting lysosomal protein (RILP) and the oxysterol-binding protein-related protein 1L (ORP1L)– link the phagosome with the dynein/dynactin motor and are therefore responsible for this centripetal movement (Johansson et al., 2007). Rab7 and RILP also induce the formation of tubular membrane protrusions that promote phagosome-lysosome biogenesis and acidification (Harrison et al., 2003; Sun-Wada et al., 2009).

As mentioned earlier, the retromer is recruited initially to the early phagosome by PtdIns(3)P. Nevertheless, completion of retrograde transport occurs during the late stages through the interaction of Rab7 with the retromer's cargo-recognition trimer (Vps26-Vps29-Vps35). Rab7 depletion affects the structure of the retromer in endosomes and consequently impairs the retrieval of the mannose 6-phosphate receptor to the trans-Golgi network (Rojas et al., 2008).

From a phosphoinositide perspective, a marked transition is observed when the early phagosome becomes a late phagosome. Whereas PtdIns(3)P is characteristic of the early phagosome, PtdIns(4)P is the major phosphoinositide present at the late phagosome and phagolysosome stages (Jeschke et al., 2015). Soon after PtdIns(3)P disappears, PtdIns(4)P kinase 2A (PI4K2A), an enzyme responsible for PtdIns(4)P synthesis, accumulates in endosomes (Ketel et al., 2016) and late phagosomes (Jeschke et al., 2015). PtdIns(4)P persists in the phagosomal membrane well into the resolution stage, when its concentration gradually decreases (Figure 3). The accumulation of PtdIns(4)P was shown to be indispensable for proper phagosomal acidification (Levin et al., 2017). A similar role for PI4K2A and PtdIns(4)P as important determinants of maturation has also been recognized in autophagosomes (Albanesi et al., 2015). Yet, the specific effectors of PtdIns(4)P mediating late maturation and resolution are still poorly understood.



The Phagolysosome

Phagolysosome biogenesis is the next stage in phagosome maturation. Fusion of the late phagosome with lysosomes gives rise to the phagolysosome, the most acidic, degradative and microbicidal organelle. The phagolysosome has an extremely low luminal pH due to the acquisition of additional copies of the proton-pumping V-ATPase. This acidic pH allows for the optimal activity of hydrolytic enzymes (Appelqvist et al., 2013) essential for the ultimate degradation of phagosomal contents.

Of particular interest is the accumulation of PtdIns(3,5)P2 in the lysosomal system (Samie et al., 2013; Takatori et al., 2016). PtdIns(3,5)P2 is produced via phosphorylation of PtdIns(3)P on its D5 position by PIKfyve (Burd and Emr, 1998). The phosphatase Fig4 harbors a Sac domain and is responsible for the reverse reaction, dephosphorylating PtdIns(3,5)P2 back to PtdIns(3)P (Mccartney et al., 2014). PtdIns(3,5)P2 breakdown can additionally be catalyzed by myotubularin 3-phosphatases, yielding PtdIns(5)P (Oppelt et al., 2012). Remarkably, PtdIns(3,5)P2, PIKfyve and Fig4 all localize to lysosomes, together with the scaffold protein ArPIKfyve/Vac14 (Duex et al., 2006; Jin et al., 2008; Sbrissa et al., 2008). Observations that depleting PtdIns(3,5)P2 results in enlarged lysosomes and disrupts lysosomal activity suggest that this complex plays an important functional role in endolysosomes (Ho et al., 2012; Mccartney et al., 2014). Purely in the context of phagocytosis, inhibition of PIKfyve blocks phagosome maturation, seemingly through the inactivation of the transient receptor potential cation channel of the mucolipin subfamily member 1 (TRPML1) (Kim et al., 2014). Previously, PtdIns(3,5)P2 was shown to control the activity of TRPML1 (Dong et al., 2010), a cation channel found in lysosomes that promotes Ca2+ efflux from the lysosome into the cytosol (Wang et al., 2014). The role of Ca2+ in phagosome maturation and endomembrane fusion has been documented (Vergne et al., 2003), accounting for the observation that TRPML1 inhibition blocks fusion of phagosomes and lysosomes (Dayam et al., 2015).




PHAGOSOME RESOLUTION

The final stage of phagocytosis, phagosome resolution, entails the redirection and degradation of the phagosomal membrane and of luminal components. This stage is also the least well understood. The phagosomal membrane needs to be resorbed once the phagosomal luminal contents are cleared; this includes disposal or recycling of the phosphoinositide constituents of the phagosomal membrane. Earlier stages of phagosome maturation exhibit membrane recycling to the plasma membrane or the trans-Golgi network, as well as some degradation through the formation of ILVs. In contrast, relatively little is known about the degradation of the phagolysosomal membrane. In lysosomes, tubulation and fission of vesicles can occur and seems to require the activity of both mTOR and Arl8B (Zoncu et al., 2011; Saric et al., 2016). A similar process putatively promotes the transport of membranous components out of the phagolysosome, analogous to the process observed during antigen presentation (Mantegazza et al., 2014). Evidence from the last decade suggests that PtdIns(4)P and PI4K2A, present in late phagosomes and phagolysosomes, are able to recruit the exocyst, a multimeric complex involved in exocytosis, and mediate membrane recycling to the plasma membrane (Ketel et al., 2016). Further, PtdIns(4)P regulates retromer function and has been linked to actin nucleation via WASH. In the phagolysosomal membrane, WASH and actin-rich regions have also been reported to co-localize with PtdIns(4)P (Levin-Konigsberg et al., 2019) and may serve to propel the initial extension of resorption tubules. In this regard it is interesting to note that PI4K2A and late phagosomal PtdIns(4)P have recently been described to support Toll-like receptor signaling and antigen presentation in dendritic cells (López-Haber et al., 2020).

PtdIns(4)P, which is abundant in maturing phagolysosomes, becomes depleted as the phagolysosome undergoes tubulation and resorbs (Figure 3). PtdIns(4)P can be converted into PtdIns(3,4)P2 or PtdIns(4,5)P2 by class II PI3Ks (Misawa et al., 1998) and PI5 kinases (Desrivières et al., 1998), respectively. Still, these lipids have not been reliably detected in phagolysosomes and neither have PtdIns(4)P-specific phosphatases. Rather, the main enzyme known to dephosphorylate PtdIns(4)P into PtdIns is Sac1 which resides in the ER (Moser von Filseck et al., 2015). Recently, we showed that PtdIns(4)P is extracted from the phagosomal membrane, and transferred to the ER, where it is available to Sac1 for hydrolysis (Levin-Konigsberg et al., 2019). This removal is facilitated by the lipid transfer protein and Rab7 effector ORP1L at membrane contact sites between the ER and the phagolysosome (Levin-Konigsberg et al., 2019). Furthermore, we showed that tubules emerge from the PtdIns(4)P-rich clusters in the resolving phagolysosome, where ADP-ribosylation factor-like protein 8B (ARL8B) and SifA-and kinesin-interacting protein/pleckstrin homology domain-containing family M member 2 (SKIP/PLEKHM2) accumulate. Accordingly, premature hydrolysis of PtdIns(4)P impairs SKIP recruitment and phagosome resolution (Levin-Konigsberg et al., 2019).



CONCLUDING REMARKS

The development of fluorescent biosensors of PPIns provided an unparalleled tool to investigate the role of these key lipids in leukocyte biology. By enabling their visualization in live cells, we have started to learn about their distribution, dynamics and metabolism under physiologically relevant conditions. These critical determinants of PPIns function could not previously be divined by conventional lipidomic approaches. While great strides have been made in the last two decades using biosensors, it bears emphasizing that the probes are inevitably invasive and that caution must be used limiting their expression, as they can compete for and scavenge endogenous ligands, potentially altering responsiveness. In addition, suitable probes still need to be developed to visualize species like PtdIns(3,5)P2, that have been identified as critical determinants of endomembrane traffic and of ion transport. Developing improved probes and applying them to increasingly complex biological systems by intravital and lattice light-sheet microscopy will undoubtedly be the focus of research in the immediate future.
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The complement system is deeply embedded in our physiology and immunity. Complement activation generates a multitude of molecules that converge simultaneously on the opsonization of a target for phagocytosis and activation of the immune system via soluble anaphylatoxins. This response is used to control microorganisms and to remove dead cells, but also plays a major role in stimulating the adaptive immune response and the regeneration of injured tissues. Many of these effects inherently depend on complement receptors expressed on leukocytes and parenchymal cells, which, by recognizing complement-derived molecules, promote leukocyte recruitment, phagocytosis of microorganisms and clearance of immune complexes. Here, the plethora of information on the role of complement receptors will be reviewed, including an analysis of how this functionally and structurally diverse group of molecules acts jointly to exert the full extent of complement regulation of homeostasis.
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INTRODUCTION TO THE COMPLEMENT SYSTEM


Evolution of Complement

The mammalian complement system comprises more than 50 fluid and membrane-associated proteins that control multiple aspects of physiology and immunity (Hajishengallis et al., 2017). The complement system is classically associated to a rapid response to invading microorganisms, which are either opsonized or directly lysed by the proteolytic cascade of complement proteins, as result of the generation of a lytic membrane attack complex (MAC). Complement is a core component of the immune system and is found (in less complex forms) in invertebrates as ancient as corals, jellyfish and sea anemones (phylum Cnidaria), a suggestion that complement may have originated near the appearance of multicellular organisms (Dishaw et al., 2005; Zhang and Cui, 2014). Complement is also found in invertebrates such as snails and clams (phylum Mollusca), insects and arachnids (phylum Arthropoda) and in the amphioxus (phylum Chordata) (Dodds and Matsushita, 2007; Prado-Alvarez et al., 2009; Sekiguchi and Nonaka, 2015). In vertebrates, complement versions resembling the mammalian system are found in jawed fish, such as zebrafish, in which research on complement function and evolution can be performed (Zhang and Cui, 2014). Although discovered first, the classical pathway (see section The Complement Cascade) is the latest in evolutionary terms, since it is closely associated to the function of IgM and IgG antibodies. Instead, the ancestral complement system likely relied on the combined action of prototypic versions of the complement protein C3, Factor B, and a protease (Nakao and Somamoto, 2016). Interestingly, complement in invertebrates and ancestral vertebrates lacks cytolytic activity, which suggests that opsonization was the central role of complement in these animals and that complement-mediated cytolysis appeared later on (Dodds and Matsushita, 2007; Nonaka, 2014).



The Complement Cascade

The complement system in mammals possesses three main pathways: the classical, the lectin and the alternative pathway (Figure 1) (Densen and Ram, 2015). The classical pathway is initiated by complement protein C1q, which can bind to Fc regions of IgM and IgG immune complexes, but also to a variety of antigens directly through its pattern-recognition capabilities (Kouser et al., 2015). Binding of C1q leads to the activation of the C1q-associated proteases C1r and C1s, which will in turn cleave C4 and C2 available in the extracellular fluids. Cleavage of C4 generates C4b, which binds covalently to molecules in the vicinity of the active C1 proteases, associating stably to nearby antigens and to the antibodies. The C2 cleavage fragment C2a associates with C4b to form the C3 convertase, the central step of complement activation. The C3 convertase will cleave thousands of C3 molecules, present abundantly in the blood, into the highly-reactive C3b fragment that associates covalently to neighboring molecules and effectively opsonizes the target (Cooper, 1985). In addition, at this step occurs the release of the other fragment produced during C3 cleavage, the soluble anaphylatoxin C3a, that has pro-inflammatory properties through interaction with its G protein-coupled receptor (GPCR). Subsequently, C3b binding to C3 convertases in situ leads to the formation of the C5 convertases, which are responsible for cleavage of C5 into C5b and C5a. As before, C5b associates to the target, although non-covalently, whereas C5a acts as an anaphylatoxin. The remaining components of the complement cascade; C6, C7, C8, and C9 will associate sequentially to the target-bound C5b to form the MAC, which is a pore with cytolytic properties. At its final configuration, the MAC is composed of one copy of C5b, C6, C7, and C8 and up to 18 copies of C9, which constitute the bulk of the MAC pore (Müller-Eberhard, 1986; Merle et al., 2015). The lectin pathway differs from the classical mainly because it is driven by mannose-binding lectin (MBL) and ficolins (Figure 1). Analogously to C1q, they bind to antigens to initiate the complement cascade, but in this case, the antigens are carbohydrates such as mannose, glucose and N-acetyl-glucosamine (Holers, 2014; Merle et al., 2015). Binding of MBL to sugars on microbial membranes leads to activation of MBL-associated serum proteases (MASPs) 1 and 2, which structurally and functionally similar to C1r and C1s, will initiate the cleavage of C4 and C2 to form the C3 convertase and unleash the complement cascade.


[image: Figure 1]
FIGURE 1. Schematic representation of the human complement system, which possesses three main pathways: the classical, the lectin and the alternative pathway. Scissors indicate proteolytic cleavage. FB, Factor B; FD, Factor D; MAC, membrane attack complex; MASP, MBL-associated serum protease; MBL, mannose-binding lectin.


The complement cascade can also be initiated spontaneously by C3, the so-called alternative pathway (Figure 1). In the fluid phase, C3 can undergo spontaneous low-rate hydrolysis, or “tick-over,” to yield C3(H2O) (Holers, 2014; Hajishengallis et al., 2017). This form can bind Factor B, which when cleaved by the protease Factor D, produces a fluid-phase C3 convertase [C3(H2O)Bb]. This enzyme produces C3b in solution, which may deposit on nearby surfaces and complex with more Factor B, forming the C3 convertase of the alternative pathway (C3bBb). It is important to mention that this cascade is short-lived and insufficient to promote full complement activation. For that, the alternative pathway requires properdin, a phagocyte-derived protein that stabilizes C3bBb and allows it to cleave C3 for long enough to enter the amplification phase of complement activation. Interestingly, the alternative pathway does not require antibodies for initiation, however, the presence of antibodies, polysaccharides, lipopolysaccharides (LPS), gas bubbles, heme, and properdin are all known to facilitate its activation. Moreover, the alternative pathway contributes to the full activation of complement via all pathways (e.g. classical and lectin) by providing an “amplification loop,” in which deposited C3b continuously forms new C3 convertases by binding to Factor B. This dramatically increases the cascade activity and is associated to its effects in vivo, including complement-mediated injury (Holers, 2014; Hajishengallis et al., 2017).



Complement Regulation

Considering the high concentration of complement components in the serum and the ability of the cascade to self-amplify, a number of inhibitory mechanisms and molecules were developed throughout evolution in order to regulate the effects of complement on host cells (Ricklin et al., 2010; Holers, 2014; Densen and Ram, 2015; Merle et al., 2015). The initiation of the cascade is regulated by the C1 inhibitor (C1-INH/SERPIN 1), which inactivates the C1 proteases and dissociates them from C1q. Also, C1-INH inhibits several other proteases, including MASPs, thus regulating the lectin pathway. It is worth noting that the C3 convertases are unstable and undergo decay spontaneously, stopping the cascade unless stimuli are present. There are multiple soluble molecules that accelerate the deactivation of convertases, namely: Factor I, a protease that cleaves C3b into the enzymatically inactive form iC3b; Factor H, which accelerates the dissociation of Bb from C3 convertases and facilitates Factor I cleavage of C3b; C4 binding protein (C4BP), which stimulates the dissociation of C2a from C4b (classical C3 convertase) and also acts as co-factor for Factor I-mediated cleavage of C4b into iC4b. Additionally, the soluble proteins clusterin (SP-40) and vitronectin (S protein) bind to nascent C5b-C9 complexes and inhibit MAC assembly. Importantly, the activity of anaphylatoxins C3a and C5a is regulated via cleavage by carboxypeptidase-N, a plasma zinc metalloprotease, which cleaves a C-terminal arginine residue that severely reduces the anaphylatoxins' inflammatory effects. There are also a number of membrane-associated complement inhibitors. They serve to restrain the deleterious effects of excessive complement activation, but also offers a means to separate healthy host cells from other complement targets, such as microorganisms, dead cells and crystals, which most often do not express complement inhibitors. These include: Membrane cofactor protein (MCP, CD46), which binds to C3b and C4b fragments and stimulate Factor I-mediated cleavage; Decay-accelerating factor (DAF, CD55), which dissociates C3 convertases by binding to C3b and C4b; CR1 (CD35), that shares both dissociation and cofactor activities of MCP and DAF; and CD59, which binds C8 and C9 to prevent MAC assembly.



Complement-Associated Diseases and Therapies

Taking into account its ancient origin and broad reach, it is not surprising that complement regulates central aspects of physiology and immunity. Deficiencies in the complement system predispose individuals to severe recurrent infections and higher incidence of autoimmune disorders as systemic lupus erythematosus (SLE) (Ricklin et al., 2010; Holers, 2014). Conversely, deficiencies in the complement regulatory proteins DAF, MCP, and factor H lead to paroxysmal nocturnal hemoglobinuria and atypical hemolytic uremic syndrome, conditions in which complement attacks and destroys red blood cells and endothelial cells, respectively. Moreover, complement activation has been implicated in the progression of rheumatoid arthritis and Alzheimer's disease, driven by, respectively, recognition of immune complexes in the joints and amyloid deposits in the brain. Interestingly, it was demonstrated recently that complement gene variants also control the incidence of disorders between males and females (Kamitaki et al., 2020). It was shown that higher levels of C4 and C3 in men are correlated to their higher risk of developing schizophrenia, whereas the lower levels of these proteins in women are correlated to their substantial predisposition to develop SLE. Likewise, a number of treatments targeting complement-mediated diseases have been developed and are currently undergoing clinical trials (Ricklin et al., 2019). Complement inhibitors are being evaluated in a variety of kidney diseases (Zipfel et al., 2019), brain injury and neurodegenerative disorders (Brennan et al., 2016), rheumatic diseases (SLE and rheumatoid arthritis) (Trouw et al., 2017), and transplantation (Biglarnia et al., 2018; Thorgersen et al., 2019). Notably, Eculizumab and Ravulizumab (anti-C5 monoclonal antibodies), CCX168 (C5aR receptor antagonist), purified/recombinant C1-INH, and AMY-101 (C3 cleavage inhibitor) have undergone successful phase II/III trials for several diseases. For an extensive review on complement inhibitors in clinical trials see (Mastellos et al., 2019).

Although complement is a self-sustaining cascade with effector functions, the biological effects of complement depend largely on complement receptors. Complement receptors are functionally and structurally diverse, which goes along with their varied roles in leukocyte activation, recruitment, adhesion and phagocytosis. This article aims to review the plethora of information on the role of complement receptors in these functions, with focus on receptor expression, structure and ligand recognition, and connections to effector functions in leukocytes and human disease.




ROLE OF COMPLEMENT RECEPTORS IN LEUKOCYTE RECRUITMENT

Acute inflammation is a reaction of the host to tissue damage or infection by microorganisms. The inflammatory response is usually beneficial, as it will try to resolve this pathological condition by neutralizing damaging agents so that homeostasis can be restored. Due to recognition of pathogen-associated molecular patterns (PAMPs) or damage-associated molecular patterns (DAMPs), pro-inflammatory chemical mediators will be produced and released by tissue-resident cells at the inflammatory site. These mediators including cytokines, chemokines, histamine, prostaglandins and leukotrienes will not only provoke the classical inflammatory symptoms of erythema, heat, pain, and edema but also leukocyte chemotaxis and extravasation into the surrounding inflamed tissue. Once the leukocytes have arrived at the inflammatory site, they can neutralize the inflammatory trigger [by phagocytosis, production of reactive oxygen species (ROS), degranulation, etc.], hence stressing the importance of the leukocyte recruitment process (Medzhitov, 2008). In this section of the review, we will specifically focus on the role of complement receptors in this recruitment process. First, we will focus on the complement anaphylatoxins and their receptors, followed by the role of integrins in leukocyte adhesion and extravasation into the inflamed tissue.


Complement Anaphylatoxins

Complement fragments C3a and C5a are small anaphylatoxins, mediating pro-inflammatory effects by binding to their respective G protein-coupled complement receptors C3aR and C5aR. Both human C3a (1–77 amino acids) and C5a (1–74 amino acids) are structurally composed of a core of four α-helices stabilized by three disulfide bonds and connected by loop segments (Figure 2) (Huber et al., 1980; Zuiderweg et al., 1989; Zhang et al., 1997). C-terminally in C3a, there is a flexible, cationic, irregular structure (Hugli, 1975; Huber et al., 1980) from which the five final C-terminal amino acids, LGLAR, form the active site of C3a. More specifically, the hydrophobic side chains of leucine-73 and leucine-75 and the guanidinium group of arginine-77 are key in the active site (Caporale et al., 1980). In C5a, the α-helical bundle core is connected with a small loop to the five final C-terminal amino acids, that adopt an α-helical conformation (Zhang et al., 1997). Interestingly, and in contrast to C3a, C5a contains a complex carbohydrate chain N-linked to asparagine-64 (Fernandez and Hugli, 1978). The activity of C3a and C5a is tightly controlled; Carboxypeptidase-N cleaves the carboxy-terminal arginine from both C3a and C5a in the bloodstream, reducing their biological activity 10-100 fold [reviewed in (Matthews et al., 2004)]. It is noteworthy that complement fragment C4a is also considered an anaphylatoxin. Although structurally similar to C3a and C5a (Moon et al., 1981), it lacks an identified complement receptor and its functional capacities are poorly characterized (Barnum, 2015). Recently, it was shown that C4a can act as a ligand for protease-activated receptor (PAR)1 and PAR4, affecting endothelial permeability. However, no role for C4a in direct leukocyte chemotaxis has been described (Wang et al., 2017).
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FIGURE 2. Complement receptors and their main ligands. Schematic representation of human complement receptors on the plasma membrane with their corresponding complement protein ligands. For CR1, CR2, CRIg, and CR3/4, the binding areas for each specific ligand are indicated. In addition, for CR1, the receptor domains are identified at the left side of the receptor. CCP, complement control protein repeats; LHR, long homologous repeats; MBL, mannose-binding lectin.



C3aR


Receptor characterization

C3aR is a cell surface complement receptor part of the GPCR family, first cloned by Ames et al. (1996) and Crass et al. (1996). Its gene C3AR, only comprising one exon located on chromosome 12p13 (Paral et al., 1998), shares 37% nucleotide identity throughout the coding regions with C5aR. C3aR is not a classical GPCR as it has an unusually large second extracellular loop (~172 amino acids) between transmembrane domains 4 and 5 (Figure 2) (Ames et al., 1996). Deletion mutagenesis studies showed that multiple aspartate residues in the loop, adjacent to the transmembrane domains, are essential for C3a binding and the following downstream mobilization of intracellular Ca2+ (Ames et al., 1996; Chao et al., 1999). Indeed, they provide a secondary interaction site through electrostatic interaction with cationic residues in the C-terminal helical region of C3a (Hugli, 1975; Chao et al., 1999). The primary ligand effector binding site in C3aR, identified to be mainly formed by charged residues in a cluster of transmembrane helices (Sun et al., 1999), is engaged by the active site of C3a being the C-terminal sequence LGLAR (Caporale et al., 1980; Chao et al., 1999). Interestingly, the natural C3a catabolite C3a(desArg) has no binding affinity and cannot activate C3aR (Wilken et al., 1999).



Expression and function in leukocyte recruitment

The transcript of C3aR is widely expressed in peripheral tissues such as the lung, spleen, ovary, placenta, small intestine, heart, peripheral blood leukocytes and in the central nervous system (Ames et al., 1996). C3aR expression could be identified on neutrophils, basophils, eosinophils, monocytes and mast cells through flow cytometry, northern blotting, calcium release and binding assays (Table 1) (Hartmann et al., 1997; Martin et al., 1997; Zwirner et al., 1999). It was shown however that C3aR expression on monocytes and neutrophils is about 6 to 20 times lower than C5aR expression, respectively (Zwirner et al., 1999). Receptor expression has not been demonstrated on unchallenged B-lymphocytes and T-lymphocytes (Martin et al., 1997; Zwirner et al., 1999) but expression has been shown on activated T-lymphocytes (Werfel et al., 2000) and on tonsil-derived B-lymphocytes (Fischer and Hugli, 1997). Besides leukocytes, expression of C3aR on bronchial epithelial and smooth muscle cells of the lung has been shown (Drouin et al., 2001). In the central nervous system, C3aR is expressed in astrocytes and microglia during inflammation (Gasque et al., 1998). Moreover, constitutive expression has also been shown on neurons, which suggests a role in physiological conditions (Davoust et al., 1999). In the rat, it was already shown that C3aR plays a role in the development of the cerebellum (Bénard et al., 2008).


Table 1. Expression, function and main ligands of complement receptors.
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C3aR activation is associated with G protein-coupled downstream signaling and an increase in intracellular Ca2+, which is blocked by pertussis toxin (Norgauer et al., 1993; Elsner et al., 1994). Activation of the receptor induces dissociation of the Gα (primarily Gαi) subunit and the Gβγ subunit. Gαi inhibits adenylyl cyclase, resulting in a reduced intracellular cyclic adenosine monophosphate (cAMP) concentration. Gβγ activates phospholipase Cβ (PLCβ), leading to increased intracellular Ca2+ and protein kinase C (PKC) activation. In addition, it activates phosphoinositide 3-kinase γ (PI3Kγ) resulting in activation of extracellular signal–regulated kinases (ERKs) and phosphokinase B (Akt) (Futosi et al., 2013). This signaling cascade, has been shown to induce chemotaxis of mast cells (Hartmann et al., 1997) and eosinophils (Daffern et al., 1995). Induction of macrophage chemotaxis by C3a was first shown in the mouse macrophage cell line J774 (Zwirner et al., 1998). Activation of C3aR does not induce direct neutrophil chemotaxis (Fernandez et al., 1978; Elsner et al., 1994; Daffern et al., 1995). However, C3a was able to induce ROS production in neutrophils (Elsner et al., 1994) and C3aR activation also induced formation of neutrophil extracellular traps (NETosis), leading to hypercoagulation and tumor-promoting effects in vivo (Guglietta et al., 2016). Wu et al. reported a role for C3aR as inhibitor of neutrophil mobilization and protection from intestinal ischemia-reperfusion injury. Indeed, C3aR−/− mice had an augmented number of tissue-infiltrating and circulating neutrophils, which were associated to worsening of intestinal damage, whereas stimulation of C3aR in WT mice reduced neutrophil mobilization and consequent intestinal injury (Wu et al., 2013). An interesting study showed a role for C3a in the retention of hematopoietic stem cells in the bone marrow. C3a-C3aR interaction can counteract mobilization of hematopoietic stem cells by increasing their response to stromal-derived factor 1 (SDF-1/CXCL12), of which the expression decreases in the bone marrow during mobilization (Reca et al., 2003; Ratajczak et al., 2004). In the central nervous system, it was shown using C3−/− and C3aR−/− mice that C3a plays a role in cerebral endothelial activation (by upregulation of adhesion molecules) and leukocyte recruitment to the LPS-inflamed brain (Wu et al., 2016). Also, a specific link between C3a and depression was found. In mice, it was shown that C3a induces monocyte infiltration into the prefrontal cortex after exposure to chronic stress, which is specifically associated with depressive-like behavior (Crider et al., 2018). Interestingly, C3a-C3aR interaction promotes monocyte recruitment into inflamed skeletal muscle. There, it plays an essential role during regeneration of skeletal muscle, as this regeneration can be impaired by C3a inactivation or C3aR deletion (Zhang et al., 2017). C3a is also involved in the regeneration of hepatic tissue after injury. After partial hepatectomy in C3−/− mice, normal liver regeneration was impaired, which was associated with clinical deterioration and higher mortality compared to WT mice (Strey et al., 2003). Moreover, liver regeneration was impaired after a toxic challenge in C3−/− mice. This could however be reversed by administration of C3a and activation of C3aR (Markiewski et al., 2004).




C5aR


Receptor characterization

C5aR (C5aR1 or CD88) is a cell surface GPCR first discovered in 1991 (Figure 2) (Gerard and Gerard, 1991). The gene C5AR1 comprises two exons and is located on chromosome 19, band position q13.3 (Gerard et al., 1993). C5aR is bound by its ligand complement fragment C5a according to a two-site binding model (Siciliano et al., 1994). The extracellular N-terminal portion of C5aR [with required aspartic acids (DeMartino et al., 1994) and sulfations of N-terminal tyrosines (Farzan et al., 2001)] is essential in the formation of the docking site for the core of C5a via electrostatic interactions (Mery and Boulay, 1994; Siciliano et al., 1994). Interaction of C5a with the N-terminal part of the receptor is required for high affinity binding and full activation of the receptor (DeMartino et al., 1994). However, just as in the C3a-C3aR interaction, the primary ligand binding site is located between the transmembrane helices at the base of the C5aR extracellular loops. This binding site interacts with the C-terminal part of C5a (Siciliano et al., 1994). In line with this, C-terminal peptide fragments of C5a are sufficient to activate C5aR, even if the receptor is N-terminally truncated. It is believed that the interaction between C5a and the N-terminal part of C5aR is essential to induce a conformational change in C5a, which allows its C-terminal part to interact with and to activate the receptor (DeMartino et al., 1994). Interestingly, the highest residue homology with C3aR is found in the transmembrane domains and in the second intracellular loop (Ames et al., 1996). Later on, it was shown via receptor mutagenesis that arginine-206 located in the 5th transmembrane helix of C5aR is essential for high-affinity binding to C5a (Raffetseder et al., 1996).



Expression and function in leukocyte recruitment

The C5aR transcript is co-expressed with C3aR in several peripheral tissues such as the lung, spleen, placenta and the central nervous system. C5aR is expressed to a higher extent than C3aR in peripheral blood leukocytes and the heart (Table 1) (Ames et al., 1996). More specifically, its expression was described on human polymorphonuclear leukocytes in Chenoweth and Hugli (1978) and on murine macrophages in Chenoweth et al. (1982). Nevertheless, induction of directed chemotaxis of polymorphonuclear leukocytes by C5a had already been shown in vitro and in simulated in vivo conditions before the receptor was known (Shin et al., 1968; Fernandez et al., 1978). Later on, with the use of polyclonal antibodies directed against the extracellular N-terminal part of C5aR, inhibition of C5a-mediated neutrophil chemotaxis and -degranulation, and inhibition of cytokine production by monocytes was demonstrated (Morgan et al., 1993). Furthermore, C5a can induce production of ROS in granulocytes, which resulted in endothelial cell cytotoxicity in vitro (Sacks et al., 1978). Moreover, C5a-C5aR interaction plays a specific role in neutrophil and monocyte migration to the synovium of rheumatoid and psoriatic arthritis patients (Hornum et al., 2017). In a mouse model of autoantibody-induced inflammatory arthritis, activation of C5aR on neutrophils in the joint vasculature perpetuates their own recruitment. Indeed, C5a production due to complement opsonization on immune complexes in the joints, results in release of the chemotactic lipid leukotriene B4 (LTB4) from arrested neutrophils which promote further neutrophil migration to the interstitium (Sadik et al., 2018). Functional expression of C5aR has also been shown on dendritic cells (Sozzani et al., 1995) and skin mast cells. Expression of C5aR was specifically associated with histamine release after C5a stimulation (Johnson et al., 1975; Füreder et al., 1995). Conversely, expression of C5aR on human T-lymphocytes was relatively low, but T-lymphocytes are responsive to a C5a gradient when receptor expression is increased by phytohemagglutinin stimulation (Nataf et al., 1999). Ottonello et al. also showed low expression of C5aR on naive and memory B-lymphocytes, which was sufficient to promote a response to recombinant C5a in vitro (Ottonello et al., 1999). However, on murine (un)stimulated T- or B-lymphocytes no expression of C5aR was observed, in contrast to granulocytes and macrophages (Soruri et al., 2003).

Besides leukocytes, C5aR is expressed in several cell types of the lung (lung vascular smooth muscle, endothelium, bronchial and alveolar epithelium) and in liver parenchymal cells (Haviland et al., 1995; Drouin et al., 2001). Together with C3a, C5a-C5aR interaction is required in liver regeneration. Indeed, C5−/− mice display abnormal liver regeneration after partial hepatectomy or toxic injury (Mastellos et al., 2001; Strey et al., 2003). Moreover, mice deficient in both C3 and C5 have an even more severe defect in regeneration, which can be partially reversed by reconstitution with C3a or C5a. Administration of both anaphylatoxins together led to a better recovery, suggesting that C3a and C5a act cooperatively in the early priming stages of hepatocyte regeneration. Furthermore, in a rat model of partial hepatectomy, C5aR was upregulated on hepatocytes promoting their regrowth after injury (Daveau et al., 2004). Blockade of C5aR reduces the intrahepatic release of interleukin-6 (IL-6) and tumor necrosis factor alpha (TNF-α). However, in contrast to their inflammatory roles in most tissues, these cytokines are essential for hepatocytes to reenter the cell cycle and initiate liver regeneration via activation of the transcription factors nuclear factor kappa-light-chain-enhancer of activated B cells (NF-κB) and signal transducer and activator of transcription 3 (STAT-3) (Strey et al., 2003). Interestingly, the site-targeted murine complement inhibitor CR2-CD59 (which specifically inhibits the assembly of the MAC) is able to promote hepatocyte proliferation, and so, liver regeneration after hepatectomy. CR2-CD59 can increase the intrahepatic IL-6 and TNF-α levels, resulting in STAT-3 and Akt activation required for liver regeneration (Marshall et al., 2014).




C5L2

Human C5a receptor-like 2 (C5L2 or C5aR2) is a seven-transmembrane spanning receptor related to the C5a and C3a receptor, first discovered in 2000 in immature dendritic cells and granulocytes (Ohno et al., 2000). Expression was also described in the bone marrow, spleen, lung, in most myeloid immune cells and T cell subsets, and it is present both intracellularly and on the cell surface (Li et al., 2019). C5L2 is able to bind C5a and hence functions as a second C5a receptor (Okinaga et al., 2003). However, it lacks the ability to induce downstream signaling due to an amino acid (R→L) replacement in the DRY motif. This highly conserved motif, located at the end of the third transmembrane segment, is necessary for GPCR interaction with G proteins. As a consequence, C5L2 is unable to induce downstream signaling and calcium increase, and it may function as a decoy receptor (Okinaga et al., 2003). Several studies however reported C5L2 as an important regulator of C5aR activation and downstream signaling. Bamberg et al. indicated that C5L2 might function as a negative modulator of ERK1/2 signal transduction through modulation of β-arrestin after C5aR activation by C5a. Inhibition of C5L2 resulted in increased C5a-mediated chemotaxis, but no alterations in C5a-induced Ca2+-responses (Bamberg et al., 2010). It was also shown that C5L2 can physically interact with C5aR, forming heterodimers (Croker et al., 2013). Thus, C5a stimulation may trigger C5aR–C5L2 heterodimerization and β-arrestin recruitment, facilitating C5aR internalization and downregulating C5aR-mediated ERK signaling (Croker et al., 2014; Li et al., 2019). In contrast, it has been shown that C5L2 also exerts stimulatory functions: On the endothelium, it promotes C5a translocation into the blood vessel lumen, mediating neutrophil arrest through C5aR activation in a murine arthritis model (Miyabe et al., 2019). More elaborated information about the current knowledge of this controversial receptor and its role in pathophysiology was recently reviewed by Li et al. (2019).




β2-Integrin Family Complement Receptors CR3 and CR4


Receptor Characterization

In contrast to the chemotactic receptors C3aR and C5aR, β2-integrins are heterodimeric cell surface adhesion receptors that play a crucial role in cell adhesion, migration and communication. They are involved in cell-cell and cell-extracellular matrix interactions and have the unique capacity to mediate bidirectional transmission of mechanical and biochemical signals across the membrane. Structurally, integrins are characterized by a non-covalent association of two type I membrane glycoproteins, the α and β subunit, consisting of a small cytoplasmic tail (<75 amino acids, except for the β4 subunit), a transmembrane region and a large extracellular domain containing ligand-binding sites (>100 kDa for α subunits and >75 kDa for β subunits) (Hynes, 1992). The subunits form together an extracellular domain composed of a N-terminal globular ligand-binding head and a C-terminal tailpiece, formed by two long “legs” or “stalks,” connecting with the transmembrane and short cytoplasmic domains of each subunit (Nermut et al., 1988) (Figure 2). The N-terminal region of the α-domain contains seven segments of about 60 amino acids, which fold into a seven-bladed β-propeller domain that forms the globular head region of the receptor. About half of the integrins, more specifically the leukocyte β2-integrins and the integrin collagen receptors, have an approximately 200 amino acid insertion in between the second and third beta sheet that is known as the inserted (I) domain. This domain contains a metal ion-dependent adhesion site (MIDAS) for binding of divalent cations required for ligand binding (Diamond et al., 1993; Michishita et al., 1993; Lee et al., 1995; Tuckwell et al., 1995). The leukocyte β2-integrin family includes four members that share a common β2-subunit (CD18) linked to one of four α-chains: αLβ2-integrin [also referred to as lymphocyte function-associated antigen 1 (LFA-1) or CD11a/CD18], αMβ2-integrin [macrophage-1 antigen (Mac-1), CR3 or CD11b/CD18], αXβ2-integrin [p150,95; CR4 or CD11c/CD18] and αDβ2-integrin [CD11d/CD18] (Springer et al., 1979; Kürzinger et al., 1981; Sanchez-Madrid et al., 1983; Van der Vieren et al., 1995). Within the β2-integrin family, there are two complement receptors: CR3 and CR4 (Table 1).



Expression and Function in Leukocyte Recruitment

Leukocyte recruitment to tissues is an essential step in the inflammatory response that requires the binding and extravasation of leukocytes in the vasculature. In the muscle and intestines, it starts with rolling of the leukocyte over the activated endothelium, followed by leukocyte activation and firm adhesion, diapedesis through the endothelial layer and further migration into the tissue matrix (Figure 3) (Muller, 2013). Integrins play a crucial role in this complex and tightly controlled process. In steady state, passively moving blood leukocytes express bent, non-activated “resting” integrins. In this conformation, the ligand-binding head domain of the integrin is folded over the tailpiece, moving the ligand binding site close to the C-terminal, membrane-proximal end of the tailpiece (“legs” of the integrin). This is an unfavorable orientation for ligand binding and consequently bent integrins have only low affinity for their endothelial ligands, including the immunoglobulin superfamily members intercellular adhesion molecule 1 and 2 (ICAM-1 and -2) and vascular cell adhesion molecule 1 (VCAM-1) (Xiong et al., 2001, 2002; Takagi et al., 2002; Chen et al., 2010a). In response to microbial infection or tissue damage, release of pro-inflammatory mediators increases the blood flow and the expression of endothelial adhesion molecules. This allows leukocytes to increase rolling along the luminal side of the activated endothelium, mediated by weak and transient selectin-glycoprotein interactions (McEver, 2002). These interactions can already change the integrin conformation to a more extended one which supports slower leukocyte rolling, as shown for the integrin LFA-1 in neutrophils (Kuwano et al., 2010; Stadtmann et al., 2013). Indeed, binding of P-selectin glycoprotein ligand-1 (PSGL-1) to endothelial selectins leads to activation of Src kinases and Ras-related protein 1 (Rap-1) [see below], supporting slow rolling (Yago et al., 2018). In monocytes, interaction between the β1-integrin very late antigen-4 (VLA-4; integrin α4β1) and VCAM-1 supports transition to slow rolling followed by firm adhesion (Huo et al., 2000).
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FIGURE 3. Complement receptors play a crucial role in leukocyte recruitment to the inflammatory site. [1] In response to an inflammatory trigger (infection/tissue damage), leukocytes first roll over the activated endothelium through weak selectin-glycoprotein interactions (for clarity only leukocyte selectins and endothelial glycoproteins are shown here). [2] This allows interaction of leukocyte GPCRs (including C5aR but also other chemoattractant receptors) with chemoattractant molecules, produced by tissue-resident cells in response to and forming a chemotactic gradient toward the inflammatory trigger. This results in inside-out activation of integrins, changing their global conformation from a bent non-activated conformation to an extended, activated conformation with higher affinity for the integrin ligands ICAM-1, ICAM-2 and VCAM-1, which belong to the immunoglobulin (Ig) superfamily adhesion molecules [3]. This leads to a tight adhesion and arrest of the leukocytes to the endothelium. After integrin-mediated crawling to an optimal emigration spot directed by the chemotactic gradient, a transmigratory cup is formed and leukocytes transmigrate [4] through the endothelial barrier and the basement membrane into the surrounding tissue, where their migration will be guided further to the inflammatory site directed by the chemoattractant gradient [5].


Due to slow rolling, leukocytes can be activated through interaction with chemokines, C5a, platelet-activating factor (PAF) or LTB4, which are present in the endothelial vicinity or found bound to proteoglycans on the endothelial surface (Middleton et al., 1997; Lefort and Ley, 2012; Miyabe et al., 2017). Leukocyte activation then induces integrin activation via inside-out signaling (also called priming), in which intracellular signals initiated by the GPCR activation are transduced to the cytoplasmic domain and further to the extracellular part of the integrin. A global conformational change in the integrin structure (via a switchblade-like opening) will result in less than a second in an extended, activated, higher affinity state of the integrin. The inside-out signaling process was recently reviewed by Bednarczyk et al. (2020). In short, GPCR-mediated activation of the small GTPase Rap-1 causes it to colocalize with the effector Rap1-GTP-interaction adapter molecule (RIAM). RIAM recruits the cytoskeletal protein talin, which is required for the unbending of the two integrin subunits. The N-terminal globular head of talin contains a four-point-one, ezrin, radixin, moesin (FERM) domain that interacts with the conserved NPXY motifs in the β cytoplasmic integrin domain, thereby disrupting the α and β tail salt bridge to generate the high affinity conformation which enables ligand binding (Calderwood et al., 2002; Campbell and Ginsberg, 2004). Also, the adapter protein Kindlin-3 is able to bind to NPXY motifs and contributes to the full integrin activation (Moser et al., 2008). Eventually, the extended, higher affinity state of the integrin results in a firm adhesion and arrest of the leukocytes to the endothelium (Takagi et al., 2002; Xiao et al., 2004; Nishida et al., 2006). More details on structural rearrangements of integrins is provided by Luo et al. (2007). Due to binding of ligands to the integrins and consequent outside-in signaling, the conformation of the integrin can again slightly change resulting in even higher affinity, further strengthening and stabilizing leukocyte adhesion (Takagi et al., 2002) which has been shown for the interaction between LFA-1 and ICAM-1 (CD54) (Chen et al., 2010b). Moreover, Src kinases are involved in sustaining the adhesion of neutrophils through outside-in signaling. Indeed, lack of this outside-in signaling leads to rapid detachment of adherent neutrophils from the endothelium (Giagulli et al., 2006).

Once leukocytes arrest, intraluminal crawling is performed toward optimal emigration sites nearby endothelial cell borders (Massena et al., 2010). In neutrophils, it was shown using intravital microscopy that this crawling mechanism is dependent on interaction between CR3 and endothelial ICAM-1 (Diamond et al., 1991; Phillipson et al., 2006) and ICAM-2 (Halai et al., 2014). Of note, binding of LFA-1 to ICAM-1 and VLA-4 to VCAM-1 has also been shown to contribute to neutrophil adhesion (Staunton et al., 1990; Reinhardt et al., 1997; Ding et al., 1999; Phillipson et al., 2006). In monocytes, however, the primary integrin involved in monocyte adhesion and arrest is VLA-4, due to its interaction with VCAM-1 (Hyduk et al., 2007), with a secondary role for LFA-1 and CR3 (Meerschaert and Furie, 1995). In addition, in monocytes both LFA-1 (Auffray et al., 2007) and CR3 are involved in crawling via interactions with ICAM-1 and ICAM-2 (Schenkel et al., 2004; Sumagin et al., 2010). In lymphocytes, LFA-1 binding to ICAM-1 on endothelial cells is required for lymphocyte adhesion (Dustin and Springer, 1988), but on stimulated endothelium, also interaction between VLA-4 and VCAM-1 was observed (Elices et al., 1990; Vennegoor et al., 1992). The actual crossing of leukocytes through the endothelial layer (diapedesis) into the tissue happens via a transcellular or a paracellular route (Carman and Springer, 2004). Integrins are also involved in this process. To initiate diapedesis, a “transmigratory cup” on the endothelial surface is formed by redistribution of leukocyte integrins LFA-1, CR3 and VLA-4. They colocalize with clusters of ICAM-1 and VCAM-1 on endothelial microvilli-like projections at the junctional interface between the adherent leukocyte and the endothelium (Carman and Springer, 2004; Shaw et al., 2004). In neutrophils, also ICAM-2 seems to play a role as genetic deletion or blockade of ICAM-2 partially inhibits the neutrophil transmigration process (Huang et al., 2006). ICAM-2 mediates neutrophil transmigration in a stimulus-dependent manner, alongside other adhesion molecules (Woodfin et al., 2009). For more details on transendothelial migration see (Filippi, 2019) and (Gerhardt and Ley, 2015).

Once beyond the endothelial layer, leukocytes still have to cross a discontinuous layer of pericytes, which are long cells surrounding the endothelium and embedded within the basement membrane. The interaction of CR3 and LFA-1 with ICAM-1 on the pericytes is necessary for abluminal crawling of neutrophils, guiding them to gaps (exit points) into the interstitium (Proebstl et al., 2012). This seems to happen specifically at regions poor in extracellular matrix proteins, such as sites low on laminins and collagen IV (Wang et al., 2006). A slightly different process is performed by monocytes. Monocytes were shown to be more deformable, so they do not need to remodel the basement membrane to enlarge these low expression regions, as neutrophils do (Voisin et al., 2009). Using intravital imaging, it has been shown that individual neutrophils, once inside the locally inflamed tissue, can show highly coordinated chemotaxis forming neutrophil clusters (“swarms”). This migration process in extravascular spaces was shown in several mouse models and tissues. “Neutrophil swarming” occurs during infection with bacteria, fungi or parasites, as well as during sterile inflammation (Kienle and Lämmermann, 2016; Lämmermann, 2016). Neutrophil swarming can be of a transient or persistent nature (Chtanova et al., 2008) and its phenotype is influenced by the size of the initial tissue damage, the presence of pathogens, the number of recruited neutrophils and induction of secondary cell death (Kienle and Lämmermann, 2016). Long-distance migration in the neutrophil “swarms” is integrin independent (Lämmermann et al., 2008), but integrin adhesive forces are required to maintain the dense neutrophil clusters. These allow neutrophils to accumulate in the wound center, excluding collagen fibers and making a collagen-free zone. Based on knock out of neutrophil integrins, it was identified that both LFA-1 and CR3 are important to maintain the cell adhesion in the neutrophil “swarm” (Lämmermann et al., 2013).

The role of CR4 (CD11c/CD18) in cellular adhesion is less well characterized. CR4 is closely related to CR3: the entire CR4 α-chain (CD11c) shares 63% sequence homology to the CR3 α-chain (CD11b) (Corbi et al., 1988). Both receptors recognize similar ligands such as iC3b, fibrinogen and ICAMs and so it was believed they also mediate similar functions. However, expression of CD11c is dominating in monocyte-derived macrophages (MDMs) and monocyte-derived dendritic cells (MDDCs) where the ratio with CD11b expression is close to 1:1. In circulating monocytes, in contrast, CD11c expression is about 7 times lower than CD11b. Functionally, it was shown that CR4 is the main receptor for strong adhesion to the extracellular matrix component fibrinogen. Although CD11b can also bind to fibrinogen, it was shown that blockade of CD11c strongly reduces adhesion strength whereas blockade of CD11b enhances the attachment of MDDCs and MDMs to fibrinogen. Thus, CD11b can have a competitive, negative role in adhesion of MDDCs and MDMs to fibrinogen (Sándor et al., 2016).

Defects in the synthesis of the common β-chain (CD18) of integrins LFA-1, CR3 or CR4 lead to the rare autosomal-recessive disease leukocyte adhesion deficiency (LAD)-I, characterized by absence or reduced expression of these integrins on leukocytes. As a result, patients have deficiencies in leukocyte adhesion and abnormalities in several adherence-dependent functions like chemotaxis and aggregation. LAD patients are susceptible to recurrent bacterial infections and impaired wound healing, amongst other symptoms, and often die during childhood (Anderson and Springer, 1987; Hogg et al., 1999). A LAD-I-like phenotype is also seen in LAD-III, another autosomal-recessive disease characterized by mutations in Kindlin-3, which is required in the inside-out signaling and activation of β2-integrins (Stepensky et al., 2015). However, LAD-II which yields similar immunodeficiency, is not directly related to integrin functions. Instead, in LAD-II, mutations in a specific GDP-fucose transporter result in impaired synthesis of selectin glycoprotein ligands, impairing the leukocyte rolling and eventually resulting in impaired leukocyte extravasation (Sturla et al., 2001).





ROLE OF COMPLEMENT RECEPTORS IN PHAGOCYTOSIS


Introduction to Phagocytosis

Phagocytosis is a cellular process characterized by the recognition and ingestion of particles larger than 0.5 μm into a membrane-encased vesicle, the phagosome (Nordenfelt and Tapper, 2011; Flannagan et al., 2012). This process contributes to tissue homeostasis and remodeling, and participates in the host defense as it eliminates microorganisms and foreign substances (Figure 4). Classical phagocytosis is initiated by the interaction of a particle with specific receptors on the surface of professional phagocytes, more specifically, macrophages and neutrophils. Those receptors include non-opsonic phagocytic receptors, such as Dectin-1 and Mincle that directly recognize conserved PAMPs. Moreover, other receptors recognize host-derived opsonins attached to pathogens, such as complement (e.g., CR3) and Fc gamma receptors (FcγRs), which are extensively studied phagocytic receptors for opsonized particles. FcγRs bind the conserved Fc domain of immunoglobulins (Ig), which causes receptor clustering and phosphorylation of immunoreceptor tyrosine-based activation motifs (ITAMs) in the cytoplasmatic tail of the receptor, leading to the recruitment of Syk kinases. This activates various downstream signaling pathways (e.g., ERK, phospholipase D, PKC) mediating cell effector functions such as actin-dependent pseudopod extensions of the plasma membrane around the particle to draw it into the cell (May and Machesky, 2001). In contrast, studies using electron microscopy showed that little to no membrane protrusions were formed during complement-mediated internalization of an opsonized particle, as the particle appeared to “sink” into the cell (Griffin et al., 1975; Kaplan, 1977). The more recent idea, validated by live-cell imaging of the entire phagocytic process, is that actin-based membrane protrusions (pseudopods) are formed that surround iC3b-opsonized beads, a mechanism that could have been previously missed during electron microscopy processing (Hall et al., 2006; Patel and Harrison, 2008; Rotty et al., 2017; Jaumouille et al., 2019). This active, phagocytic cup-mediated internalization of the complement-coated particle has become a consensus in the field, replacing the older particle “sinking” model.
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FIGURE 4. Complement-mediated phagocytosis in the clearance of microorganisms and immune complexes. (Left side) Resident liver macrophages (Kupffer cells/KCs) engulf pathogens, immune complexes and various other particles through interactions with complement receptors. Opsonized (red dots) immune complexes (ICs) are transported to the liver via CR1 on the plasma membrane of circulating red blood cells (RBCs). In the liver, ICs interact with CR1 and scavenger receptors (not shown) on KCs, leading to IC phagocytosis, where after RBCs return to the circulation. Opsonized and free pathogens are recognized by CRIg on KCs and are subsequently engulfed. (Right side) Phagocytes (e.g., neutrophils) are attracted to a site of infection and reach the extracellular matrix by transmigrating across the endothelium. Once there, CR1 on neutrophils will be involved in the attachment of C3-opsonized particles to the cell, after which interaction with CR3 mediates phagocytosis. As the plasma membrane surrounds the target, forming a phagosome, the activation of the nicotinamide adenine dinucleotide phosphate (NADPH) complex and degranulation of neutrophilic granules initiate target degradation.


Activation of complement receptors leads to signaling pathways and actin cytoskeleton reorganization in such a way that the membrane completely surrounds the target particle, thereby forming the phagosome. The phagocytic cup formation is primed by integrin inside-out signaling induced by Toll-like receptor (TLR) or GPCR stimulation (Freeman and Grinstein, 2014). Talin recruitment induces the high-affinity, extended integrin conformation that enables ligand binding (Calderwood et al., 2002; Campbell and Ginsberg, 2004). Talin also mediates the mechanical coupling of integrins to actin filaments, as forces arising during phagocytosis expose vinculin binding sites on talin (del Rio et al., 2009). This will promote focal adhesion kinase (FAK)-mediated tyrosine phosphorylation of paxillin together with vinculin binding to talin and actin, which serves as a “molecular clutch” that drives phagocytosis (Jaumouille et al., 2019). In turn, integrin “outside-in” signaling will promote actin reorganization to form plasma membrane protrusions. This formation is driven by the Arp2/3 complex, nucleating actin filaments branches from the sides of pre-existing filaments. The activity of the Arp2/3 complex is indispensable during complement-mediated phagocytosis, since Arp2/3 inhibition with CK-666 inhibits phagocytosis (May et al., 2000; Rotty et al., 2017; Jaumouille et al., 2019). This activity depends on the activation of the GTPase Rho in complement phagocytosis, while GTPases Cdc42 and Rac are required in Fc-mediated phagocytosis (Caron and Hall, 1998). Rho recruits and stimulates the formin mDia, which drives actin protrusions to the particle surface and connects the actin cytoskeleton to microtubules (Palazzo et al., 2001). Active Rho also enables actomyosin contractions by activating the Rho kinase (ROCK), responsible for the increased myosin light chain phosphorylation (Olazabal et al., 2002). Syk kinase activity is required for vinculin recruitment and strengthening of force transmission for optimal particle uptake. Once the target particle is internalized, it combines with early endosomes coming from the endoplasmic reticulum and Golgi apparatus to form the early phagosome. The early phagosome is characterized by the presence of Rab5 and EEA1 proteins at the phagosomal membrane, and does not increase in size, as recycling endosomes are removed from the phagosome and trafficked back to the plasma membrane. Upon phagosome maturation, the fusion with late endosomes modifies the now called late phagosome, which is characterized by the presence of Rab7 and the incorporation of additional copies of the vacuolar-type H+-ATPase (V-ATPase). Finally, lysosomes fuse with the late phagosome to become phagolysosomes which have an acidic pH, and contain hydrolytic enzymes and nicotinamide adenine dinucleotide phosphate (NADPH) oxidase to produce ROS that jointly degrade the ingested particle (Allen and Aderem, 1996).

The importance of complement opsonization in phagocytosis has been demonstrated by a number of studies. C3-deficient mice are immunocompromised and susceptible to lethal bacterial infections. Moreover, clearance of bacteria in the bloodstream by Kupffer cells (KCs) (Helmy et al., 2006) and in the lungs by alveolar macrophages (Neupane et al., 2020) is impaired in C3-deficient mice. Other examples include the reduced phagocytic clearance of microorganisms in the presence of serum that has been depleted of complement by heat-inactivation (Scribner and Fahrney, 1976) or treatment with cobra venom factor (Shin et al., 1969). Cobra venom factor has been extensively used in vitro and in vivo: It binds to complement Factor B of the alternative pathway to form a venom factor-Bb complex that functions as a C3/C5 convertase (Cooper, 1973; von Zabern et al., 1980). This results in the cleavage of C3 and C5, consequently consuming complement components and ultimately leading to the depletion of serum complement activity. The key role of complement opsonization in phagocytosis was also demonstrated by the interference of complement activation by pathogenic virulence factors. In the case of gram-positive S. pneumoniae, the viral capsule inhibits IgG binding and decreases bacterial opsonization with iC3b, preventing phagocytosis by FcR and complement receptors (Hyams et al., 2010). Also, the E. coli capsule may block complement opsonization by masking surface components (such as LPS) capable of activating the complement pathway (Horwitz and Silverstein, 1980). Impairing complement opsonization of bacteria is not only a defense mechanism that impairs phagocytosis, but also NETosis. In general, complement opsonization has been proven to promote NETosis, as shown by the enhanced NET release by neutrophils in the presence of the serum-opsonized bacteria A. actinomycetemcomitans (Palmer et al., 2016). Yet, this effect was not observed with serum-treated S. Aureus, suggesting again that complement-inactivating properties of bacteria might impair effector functions such as phagocytosis and NETosis.

Inherited deficiencies of early classical complement proteins are closely associated with the development of SLE. This systemic autoimmune disease is characterized by antinuclear antibodies, disturbed complement activation and the occurrence of large immunocomplexes (ICs). Homozygous deficiency of C1q is associated with a 93% risk of developing SLE. In addition, 75% of patients with homozygous C4 deficiency develop lupus-like illness (Lewis and Botto, 2006). SLE was observed in 10–30% of C2-deficient patients, indicating a higher risk of SLE when deficiencies occur in complement proteins of earlier stages of the cascade. How complement deficiency exactly contributes to the development of SLE is not known. One possible mechanism is impairment of complement-mediated immune complex clearance (Figure 4), which leads to the deposition of large non-soluble complexes in tissues. These ICs drive proinflammatory cytokine release and local tissue injury (Davies et al., 1992, 1994). This mechanism is supported by the lower expression of CR1 found on erythrocytes of SLE patients, which is the main receptor involved in IC clearance (Ross et al., 1985). Also, the impaired clearance of apoptotic cells due to complement deficiency might serve as a source of self-antigens to initiate autoimmunity. This is evidenced by the impaired phagocytosis of dead/necrotic cells by macrophages in the absence of C1q (Böttcher et al., 2006; Gullstrand et al., 2009).



Complement Receptor 1 (CR1)


Receptor Characterization

Complement receptor 1 (CR1, CD35, C3b/C4b receptor) is a type 1 membrane bound glycoprotein that specifically interacts with MBL and complement proteins C1q, C3b, C4b, and with a lower affinity with iC3b (Figure 2 and Table 1) (Nelson, 1953; Gigli and Nelson, 1968; Ghiran et al., 2000). Four polymorphic variants of the receptor exist, the most common one having a molecular mass of approximately 220 kDa and an extracellular domain of 30 tandemly repeating complement control proteins (CCPs), also known as short consensus repeats or sushi domains. The CCP repeats are 59–72 amino acids long, each having four conserved cysteines that form a pattern of disulfide bridges connecting Cys1-Cys3 and Cys2-Cys4 (Reid et al., 1986; Ahearn and Fearon, 1989; Hannan et al., 2005). The CCPs are further grouped into 4 longer homologous repeats (LHR) containing each 7-9 CCPs. There are several binding sites for C3b and C4b: CCPs 1-3 (LHR-A) contains a C4b binding site, whereas CCPs 8–10 (LHR-B) and CCPs 15–17 (LHR-C) contain both C4b and C3b binding sites, although C3b will bind with a higher affinity (Klickstein et al., 1988; Krych et al., 1991). LHR-D is responsible for the binding of two other CR1 ligands, C1q and MBL. CR1 is expressed on erythrocytes, monocytes/macrophages, polymorphonuclear leukocytes, B-lymphocytes, subpopulations of T-lymphocytes, follicular dendritic cells (FDCs) and glomerular podocytes (Fearon, 1980; Reynes et al., 1985; Appay et al., 1990; Rødgaard et al., 1991). The soluble form of CR1 (sCR1) is released in the plasma by cell surface proteolytic cleavage of CR1 on leukocytes, and acts together with membrane-bound CR1 as an inhibitor of the classical and alternative complement pathway (Danielsson et al., 1994).



CR1-Mediated Functions

Protection of host cells against complement activation is mediated by a group of cell surface anchored regulatory proteins, to which CR1 belongs to. CR1 prevents unintended complement-mediated injury by decay-accelerating activity of both C3 and C5 convertases and by serving as a co-factor of the serine protease factor I. This promotes factor I-mediated degradation of C3b and C4b, and the cleavage of iC3b to C3c and C3dg (Iida and Nussenzweig, 1981; Masaki et al., 1992). Besides its regulatory function, CR1 also plays a critical role in the clearance of complement-coated ICs (Figure 4). Formation of ICs by binding of multiple antibodies to antigens leads to C3b deposition, causing the opsonized IC to bind to CR1 on erythrocytes. The ICs are subsequently transported to the liver and spleen on the plasma membrane of circulating erythrocytes, where they interact with Fc-receptors and CR1 on macrophages, leading to IC phagocytosis (Cornacoff et al., 1983; Yoshida et al., 1986). After IC delivery, erythrocytes return to the circulation partially lacking CR1 due to proteolytic cleavage during phagocytosis by macrophages, however, CR1 loss on erythrocytes might also be a consequence of erythrocyte maturation (Pascual et al., 1994; Imrie and Jones, 1997; Miot et al., 2002). Ninety-five percent of the CR1 receptors in the peripheral blood circulation are located on erythrocytes, even though the absolute amount of CR1 on erythrocytes is remarkably lower than on neutrophils (950 vs. 57,000 receptors per cell, respectively). However, the high number of circulating erythrocytes makes the clearance of C3b-opsonized ICs by erythrocytes 500–1,000 times more likely than by leukocytes (Siegel et al., 1981).

CR1 activity also modulates humoral immunity since it facilitates the retention of antigens to FDCs in the germinal center within secondary lymphoid organs. CR1 on FDCs will capture complement-opsonized immune complexes that carry antigens, which stimulate follicular B-lymphocytes via the B-cell receptor (BCR) (Fang et al., 1998). Deficiency in C3 or depletion of circulating C3 with cobra venom factor inhibited memory B-lymphocyte formation and showed the indispensable role of C3 opsonization of ICs for appropriate B-lymphocyte function (Klaus and Humphrey, 1977). In addition, a CR1 knock-out mouse model showed a reduced amount of activated B-lymphocytes in the germinal center and a decreased antibody response (Donius et al., 2013).

In mice, CR1 and CR2 are derived from alternative splicing of the Cr2 gene, while in humans they are a product of two distinct but closely linked genes on chromosome 1: CR1 and CR2 [extensively reviewed by (Jacobson and Weis, 2008)]. In addition, CR1 and CR2 expression in mice is limited to B-lymphocytes and FDCs, complicating the use of a mouse model to investigate CR1 functions on myeloid cells. In mice, CR1 still possesses binding sites for C3b and C4b and serves as a cofactor for C3b cleavage by murine factor I, however, its prominent role in phagocytosis and immune adherence is absent (Kinoshita et al., 1985; Molina et al., 1994). Instead, CR1 on FDCs enhances the retention of antigens on their surface to generate an appropriate antibody response by activated B-lymphocytes of the germinal center, as discussed above (Donius et al., 2013). Interestingly, rodents carry the Cr1-related protein Y (Crry) gene, from which the human CR1 gene has evolved, encoding a membrane-bound complement regulatory protein that is expressed in almost every cell type. Thus, it explains the high degree of protein sequence similarity with human CR1, which is translated to a similar effector function, since it also accelerates the decay of C3/C5 convertases and acts as a cofactor for factor I-mediated cleavage of C3b and C4b (Kim et al., 1995). However, the involvement in phagocytosis and adhesion has not been demonstrated yet for Crry, indicating that the mouse homolog for CR1's immune adherence and phagocytosis roles is still unidentified.

The limited research into the phagocytic role of human CR1 has mostly been conducted in the 1980s. The adhesive and phagocytic function of CR1 were mainly assessed through rosette or cluster formation of immunoglobulin and complement-coated sheep erythrocytes to polymorphonuclear leukocytes, monocytes and macrophages, and their subsequent ingestion. The phagocytosis of C3b/C4b-opsonized particles occurs in synergy with CR1 and Fc-receptors on both human and murine neutrophils and macrophages (Mantovani, 1975; Ehlenberger and Nussenzweig, 1977). CR1 is primarily involved in the attachment of C3b-opsonized particles to the cell as shown by the impaired attachment of C3b-coated erythrocytes after anti-CR1 treatment (Newman et al., 1985), whereafter interaction with the Fc-receptors or CR3 mediates phagocytosis (Figure 4) (Fällman et al., 1993). C3 opsonization by itself is not able to trigger CR1-mediated phagocytosis, therefore the presence of IgG complexes is essential to stimulate particle ingestion through its Fc fragments (Newman et al., 1984). CR1 phagocytosis is only mediated after receptor transition from a resting state, in which it binds ligand-coated particles, to an activated state. Even though the biochemical events that account for the shift in activity are unknown, an important role for CR1 phosphorylation has been suggested as PKC stimulation with phorbol myristate acetate (PMA) and PAF enabled phagocytic function by CR1 (Changelian and Fearon, 1986; Bussolino et al., 1989). Likewise, the signaling pathway used by activated CR1 to mediate its effector functions has not yet been characterized.




Complement Receptor of the Immunoglobulin Family (CRIg)


Receptor Characterization

In 2000, a novel human Z39Ig gene on chromosome X was reported, encoding a new member of the immunoglobulin superfamily (Langnaese et al., 2000). A few years later, the complement receptor of the immunoglobulin family (CRIg), also referred to as V-set and Ig domain (VSIG4)/B7 family-related protein or Z39Ig, was identified as a receptor expressed on tissue resident and sinusoidal macrophages, especially hepatic KCs, and more recently also on human monocyte derived dendritic cells (Table 1) (Helmy et al., 2006; Munawara et al., 2019). CRIg is a type 1 transmembrane receptor with two alternatively spliced variants in humans: long huCRIg(L) and short huCRIg(S) (Figure 2). The latter consists only of an extracellular variable (V-type) Ig domain, while huCRIg(L) also contains a constant (C2-type) Ig domain. Mice express only one form of muCRIg with a single Ig V-type domain and therefore resembles the shorter human splice variant.



CRIg-Mediated Functions

CRIg binds to the beta chain of C3b, to iC3b and C3c, and this receptor is required for the binding and phagocytosis of opsonized pathogens from the circulation, thereby limiting systemic bacteremia or parasitemia (Wiesmann et al., 2006). This has been shown by the reduced capture and elimination of S. aureus and L. monocytogenes by the liver KCs in CRIg knock-out mice compared to wild-type mice (Helmy et al., 2006). Also, complement opsonization of parasites has been shown to be indispensable for capture and clearance via CRIg by KCs (Liu et al., 2016). However, other investigators observed that complement depletion did not affect the capture of gram-positive bacteria, suggesting that CRIg may bind microorganisms directly in a complement-independent manner (Zeng et al., 2016). This led to the discovery that CRIg functions as a pattern recognition receptor that recognizes gram-positive bacteria via lipoteichoic acid binding in vitro. Nevertheless, whether this occurs under high shear forces in vivo was questionable (Zeng et al., 2016). Moreover, un-opsonized gram-negative bacteria also displayed an efficient clearance, which cannot be explained by the direct recognition of lipoteichoic acid (Broadley et al., 2016). Therefore, a “dual track clearance” mechanism consisting of parallel “fast” and “slow” clearance of circulating bacteria has been described (Broadley et al., 2016). Circulating bacteria (opsonized or not) are rapidly cleared by the liver KCs via CRIg and scavenger receptors, whereas the slower process of complement opsonization enables a second clearance step via platelet binding and phagocytosis by KCs, also using CRIg. Even though the liver captures and kills >90% of all circulating pathogens, a shift toward spleen clearance has been observed with growing particle size. This mechanism adds another layer to the efficient and fast clearance of circulating bacteria by the liver and spleen. Interestingly, CRIg has also been found to be a negative regulator of T-lymphocyte responses in tissues. CRIg can function as a coinhibitory molecule of the B7/CD28 superfamily, suppressing T-lymphocyte proliferation and cytokine production, thereby maintaining peripheral T-lymphocyte tolerance in healthy tissues (Vogt et al., 2006; Yuan et al., 2017; Munawara et al., 2019). Interestingly, this inhibitory function is regulated by CRIg internalization when bound to C3b or iC3b (e.g., opsonized target), allowing an adequate T-lymphocyte response to progress during tissue inflammation (Fearon et al., 1981; Sengeløv et al., 1994).

Murine KCs express CRIg and CR3 on the plasma membrane, while human KCs additionally express CR1 and CR4. However, none of these receptors on KCs are more involved in pathogen clearance than CRIg. The relationship between CRIg and CR3 was investigated in mice. Even though both receptors are expressed on KCs and share a common ligand, distinct modes of pathogen clearance have been observed. CRIg binds and internalizes opsonized pathogens independently of receptor crosslinking, additional activation stimuli or the presence of divalent cations, which are all indispensable requirements for CR3-mediated phagocytosis (Gorgani et al., 2008). Thus, CR3 contributes rather indirectly to pathogen clearance by the recruitment of neutrophils through their interaction with ICAM-1 (Gregory et al., 2002). The subcellular localization and intracellular trafficking of CRIg also differs from CR3: CRIg is mostly expressed on recycling endosomes where they aid in delivering membrane to the forming phagosome and ensure a sufficient supply of CRIg to the plasma membrane to mediate CRIg-dependent internalization (Helmy et al., 2006). In contrast, CR3 is located in secretory vesicles that fuse with the plasma membrane upon cytokine stimulation. CRIg is not degraded after particle internalization, instead, CRIg is recycled to the endosome pool prior or during phagosome-lysosome fusion. The signaling mechanism induced by CRIg activation is not known. CR3 and CRIg potentially share some intracellular mediators of the CR3 signaling pathway, as they are co-expressed on macrophages and share a common ligand, however, more studies are needed to clarify this.

The ability of CRIg to bind to the beta chain subunit of C3b abrogates the interaction of C3 and C5 convertases of the alternative pathway (Wiesmann et al., 2006). The potential immune regulatory role of CRIg has further been investigated and led to the development of a soluble CRIg-Fc fusion protein with enhanced complement inhibitory efficacy. Because CRIg only blocks complement activation of the alternative pathway, and not the classical or lectin pathway, the novel CRIg-Fc complement inhibitor was thought to have an effect on the progression of diseases in which the alternative pathway contributes greatly. Its benefits were confirmed in mouse models of arthritis, where CRIg-Fc injection caused a reduction of inflammation and bone loss compared to control mice, even when the disease was already established (Katschke et al., 2007). Also, lupus-prone MRL lymphoproliferation (MRL/lpr) mice showed significantly less skin lesions, proteinuria and kidney pathology when treated with CRIg-Fc (Lieberman et al., 2015), and it prevented local and remote tissue injury induced by ischemia-reperfusion (Chen et al., 2011). A novel CRIg/FH fusion protein, combining the extracellular domain of CRIg and the functional domain of factor H, was designed to inhibit both the classical and alternative complement pathway and displayed similar effects in ischemia-reperfusion injury and lupus nephritis (Qiao et al., 2018; Hu et al., 2019; Shi et al., 2019). All together, these results indicate the potential effective role of soluble CRIg proteins in clinical settings of intestinal and renal ischemia-reperfusion injury, SLE, inflammatory arthritis, autoimmune liver disease (Jung et al., 2012) and potentially other diseases in which the alternative pathway is involved.




Complement Receptor 2 (CR2)


Receptor Characterization

CR2 (CD21) is a 145 kDa type 1 membrane bound glycoprotein that comprises 15–16 CCPs (depending on the alternative splicing of one exon), a transmembrane domain and a short 34 amino acid cytoplasmic tail (Figure 2) (Hannan et al., 2002). The receptor structure closely resembles CR1, but lacks a few N-terminal CCP repeats that are known to bind C3b/C4b. Instead, CR2 binds the ligands iC3b, C3dg, and C3d (Molina et al., 1994). In humans, CR2 binds the gp350/220 viral envelope protein of the Epstein-Barr virus (EBV) (Fingeroth et al., 1984), the immunoregulatory protein CD23 (Aubry et al., 1992) and interferon-alpha (Asokan et al., 2006). Szakonyi et al. provided substantial information on the structure of CR2 by determining the crystal structure of CCP1 and CCP2 in complex with C3d at 2.0 Å (Szakonyi et al., 2001). Human CR2 is expressed primarily on mature B-lymphocytes and FDCs, although a subset of peripheral and thymic T-lymphocytes and epithelial cells also express the receptor (Table 1).



CR2-Mediated Functions

CR2 exerts distinct functions depending on ligand binding: (1) On B-lymphocytes, CR2 promotes antigen receptor-mediated signal transduction by the formation of a B-lymphocyte co-receptor complex with the signaling protein CD19 and the tetraspanin CD81. Co-ligation of the B-cell receptor with CR2-CD19-CD81 complexes by C3d-coated antigens/immune complexes can significantly amplify signaling in B-lymphocytes and lower the threshold for B-lymphocyte activation by at least two orders of magnitude (Carter and Fearon, 1992). (2) On FDCs, CR2 mediates the retention of C3-coated antigens, presumably to enhance interactions with B-lymphocytes of the germinal center (Reynes et al., 1985). (3) As a receptor for CD23, one of the main functions of CR2 is the promotion of B-lymphocyte class switching and the increased production of IgE (Aubry et al., 1992). (4) EBV hijacks CR2 for B-cell infection; binding to CR2 initiates the entry of the virus in B-lymphocytes (Tanner et al., 1987).

CR2 is not directly implicated in adhesion or phagocytosis. However, there are indications that CR2 contributes to the pathogenesis of SLE. In patients with SLE, the expression of CR1 and CR2 on B-lymphocytes is decreased by 50% and a CR2 variant with three single nucleotide polymorphisms (SNPs) was associated with a 1.54 increased risk of SLE (Wilson et al., 1986; Wu et al., 2007). However, whether CR2 defects are the consequence or the drivers of the disease is not completely clear. In the mouse model of SLE (MRL/lpr), reduced expression of CR1 and CR2 occurred on B-lymphocytes before the clinical signs of SLE appear (Takahashi et al., 1997). Also, SNPs in the Cr2 gene are sufficient for mice to develop an SLE-like disease (Boackle et al., 2001). Moreover, increased serum levels of antinuclear Abs and anti-DNA Abs have been found in Cr2null mice (Wu et al., 2002). These results indicate a role for CR2 in SLE pathogenesis, however, one must keep in mind that these were obtained in mice, in which a single gene encodes for both CR1 and CR2. Human CR2 has been shown to bind DNA and chromatin in the absence of C3 opsonization, therefore, CR2 deficiency in SLE might also influence the development of autoimmunity in SLE through altered receptor interactions with DNA (Asokan et al., 2013).




Complement Receptors CR3 and CR4


CR3 and CR4-Mediated Functions

Out of all complement receptors, CR3 (CD11b/CD18) is the most widely expressed and a highly versatile receptor. It is expressed by macrophages, monocytes, neutrophils, dendritic cells, NK cells and activated lymphocytes (Table 1) (Ho and Springer, 1982; Ross and Vetvicka, 1993). The importance of CR3 is highlighted by its contribution to both the recruitment of leukocytes (via adhesion) and phagocytosis of targets. CR4, which contains the CD11c α-chain instead, is highly expressed in monocytes, macrophages and DCs, where it mediates similar functions to CR3 (Torres-Gomez et al., 2020a). For a detailed description of CR3 and CR4 structure and motifs, see section β2-Integrin Family Complement Receptors CR3 and CR4.

CR3 and CR4 interact predominantly with iC3b to promote phagocytosis, a fragment that is generated from factor I-dependent cleavage of C3b (Beller et al., 1982; Keizer et al., 1987). In general, presence of iC3b-opsonized particles is not sufficient to induce CR3-mediated phagocytosis. CR3 requires inside-out activation which includes a receptor conformational change into the high-affinity “extended” and “open” state (E+H+) and receptor clustering in the membrane, together resulting in efficiently binding and internalizing iC3b-opsonized particles. Integrin clustering has been found to be indispensable for ligand binding and receptor signaling, with FcγR stimulation promoting CR3 aggregation in phagocytic cups by enhancing the receptor's lateral mobility (Jongstra-Bilen et al., 2003). Also, ligand binding to CR3 was enhanced in neutrophils with increased receptor clustering after PMA stimulation, with loss of clustering correlating with a loss in receptor activity (Detmers et al., 1987). The stimuli for inside-out signaling include inflammatory cytokines (TNF-α), chemokines, N-formylmethionine-leucyl-phenylalanine (fMLP), TLR agonists and adhesion to extracellular matrix (laminin, fibronectin) (Sampson et al., 1991). These lead to inside-out activation via the Rap1-RIAM-Talin pathway. Genetic ablation of these proteins leads to defects in complement-mediated phagocytosis, as illustrated by impaired adhesion, phagocytosis and ROS production by RIAM-deficient phagocytes in vitro, and signs of LAD in RIAM knockout mice in vivo (Klapproth et al., 2015; Torres-Gomez et al., 2020b). Inside-out signaling drives the phosphorylation of CD18 on serine residues, but not of the alpha chains (CD11b or CD11c), which are constitutively phosphorylated (Chatila et al., 1989; Fagerholm et al., 2006). These phosphorylations, although originating differently, are both required for CR3- and CR4-mediated leukocyte adhesion and phagocytosis.

Ligand binding initiates a phagocytic signal that promotes particle internalization via a signaling pathway that relies on well-defined molecular players, described in detail in section Introduction to Phagocytosis. It requires Arp2/3 and mDia-mediated actin polymerization, and Rho activity. Actin polymerization that drives the phagosomal cup expansion is coupled to integrins via the activity of tyrosine kinases (e.g., Src and Syk) and binding to talin and vinculin which create anchoring points for the force transmission from actin polymerization (Jaumouille et al., 2019). Besides iC3b, a wide range of unrelated ligands are also capable of interacting with CR3, including but not limited to fibrinogen, factor X, neutrophil inhibitory factor (NIF), collagen, denatured proteins and plastics (Yakubenko et al., 2002). Studies with inhibitory mAbs directed to multiple regions of this receptor showed that the I domain of CR3 contains multiple overlapping ligand binding sites which are responsible for the receptor's broad ligand specificity (Diamond et al., 1993). Within this domain, three amino acids (Phe246, Asp254, Pro257) were identified as critical for CR3-dependent ligand binding (Yakubenko et al., 2002). Although CR3 and CR4 interact with a number of unrelated ligands with no clear receptor consensus motif, the MIDAS of the I domain is apparently a common ligand recognition site for both receptors (Vorup-Jensen and Jensen, 2018). In addition to the I domain, a unique lectin domain, located C-terminally to the I domain, participates in the binding of microbial carbohydrates (e.g., beta-glucan) (Ross et al., 1987). The binding of cell wall carbohydrates to the lectin domain serves as an additional signal to mediate phagocytosis of iC3b-opsonized fungi (Cain et al., 1987). In addition, the lectin domain has been shown to be responsible for the non-opsonized phagocytosis properties of CR3, as demonstrated by the phagocytosis of non-opsonized zymosan (Le Cabec et al., 2002).

Although CR3 and CR4 share a high degree of homology, functional differences between these receptors are becoming progressively clearer. For instance, CR3 and CR4 bind iC3b differently (Xu et al., 2017). CR3 binds iC3b at two separate sites, which are distinct from the two iC3b-binding sites found in CR4. Moreover, CR3 has generally more affinity toward positively-charged ligands, such as major basic protein in the brain and the antimicrobial peptide LL-37. On the other hand, CR4 binds well to heparin and osteopontin, both highly negative molecules (Vorup-Jensen and Jensen, 2018). CR3 and CR4 may also differ in which function they perform preferentially in cells. Studies in vitro suggested CR3 as the main phagocytic receptor for iC3b-opsonized bacteria, whereas CR4 predominated as an adhesion molecule for monocytic cells (Erdei et al., 2019). In alveolar macrophages, CR3 mediated the majority of the attachment to C3-opsonized sheep erythrocytes, whereas CR4, although more abundant, had a minor role. That disparity was correlated to differences in plasma membrane motility of CR3 and CR4, with CR4 being less mobile (Ross et al., 1992). Also, there is only 56% homology between the cytoplasmic tail of CR3 α and CR4 α, indicating cytoplasmatic structural differences that might affect the binding of signaling molecules, possibly contributing to some distinct receptor functional properties (Ross et al., 1992).

Deficiencies in CR3 and CR4 recapitulate in many ways the deficiency of complement components, such as in the susceptibility to recurrent infections (Rosetti and Mayadas, 2016). These are of particular importance in CR3 and CR4 since the receptors not only control phagocytosis of opsonized material, but of unrelated ligands and also mediate the recruitment of leukocytes. CD11b deficiency leads to more severe sepsis and larger bacterial load in a model of murine cecal-ligation and puncture (Liu et al., 2014). Similarly, mice infected with S. aureus (Flick et al., 2004) or S. pneumoniae (Prince et al., 2001) have increased bacteremia and mortality when lacking a functional CR3. Deficiency in CD18 causes LAD-I, characterized by frequent life-threatening infections, elevated neutrophil numbers in the bloodstream, and impaired wound healing. Patients with LAD-I-related mutations in CD18 present reduced expression of CR3 and functional defects, such as low binding to iC3b, bovine serum albumin and fibrinogen (Hogg et al., 1999; Mathew et al., 2000). Some unexpected aspects of infection are also revealed in the absence of CR3 and CR4. Phagocytosis of the pathogen C. neoformans requires complement receptors, although it does not require complement opsonization (Taborda and Casadevall, 2002). Antibody mediated blockade of CR3 and CR4, or deficiency in CD18 impaired macrophage phagocytosis of the yeast significantly, which was triggered by glucuronoxylomannan molecules exposed at the yeast capsule. Moreover, the gram-negative bacteria F. tularensis subvert the complement system to foster bacterial survival. F. tularensis is phagocytosed by DCs in a C3-, CR3-, and CR4- dependent manner, however, this internalization mechanism stimulates proinflammatory cytokine production, intracellular bacterial growth and DC death instead (Ben Nasr et al., 2006).

Complement is also involved in the clearance of dead cells. C3 opsonization and CR3 are required for the clearance of apoptotic Jurkat cells by macrophages in vitro. Antibody blockade of C3 or CR3 was able to inhibit apoptotic cell clearance significantly, whereas CR4 blockade had a partial effect (Takizawa et al., 1996). An interesting observation by Mevorach et al. was that addition of serum to assays of apoptotic cell phagocytosis increased the uptake efficiency several fold (Mevorach et al., 1998). In this study, complement deposition was induced, among other factors, by exposed phosphatidylserine in apoptotic cells. Interestingly, it was shown that transfection of CHO cells with CR3 alone is sufficient to promote phagocytosis of apoptotic bodies by CHO cells. More recently, numerous studies implicated CR3 and CR4 also in the clearance of necrotic cells (Gaipl et al., 2001; Gullstrand et al., 2009). It was shown that complement factors C1q and C3 bound preferentially to necrotic cells over apoptotic cells in vitro, which drove their phagocytosis by macrophages. In addition, CR3 and CR4 present a variety of scavenging functions that are independent of opsonization, such as its binding to nucleic acids, glycosaminoglycans and denatured proteins (Vorup-Jensen and Jensen, 2018). Both receptors, but especially CR3, are hypothesized to assist in the prevention of autoimmunity and inflammation by promoting debris clearance. In line with this, genome-wide association studies have identified 3 SNPs that are strongly associated with the development of SLE (Nath et al., 2008; Faridi et al., 2017). These SNPs are located in the ITGAM gene and result in a variety of dysfunctions of CD11b, including reduced integrin activation, leukocyte adhesion, ligand binding and phagocytosis. Moreover, the defective CD11b variants cause an excessive production of type I interferon, which drives SLE development and severity (Faridi et al., 2017).





CONCLUSION

In this review, the role of complement and complement receptors in the regulation of immunity and inflammation was discussed, with a focus on their function in leukocyte recruitment and phagocytosis in several tissues. Activation of complement anaphylatoxin receptors C3aR and C5aR mainly mediates chemotaxis of leukocytes to inflammatory sites for pathogen clearance or tissue regeneration. C5L2 is additionally involved in regulation of C5aR signaling, by exerting both immune suppressive as immune activating functions. Activation of anaphylatoxin- and other GPCRs during rolling is essential for further leukocyte transmigration into inflamed tissues, which is mediated by activation of CR3, CR4 and other integrins. After extension by inside-out and outside-in signaling, they participate in firm endothelial adhesion, diapedesis and leukocyte chemotaxis toward the inflammatory trigger. Within tissues, activated CR3 and CR4 are involved in phagocytosis by mainly interacting with iC3b-opsonized pathogens. Moreover, complement receptors CR1, CRIg and CR2 are interacting with several components of the complement cascade, as such contributing to complement-mediated phagocytosis and cell-type specific immune regulatory roles. The importance of a correctly functioning complement system is highlighted by diseases such as LAD and SLE, which are characterized by deficiencies in leukocyte extravasation and phagocytosis due to impaired complement molecules. Differences in complement proteins between mice and men and the differences in cells that express specific complement receptors in both species do not facilitate research on molecular pathways and partially explain remaining knowledge gaps. Examples are our lack of understanding on the mechanisms that allow CR3 to either stimulate phagocytosis or cell migration depending on the type of ligand bound. Novel therapies targeting the complement system have great beneficial potential in a number of kidney, brain and articular diseases, highlighting the significance of further research on complement receptor function and regulation.
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Leukocytes are among the most mobile and versatile cells that have many essential functions in homeostasis and survival. Especially cells from the innate immune system, i.e., neutrophils and macrophages, play an important role as rapid first responders against invading microorganisms. With the advent of novel imaging techniques, new ways of visualizing innate immune cells have become available in recent years, thereby enabling more and more detailed discoveries about their nature, function and interaction partners. Besides intravital spinning-disc and 2-photon microscopy, clearing and 3D-imaging techniques provide new insights into the mechanism of innate immune cell behavior in their natural environment. This mini review focuses on the contributions of novel-imaging techniques to provide insight into the functions of neutrophils and macrophages under homeostasis and in infections. Imaging setups for different organs like the liver, kidney, heart, lung, and the peritoneal cavity are discussed as well as the current limitations of these imaging techniques.
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INTRODUCTION

The immune system is composed of many different cell types distributed throughout the body. While some immune cells are sessile, most are very motile, and able to migrate in tissues. Intravital microscopy had a huge impact on our understanding of the immune system as it is the only technique that allows to simultaneously study structure and function at a cellular to subcellular level with high spatial and temporal resolution in vivo.

The first attempt of looking into vessels to observe moving cells dates back more than a century ago (Pittet and Weissleder, 2011). Since then, imaging techniques have developed a lot and nowadays it is possible to visualize the immune processes taking place in almost every organ—brain, eye, lung, heart, lymph node, joints, spleen, liver, gut, kidney, bladder, peritoneal cavity, mammary ducts and more using experimental mouse, or rat models. The development of better and faster microscopy techniques had a tremendous impact. We moved from simple light microscopy to more complex techniques. From confocal microscopy including laser scanning (LSM) and spinning-disc (SDM), to multiphoton microscopy (MP). In confocal microscopes the light is focused on a single point and the emitted fluorescence goes thru a pinhole before reaching the detector, which results in less out-of-focus fluorescence. However, scanning the specimen point by point slows the process down significantly. A spinning-disc setup consists of multiple pinholes on a rotating disc which speeds up the scanning process significantly thereby allowing to capture fast events like bacteria or platelets moving in the blood stream in real time. However, the penetration depth of LSM and SDM are limited and in dense organs like the kidney, much better results are obtained with MP excitation. In 2-photon imaging, a pulsed-laser directs two exciting photons of about half the energy to the specimen. When these two low energy photons hit a fluorophore, they cause excitation to the same level as one high-energy photon, which contributes to a very specific focal point. Compared to single-photon imaging, no pinhole is necessary for a single focus point and in combination with the use of longer wavelengths this results in less out-of-focus excitation and reduced photodamage (Ntziachristos, 2010). The choice between using LSM/SDM or MP depends largely on the tissue and phenomenon of interest. In Table 1 we give an overview about the microscopy techniques mostly used for intravital imaging and their properties regarding speed, versatility, and imaging depth.


Table 1. Overview of microscopy techniques.
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Although intravital imaging is indispensable to gain insights into dynamic processes, it is important to know its limitations. The biggest is the imaging depth. Even with MP it is usually not possible to penetrate the whole tissue. The kidney is a very good example for this limitation. LSM/SDM is able to give beautiful details about the tubules in the outer layer of the cortex and new MP techniques allow to easily observe glomeruli which are located at the beginning of nephrons deep inside the kidney cortex, but until today it is almost impossible to image the medulla region with intravital techniques since it is located even further inside the dense kidney tissue. That is the point where clearing techniques can add valuable knowledge at least about the 3D spatial location of cells (Figure 1). Cleared organs can be analyzed with lightsheet microscopes to get an overview or with confocal techniques to image smaller structures at high resolution. Regardless of the microscopy techniques, another important point to always keep in mind is that the dark matter matters and can make up a big portion of the organs and cells we look at, as we can only see what is labeled or what is auto-fluorescent. In the following sections we summarize recent findings regarding neutrophils and macrophage behavior that could not have been achieved without intravital imaging or lightsheet microscopy.


[image: Figure 1]
FIGURE 1. Imaging the mouse kidney and liver using different microscopy techniques. (A) Outer kidney cortex imaged using spinning-disc microscopy (left) showing autofluorescent tubules (green) and F4/80+ macrophages (red). Images obtained using 2-photon microscopy (center) at 100 and 250 μm tissue penetration showing vasculature (albumin, gray) with glomeruli (white-dotted circle) and autofluorescent tubulues (yellow). Lightsheet microscopy image showing a cross-section of the whole kidney (right) with vasculature stained (CD31, gray) and glomeruli (bright spots). The areas that can be visualized with each technique are indicated with colored boxes. Lightsheet image was provided by Dr. Alexander Böhner, Bonn. Sub-figure was created with BioRender.com. (B) Mouse liver was imaged using spinning-disc microscopy showing capture of bacteria (bright green) by Kupffer cells (F4/80, red) over time (timestamp top right); hepatocytes are autofluorescent (dark green).



Visualizing the Rapid Capture of Bacteria Through Kupffer Cells in the Liver

Cellular interactions under dynamic conditions outside of solid tissues, e.g., in the bloodstream can be transient or permanent. Investigating this type of interactions using standard tissue histology can only provide a snapshot with no insight into the true nature of the interaction observed. Since the formation and dissolution of such interactions can be very fast, visualization requires high-imaging speed that can be provided by state-of-the-art spinning-disk intravital microscopy (SD-IVM) or microscopes using very fast (resonant) scanners.

One example of such an interaction which is rapidly formed and permanent is the removal of bacteria from the bloodstream. Using SD-IVM it was shown that sequestration of blood-borne staphylococci occurs by Kupffer cells, the tissue resident macrophages of the liver residing in the sinusoids (Surewaard et al., 2016). Importantly, no sequestration takes place by sinusoidal endothelial cells, hepatocytes or other liver cells. One explanation might be that hepatocytes have no direct access to the bloodstream and endothelial cells lack CRIg, the complement receptor required to trap Staphylococcus aureus under shear conditions (Helmy et al., 2006). SD-IVM was essential in identifying that CRIg directly binds to lipoteichoic acid—a cell wall component of gram-positive bacteria—independent of complement proteins or antibodies (Zeng et al., 2016).

Modern SDMs are not only able to image a large field of view e.g., to follow the fate of dozens of Kupffer cells; Using high magnification objectives allows to zoom into single cells and observe the processes unfold once bacteria have been phagocytosed. While the vast majority is destroyed by means of reactive oxygen species, a small fraction of staphylococci is able to survive and proliferate inside Kupffer cells after they have been phagocytosed (Surewaard et al., 2016)—hidden from the surveillance program of the innate immune system.

SD-IVM further helped to demonstrate that during staphylococcal infection, when bacteria are caught, platelets start to adhere to Kupffer cells, and help clearing bacteria through their von Willebrand factor (vWF) and fibrinogen receptors GPIb and integrin αIIbβ3, respectively (Wong et al., 2013). During sepsis, platelet aggregates can block blood vessels (van der Poll et al., 2017). Severity of S. aureus sepsis correlates with expression levels of its virulence factor α-toxin (Jenkins et al., 2015). A recent study using SD-IVM of the mouse liver and 2-photon IVM of the mouse kidney visualized the events following intravascular α-toxin injection and observed rapid platelet aggregation formation in the liver sinusoids and kidney glomeruli causing organ damage (Surewaard et al., 2018). Intravital microscopy therefore helped to unravel the Janus face of platelets in S. aureus bacteremia: On the one hand they assist Kupffer cells in clearing bacteria, on the other hand S. aureus α-toxin causes excessive platelet aggregation leading to organ dysfunction.

Solid organ transplantation offers a new lease on life to thousands of patients worldwide every year. To prevent graft rejection, patients have to be on lifelong immunosuppression after transplantation, which increases their risk of infection. In fact, infections are a leading cause of morbidity and mortality in the first year post-transplantation (Fishman and Issa, 2010). S. aureus, especially methicillin-resistant S. aureus (MRSA) is a serious threat to liver transplant recipients. Studies show that over 20% of patients develop MRSA infections with a mortality rate of 86% from MRSA pneumonia and 6% from catheter-related bacteremia (Singh et al., 2000). This was confirmed in a recent retrospective analysis of 2,700 transplant recipients that observed significantly increased likelihood of S. aureus infection in patients taking tacrolimus, a calcineurin inhibitor that is used to prevent graft rejection. In a mouse model of MRSA-induced sepsis using SD-IVM the authors observed that bacteria were more likely to disseminate and kill the host in tacrolimus-treated mice. Intravital imaging helped to uncover the underlying mechanism: reduced capacity of Kupffer cells to capture, phagocyte and destroy the bacteria (Deppermann et al., 2020).

Women show significantly lower disease severity and mortality from sepsis caused by Gram-negative bacteria such as Escherichia coli (Klein and Flanagan, 2016) suggesting they might be better at clearing bacteria from the bloodstream. Indeed, a sex difference in the capture of blood-borne bacteria by Kupffer cells could be shown using SD-IVM (Zeng et al., 2018). The female advantage was based on pre-existing antibodies against certain oligosaccharides in the bacterial lipopolysaccharide which were transferrable to pubs to provide protection during infancy. The fact that this antibody could also be found in humans demonstrates how useful intravital microscopy can be for preclinical studies which then also translate into the clinic.



Visualizing Fast Platelet-Kupffer Cell Interactions Using SD-IVM

Platelets are small, anucleated cell fragments derived from bone marrow megakaryocytes that patrol the vasculature to maintain hemostasis. The human body produces 100 billion platelets every single day that circulate in the bloodstream for several days (Quach et al., 2018). At the end of their lifespan, platelets are cleared in the liver by a process that is incompletely understood (Aster, 1969). Previously, it had been suggested that platelets become desialylated as they circulate, that old platelets are phagocytosed by hepatocytes through their Ashwell-Morell receptor causing thrombopoietin production which then drives platelet production (Grozovsky et al., 2015). A recent study applied intravital microscopy to investigate the specific contributions of endothelial cells, hepatocytes and Kupffer cells in the clearing of aged, desialylated platelets. Using SD-IVM they found frequent interactions of platelets with Kupffer cells under steady-state conditions. The vast majority of interactions was short-lived, however, there was a small population that formed long-term interactions, which is in-line with previous studies describing continuous “touch-and-go” activity of platelets in the sinusoids of the liver (Wong et al., 2013). Using 3D reconstructions of z-stacks recorded of the liver, they found that indeed a small percentage of platelets is constantly being taken up by Kupffer cells. Upon desialylation, the vast majority of platelets rapidly bound to and was phagocytosed by Kupffer cells, with only a few binding to endothelial cells and basically none to hepatocytes. This unambiguously showed for the first time that Kupffer cells play an important role in the clearance of aged, desialylated platelets (Deppermann et al., accepted).



Visualizing Neutrophil Extracellular Trap Formation

Neutrophil extracellular traps (NETs) are DNA filaments released from activated neutrophils coated with histones, proteases, and other granular proteins that entangle bacteria to support pathogen elimination. NET formation also takes place during sterile inflammation, e.g., in autoimmunity, coagulation and cancer (Jorch and Kubes, 2017) an can lead to organ damage (Jimenez-Alcazar et al., 2017). SD-IVM and resonance-scanning confocal intravital microscopy were used in combination with a mouse model of sepsis to show significant platelet aggregation, thrombin activation and fibrin clot formation downstream or within NETs in vivo. Thrombin generation was visualized using an internally quenched Förster resonance energy transfer (FRET) substrate. Active thrombin cleaves the FRET substrate resulting in the release of a fluorescent green dye. NET degradation via DNase infusion significantly reduced thrombin generation and platelet aggregation (McDonald et al., 2017).

Neutrophils are an essential part of the innate immunity and provide a first line of dense against invading bacteria and other pathogens. However, they are also recruited to sterile injury through tissue damage signals and this has been elegantly demonstrated in a study using a mouse model of focal hepatic necrosis and SD-IVM. Mice expressing enhanced green fluorescent protein under the control of the lysozyme M promoter (LysM-eGFP) were used to visualize the rapid “sprint” of neutrophils toward the injury site (McDonald et al., 2010). Besides ATP released from the injury, platelets surrounding the site were necessary for neutrophil recruitment and subsequent repair (Slaba et al., 2015).



Immune Cells and Bacteria in the Peritoneal Cavity

The peritoneum harbors a large number of immune cells including B cells, mast cells, and different types of macrophages but under steady-state conditions no neutrophils. These peritoneal macrophages have been often used for in vitro experiments as they are easy to isolate. The number of studies that actually investigate the role of these cells in their natural environment in vivo, however, is limited. A phenomenon known since a long time is the “macrophage disappearance reaction” (Nelson, 1963). After injection of inflammatory stimuli like lipopolysaccharide or zymosan the macrophages become irretrievable through peritoneal lavage. Recently, two studies used different microscopy approaches that helped to understand the disappearance reaction. One study investigated the dissemination of S. aureus after it escaped from the liver Kupffer cells. Surprisingly, they discovered that the mesothelium of the liver ruptures and bacteria disseminate into the peritoneal cavity. There, S. aureus was first phagocytosed by large peritoneal macrophages (LPMs) thereby “hiding” the bacteria from detection by neutrophils. The LPMs were not able to kill S. aureus and in fact got overgrown and killed themselves from the bacteria within. At that point, neutrophils arrived in the peritoneal cavity. LPMs, which have been infected in vivo by bacteria that previously escaped KCs, were harvested to image them in culture ex vivo with common fluorescence microscopy. This rather straightforward-imaging technique nicely demonstrated that almost all LPMs got overgrown and killed by S. aureus while the neutrophils that infiltrated the peritoneal cavity at later time points were able to kill the bacteria (Jorch et al., 2019). The second recent paper, which directly investigated the macrophage disappearance reaction, used for the first time 2-photon IVM to visualize the inside of the closed peritoneal cavity. This imaging revealed that the macrophages are free floating and non-adherent under homeostasis but became adherent after i.p. injection of zymosan or E. coli. Coagulation factor V expression on the peritoneal macrophages was needed to form clots of macrophages and bacteria, which in turn was necessary to control bacterial expansion (Zhang et al., 2019). While imaging the closed peritoneal cavity could benefit other studies than peritonitis e.g., to investigate the immune- and cancer cell interactions in peritoneal metastatic disease which often arise from primary colorectal and ovarian carcinoma, it still has its limitations regarding depth and areas that can be observed. The macrophage-bacteria clots were isolated from the cavity and imaged ex vivo (Zhang et al., 2019). This gives two possible explanations for the macrophage disappearance reaction: Either the macrophages die during systemic infections or they become adherent and cannot be isolated anymore in the peritonitis model. It would be interesting to use intravital imaging to find out if in the systemic model clots are also formed and the macrophages become adherent, as maybe both mechanisms go hand in hand and the macrophages die after they formed clots.



Imaging Macrophages in Organs With Natural Motions

Cavity macrophages do not only exist in the peritoneum, they also appear in other body cavities like the lung or the heart. Both organs are not trivial to use for intravital imaging because of their inherent motion. After myocardial infarction, macrophages play a central role in functional recovery of the heart. Until recently it was believed that recruited macrophages are exclusively monocyte-derived and induce a proinflammatory response (Heidt et al., 2014) while resident macrophages could proliferate locally and contribute to healing and non-healing responses (Epelman et al., 2014; Dick et al., 2019). Imaging the cleared infarcted heart in combination with reporter mice has revealed a new population of pericardial cavity macrophages that relocate from the pericardial cavity to the ischemic heart and help to prevent post-injury cardiac fibrosis (Deniset et al., 2019). Recently, using cleared heart tissue and lightsheet microscopy, cardiac-resident macrophages were found to contribute to mitochondrial homeostasis in the heart and prevent ventricular dysfunction (Nicolas-Avila et al., 2020). Regarding intravital imaging of the heart, there have been a few different approaches including high frame rate imaging, micro-endoscopy or mechanical stabilization but all of these studies have been limited to the epicardial layer because of limitations of imaging depth. However, micro-endoscopy provided evidence that following acute myocardial infarction, monocytes are first recruited from the vascular reservoir and later from the spleen (Jung et al., 2013). More details about the current standard of intravital imaging of the heart are reviewed and summarized in Allan-Rahill et al. (2020).

For the lung the most widely used imaging technique involves placing an imaging window its surface while applying gentle suction (Looney et al., 2011). Using this technique in combination with SD-IVM, Neupane and colleagues could now demonstrate that, contrary to previous assumptions, alveolar macrophages are not sessile and are able to crawl from one alveolus to another through pores. Inhaled bacteria causes chemotaxis and phagocytosis of the intruders and blocking this process resulted in inflammation including neutrophil recruitment (Neupane et al., 2020). While of disadvantage in the peritoneal cavity, in the lung, where the alveoli are in contact with non-sterile air under homeostasis, it makes sense that inhaled bacteria are phagocytosed by macrophages without the recruitment of neutrophils that could cause further tissue damage.



Imaging the Kidney

Examining the kidney with intravital microscopy is challenging because of the high tissue density and therefore limited penetration depth. As demonstrated in Figure 1, imaging the cortex region is possible using SD-IVM. Using this approach, Sedin and colleagues could recently demonstrate, that after light-induced sterile tissue injury and after microinfusion of uropathogenic E. coli into a single nephron, neutrophils rapidly accumulated at the injury or infection site while the number of renal mononuclear phagocytes was not increased (Sedin et al., 2019). However, this study does not reflect the usual transition of bacteria from the bladder to the kidneys via the ureter. To detect ascending bacteria with intravital approaches at least 2-photon IVM is necessary. An even more elegant approach would be the usage of an abdominal imaging window on the kidney. This approach allows to observe the same kidney over time and was used to study renal epithelial cells and podocytes (Schiessl et al., 2020) but not yet to investigate immune cells in pyelonephritis or other pathophysiologic conditions like acute kidney injury or glomerulonephritis that progress over time. Nevertheless, the limited tissue penetration will most likely not allow to study the medulla region of the kidneys. Here, clearing techniques become relevant to at least be able to investigate the specimen in a spatial manner, as the organs can first be screened with lightsheet microscopy and afterwards, for better resolution, the region of interest of the cleared organ can be analyzed with 2-photon microscopy. As cleared organs can be imaged from all sides and penetration of light is much deeper, it is usually possible to visualize the region of interest. Lightsheet microscopy helped to determine the total number of glomeruli and their capillary tufts size in mice, which allowed to quantify the average creatinine clearance rate per glomerulus under steady-state and experimental nephrotoxic nephritis, where first the average creatinine clearance rate per glomerulus decreases followed by the total number of glomeruli (Klingberg et al., 2016).




CONCLUSION AND PERSPECTIVE

Intravital imaging has provided new insights into immunologic processes in a large number of organs and diseases. Combining mouse models with IVM has helped us understand (patho)physiologic processes and to unravel the underlying mechanisms. With IVM and relevant mouse models becoming more widely available, we expect that it will help to solve research questions in many different fields.



AUTHOR CONTRIBUTIONS

SJ and CD conceptualization. SJ and CD writing—original draft. SJ and CD writing—review and editing. Both authors contributed to the article and approved the submitted version.



FUNDING

SJ is funded by the Deutsche Forschungsgemeinschaft (DFG, German Research Foundation) under Germany's Excellence Strategy—EXC2151−390873048.



REFERENCES

 Allan-Rahill, N. H., Lamont, M. R. E., Chilian, W. M., Nishimura, N., and Small, D. M. (2020). Intravital microscopy of the beating murine heart to understand cardiac leukocyte dynamics. Front. Immunol. 11:92. doi: 10.3389/fimmu.2020.00092

 Aster, R. H. (1969). Studies of the fate of platelets in rats and man. Blood 34, 117–128. doi: 10.1182/blood.V34.2.117.117

 Deniset, J. F., Belke, D., Lee, W. Y., Jorch, S. K., Deppermann, C., Hassanabad, A. F., et al. (2019). Gata6(+) pericardial cavity macrophages relocate to the injured heart and prevent cardiac fibrosis. Immunity 51, 131–40 e5. doi: 10.1016/j.immuni.2019.06.010

 Deppermann, C., Kratofil, R. M., Peiseler, M., David, B. A., Zindel, J., Castanheira, F., et al. (2020). Macrophage galactose lectin is critical for Kupffer cells to clear aged platelets. J. Exp. Med. 217:20190723. doi: 10.1084/jem.20190723

 Deppermann, C., Peiseler, M., Zindel, J., Zbytnuik, L., Lee, W. Y., Pasini, E., et al (accepted). Tacrolimus impairs Kupffer cell capacity to control bacteremia: why transplant recipients are susceptible to infection. Hepatology. doi: 10.1002/hep.31499.

 Dick, S. A., Macklin, J. A., Nejat, S., Momen, A., Clemente-Casares, X., Althagafi, M. G., et al. (2019). Self-renewing resident cardiac macrophages limit adverse remodeling following myocardial infarction. Nat. Immunol. 20, 29–39. doi: 10.1038/s41590-018-0272-2

 Epelman, S., Lavine, K. J., Beaudin, A. E., Sojka, D. K., Carrero, J. A., Calderon, B., et al. (2014). Embryonic and adult-derived resident cardiac macrophages are maintained through distinct mechanisms at steady state and during inflammation. Immunity 40, 91–104. doi: 10.1016/j.immuni.2013.11.019

 Fishman, J. A., and Issa, N. C. (2010). Infection in organ transplantation: risk factors and evolving patterns of infection. Infect. Dis. Clin. North Am. 24, 273–283. doi: 10.1016/j.idc.2010.01.005

 Grozovsky, R., Begonja, A. J., Liu, K., Visner, G., Hartwig, J. H., Falet, H., et al. (2015). The Ashwell-Morell receptor regulates hepatic thrombopoietin production via JAK2-STAT3 signaling. Nat. Med. 21, 47–54. doi: 10.1038/nm.3770

 Heidt, T., Courties, G., Dutta, P., Sager, H. B., Sebas, M., Iwamoto, Y., et al. (2014). Differential contribution of monocytes to heart macrophages in steady-state and after myocardial infarction. Circ. Res. 115, 284–295. doi: 10.1161/CIRCRESAHA.115.303567

 Helmy, K. Y., Katschke, K. J. Jr., Gorgani, N. N., Kljavin, N. M., Elliott, J. M., et al. (2006). CRIg: a macrophage complement receptor required for phagocytosis of circulating pathogens. Cell 124, 915–927. doi: 10.1016/j.cell.2005.12.039

 Jenkins, A., Diep, B. A., Mai, T. T., Vo, N. H., Warrener, P., Suzich, J., et al. (2015). Differential expression and roles of Staphylococcus aureus virulence determinants during colonization and disease. mBio 6, e02272–e02214. doi: 10.1128/mBio.02272-14

 Jimenez-Alcazar, M., Rangaswamy, C., Panda, R., Bitterling, J., Simsek, Y. J., Long, A. T., et al. (2017). Host DNases prevent vascular occlusion by neutrophil extracellular traps. Science 358, 1202–1206. doi: 10.1126/science.aam8897

 Jorch, S. K., and Kubes, P. (2017). An emerging role for neutrophil extracellular traps in noninfectious disease. Nat. Med. 23, 279–287. doi: 10.1038/nm.4294

 Jorch, S. K., Surewaard, B. G., Hossain, M., Peiseler, M., Deppermann, C., Deng, J., et al. (2019). Peritoneal GATA6+ macrophages function as a portal for Staphylococcus aureus dissemination. J. Clin. Investig. 129, 4643–4656. doi: 10.1172/JCI127286

 Jung, K., Kim, P., Leuschner, F., Gorbatov, R., Kim, J. K., Ueno, T., et al. (2013). Endoscopic time-lapse imaging of immune cells in infarcted mouse hearts. Circ. Res. 112, 891–899. doi: 10.1161/CIRCRESAHA.111.300484

 Klein, S. L., and Flanagan, K. L. (2016). Sex differences in immune responses. Nat. Rev. Immunol. 16, 626–638. doi: 10.1038/nri.2016.90

 Klingberg, A., Hasenberg, A., Ludwig-Portugall, I., Medyukhina, A., Mann, L., Brenzel, A., et al. (2016). Fully automated evaluation of total glomerular number and capillary tuft size in nephritic kidneys using lightsheet microscopy. J. Am. Soc. Nephrol. 28, 452–459. doi: 10.1681/ASN.2016020232

 Looney, M. R., Thornton, E. E., Sen, D., Lamm, W. J., Glenny, R. W., and Krummel, M. F. (2011). Stabilized imaging of immune surveillance in the mouse lung. Nat. Methods 8, 91–96. doi: 10.1038/nmeth.1543

 McDonald, B., Davis, R. P., Kim, S. J., Tse, M., Esmon, C. T., Kolaczkowska, E., et al. (2017). Platelets and neutrophil extracellular traps collaborate to promote intravascular coagulation during sepsis in mice. Blood 129, 1357–1367. doi: 10.1182/blood-2016-09-741298

 McDonald, B., Pittman, K., Menezes, G. B., Hirota, S. A., Slaba, I., Waterhouse, C. C., et al. (2010). Intravascular danger signals guide neutrophils to sites of sterile inflammation. Science 330, 362–366. doi: 10.1126/science.1195491

 Nelson, D. S. (1963). Reaction to antigens in vivo of the peritoneal macrophages of guinea-pigs with delayed type hypersensitivity. Effects of anticoagulants and other drugs. Lancet 2, 175–176. doi: 10.1016/S0140-6736(63)92808-3

 Neupane, A. S., Willson, M., Chojnacki, A. K., Vargas, E. S. C. F., Morehouse, C., Carestia, A., et al. (2020). Patrolling alveolar macrophages conceal bacteria from the immune system to maintain homeostasis. Cell. 183, 110–125.e11. doi: 10.1016/j.cell.2020.08.020

 Nicolas-Avila, J. A., Lechuga-Vieco, A. V., Esteban-Martinez, L., Sanchez-Diaz, M., Diaz-Garcia, E., Santiago, D. J., et al. (2020). A network of macrophages supports mitochondrial homeostasis in the heart. Cell 183, 94–109 e23. doi: 10.1016/j.cell.2020.08.031

 Ntziachristos, V. (2010). Going deeper than microscopy: the optical imaging frontier in biology. Nat. Methods 7, 603–614. doi: 10.1038/nmeth.1483

 Pittet, M. J., and Weissleder, R. (2011). Intravital imaging. Cell 147, 983–991. doi: 10.1016/j.cell.2011.11.004

 Quach, M. E., Chen, W., and Li, R. (2018). Mechanisms of platelet clearance and translation to improve platelet storage. Blood 131, 1512–1521. doi: 10.1182/blood-2017-08-743229

 Schiessl, I. M., Fremter, K., Burford, J. L., Castrop, H., and Peti-Peterdi, J. (2020). Long-term cell fate tracking of individual renal cells using serial intravital microscopy. Methods Mol. Biol. 2150, 25–44. doi: 10.1007/7651_2019_232

 Sedin, J., Giraud, A., Steiner, S. E., Ahl, D., Persson, A. E. G., Melican, K., et al. (2019). High resolution intravital imaging of the renal immune response to injury and infection in mice. Front. Immunol. 10:2744. doi: 10.3389/fimmu.2019.02744

 Singh, N., Paterson, D. L., Chang, F. Y., Gayowski, T., Squier, C., Wagener, M. M., et al. (2000). Methicillin-resistant Staphylococcus aureus: the other emerging resistant gram-positive coccus among liver transplant recipients. Clin. Infect. Dis. 30, 322–327. doi: 10.1086/313658

 Slaba, I., Wang, J., Kolaczkowska, E., McDonald, B., Lee, W. Y., and Kubes, P. (2015). Imaging the dynamic platelet-neutrophil response in sterile liver injury and repair in mice. Hepatology 62, 1593–1605. doi: 10.1002/hep.28003

 Surewaard, B. G., Deniset, J. F., Zemp, F. J., Amrein, M., Otto, M., Conly, J., et al. (2016). Identification and treatment of the Staphylococcus aureus reservoir in vivo. J. Exp. Med. 213, 1141–1151. doi: 10.1084/jem.20160334

 Surewaard, B. G. J., Thanabalasuriar, A., Zeng, Z., Tkaczyk, C., Cohen, T. S., Bardoel, B. W., et al. (2018). Alpha-toxin induces platelet aggregation and liver injury during Staphylococcus aureus sepsis. Cell Host Microbe. 24, 271–84 e3. doi: 10.1016/j.chom.2018.06.017

 van der Poll, T., van de Veerdonk, F. L., Scicluna, B. P., and Netea, M. G. (2017). The immunopathology of sepsis and potential therapeutic targets. Nat. Rev. Immunol. 17, 407–420. doi: 10.1038/nri.2017.36

 Wong, C. H., Jenne, C. N., Petri, B., Chrobok, N. L., and Kubes, P. (2013). Nucleation of platelets with blood-borne pathogens on Kupffer cells precedes other innate immunity and contributes to bacterial clearance. Nat. Immunol. 14, 785–792. doi: 10.1038/ni.2631

 Zeng, Z., Surewaard, B. G., Wong, C. H., Geoghegan, J. A., Jenne, C. N., and Kubes, P. (2016). CRIg functions as a macrophage pattern recognition receptor to directly bind and capture blood-borne gram-positive bacteria. Cell Host Microbe. 20, 99–106. doi: 10.1016/j.chom.2016.06.002

 Zeng, Z., Surewaard, B. G. J., Wong, C. H. Y., Guettler, C., Petri, B., Burkhard, R., et al. (2018). Sex-hormone-driven innate antibodies protect females and infants against EPEC infection. Nat. Immunol. 19, 1100–1111. doi: 10.1038/s41590-018-0211-2

 Zhang, N., Czepielewski, R. S., Jarjour, N. N., Erlich, E. C., Esaulova, E., Saunders, B. T., et al. (2019). Expression of factor V by resident macrophages boosts host defense in the peritoneal cavity. J. Exp. Med. 216, 1291–1300. doi: 10.1084/jem.20182024

Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2021 Jorch and Deppermann. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.












	 
	MINI REVIEW
published: 18 February 2021
doi: 10.3389/fcell.2021.635527





[image: image]

Inflammatory Cell Recruitment in Cardiovascular Disease

Timoteo Marchini1,2,3, Lucía Sol Mitre1,2 and Dennis Wolf1,2*

1Department of Cardiology and Angiology I, University Heart Center Freiburg, Freiburg, Germany

2Faculty of Medicine, University of Freiburg, Freiburg, Germany

3Facultad de Farmacia y Bioquímica, Instituto de Bioquímica y Medicina Molecular (IBIMOL), Universidad de Buenos Aires, CONICET, Buenos Aires, Argentina

Edited by:
Zhichao Fan, UCONN Health, United States

Reviewed by:
Gabriel Courties, Médecine Régénératrice Et Immunothérapies, France
Yvonne Döring, Ludwig Maximilian University of Munich, Germany

*Correspondence: Dennis Wolf, dennis.wolf@universitaets-herzzentrum.de

Specialty section: This article was submitted to Cell Adhesion and Migration, a section of the journal Frontiers in Cell and Developmental Biology

Received: 30 November 2020
Accepted: 21 January 2021
Published: 18 February 2021

Citation: Marchini T, Mitre LS and Wolf D (2021) Inflammatory Cell Recruitment in Cardiovascular Disease. Front. Cell Dev. Biol. 9:635527. doi: 10.3389/fcell.2021.635527

Atherosclerosis, the main underlying pathology for myocardial infarction and stroke, is a chronic inflammatory disease of middle-sized to large arteries that is initiated and maintained by leukocytes infiltrating into the subendothelial space. It is now clear that the accumulation of pro-inflammatory leukocytes drives progression of atherosclerosis, its clinical complications, and directly modulates tissue-healing in the infarcted heart after myocardial infarction. This inflammatory response is orchestrated by multiple soluble mediators that enhance inflammation systemically and locally, as well as by a multitude of partially tissue-specific molecules that regulate homing, adhesion, and transmigration of leukocytes. While numerous experimental studies in the mouse have refined our understanding of leukocyte accumulation from a conceptual perspective, only a few anti-leukocyte therapies have been directly validated in humans. Lack of tissue-tropism of targeted factors required for leukocyte accumulation and unspecific inhibition strategies remain the major challenges to ultimately translate therapies that modulate leukocytes accumulation into clinical practice. Here, we carefully describe receptor and ligand pairs that guide leukocyte accumulation into the atherosclerotic plaque and the infarcted myocardium, and comment on potential future medical therapies.
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INFLAMMATORY LEUKOCYTE RECRUITMENT PROMOTES CARDIOVASCULAR DISEASE

Cardiovascular disease (CVD) represents the leading cause of mortality worldwide (Braunwald, 2012) and is mostly caused by atherosclerosis, a chronic inflammatory disease of middle- to large-sized arteries that is characterized by vessel-obstructing atherosclerotic plaques in the subendothelial space (Ross, 1999). The spontaneous rupture of atherosclerotic plaques, the subsequent formation of occlusive arterial thrombi, and the restriction of blood flow precipitates myocardial infarction (MI) and stroke (Minicucci et al., 2011). Initial atherosclerotic lesions develop in arteries with enhanced shear stress, turbulent blood flow, and endothelial dysfunction (Davignon and Ganz, 2004). This process is stimulated by traditional cardiovascular risk factors, such as smoking, hypertension, obesity, diabetes, and environmental stressors (Marchini et al., 2020). In atherosclerotic arteries, plasma low-density lipoproteins (LDL) are deposited in the subendothelial space and modified by oxidative processes. While oxidized LDL (oxLDL) exerts an inflammatory response of stromal cells itself, its uptake by tissue-resident macrophages initiates a myeloid-cell dominated pro-inflammatory cellular immune response (Swirski et al., 2007). It is now clear that inflammation is one of the key drivers of atherosclerosis, adverse cardiac remodeling, and myocardial scar formation after MI (Epelman et al., 2015). This response is characterized by the continuous accumulation of myeloid cells and lymphocytes in the atherosclerotic plaque, the myocardium, and draining lymph nodes of the heart (Epelman et al., 2015; Winkels et al., 2018; Farbehi et al., 2019; Wolf and Ley, 2019; Zernecke et al., 2020). Infiltrated leukocytes interact with stromal cells, secrete pro- or anti-inflammatory cytokines, and curb or promote inflammation and adverse tissue remodeling (Koltsova et al., 2012; Wolf et al., 2015; Sharma et al., 2020). While heart and vascular tissue contains small fractions of tissue-resident leukocytes that partially stem from embryonic origin (Wolf et al., 2015; Ensan et al., 2016), the recruitment and accumulation of blood-derived leukocytes represents a central and ongoing process that correlates with disease severity and clinical outcomes (Galkina et al., 2006; Swirski et al., 2006; Leistner et al., 2020). In addition, tissue inflammation promotes the local proliferation of macrophages and other leukocytes, although the relative contribution of in situ proliferation to the overall content of tissue leukocytes remains a matter of debate. While anti-leukocyte therapies are already in clinical use against Inflammatory Bowel Disease (IBD) and Multiple Sclerosis (Ley et al., 2016), it remains unknown whether similar strategies would be effective in cardiovascular pathologies. Here, we evaluate factors that promote leukocyte accumulation into the atherosclerotic plaque and cardiac tissue in mice and discuss their potential as targets for future medical therapies in CVD.



CURRENT CONCEPT OF VASCULAR LEUKOCYTE TRAFFICKING

The stepwise cascade of leukocyte recruitment comprises leukocyte rolling, chemokine-driven cell activation, integrin-dependent cellular arrest, and transmigration. This sequence of events has lately been refined by additional (and intermediate) states, such as slow rolling, adhesion strengthening, intraluminal crawling, paracellular and transcellular migration, and migration through the endothelial basement membrane (Ley et al., 2007). These processes in the leukocyte can be attributed to distinct classes and pairs of adhesion receptors and ligands: Initial rolling is mediated by the interaction of C-type lectins with glycoprotein ligands: E-Selectin on endothelial cells with leukocyte E-Selectin Ligand 1 (ESL-1) (Levinovitz et al., 1993) and endothelial P-Selectin and leukocyte L-Selectin with P-Selectin Glycoprotein Ligand 1 (PSGL-1) (McEver and Cummings, 1997). PSGL-1 is expressed on both, leukocytes (An et al., 2008) and endothelial cells (da Costa Martins et al., 2007). Integrins, α/β-heterodimers of a heterogeneous groups of 18 α- and 8 β-subunits (Takada et al., 2007), participate in (slow) rolling and mediate cell firm adhesion (Dunne et al., 2003). Of the 24 integrins, αLβ2, αMβ2, αxβ2, αdβ2, α4β7 and αEβ7 are selectively expressed on leukocytes while α2β1, α3β1, α5β1, α6β1, α6β4, α10β1, αvβ3 and αvβ5 are expressed on ECs (Finney et al., 2017). Integrin-dependent leukocyte arrest is best established for the interaction of Very Late Antigen 4 (VLA-4, α4β1) with Vascular Cell Adhesion Protein 1 (VCAM-1) (Berlin et al., 1995; Ley and Huo, 2001), of Lymphocyte Function-associated Antigen 1 (LFA-1, CD11a/CD18, αLβ2) with Intercellular Adhesion Molecule 1 (ICAM-1) (Meerschaert and Furie, 1995), and of Macrophage Receptor 1 (Mac-1, CD11b/CD18, αMβ2) with EC-expressed ICAM-1 (Dunne et al., 2003) and CD40 ligand (CD40L) (Wolf et al., 2011, 2018; Michel et al., 2017). Firm adhesion is topically guided by the C-C motif chemokines CCL2 (Monocyte Chemoattractant Protein 1, MCP-1) and CCL5, and by the C-X-C motif chemokines CXCL1, CXCL4, and CXCL5 (Noels et al., 2019), which are secreted by cells in the atherosclerotic lesion or deposited by activated platelets (Drechsler et al., 2010) and subsequently presented on the glycocalyx (Graham et al., 2019). Binding of chemokines to their corresponding chemokine receptors on leukocytes, such as CCR2 (binding CCL2) or CCR5 (binding CCL3, −4, and −5), is critical for adhesion strengthening (Zernecke and Weber, 2014) and partially requires sialylation of CCRs by leukocyte-expressed α2,3-sialyltransferase IV (St3Gal4) as exemplified by CCR5 (Doring et al., 2014). Chemokine binding results in activation-dependent conformational changes in integrins (inside-out signaling) that induces an extended intermediate- and high-affinity structure of integrins (Arnaout et al., 2005; Fan and Ley, 2015; Fan et al., 2016) with a ∼10,000-fold increased affinity for their ligands (Shimaoka et al., 2003). Leukocyte migration is further supported by proinflammatory cytokines, such as IL-1β, that induce an upregulation of ICAMs, Platelet/Endothelial Cell Adhesion Molecule 1 (PECAM-1) (Mamdouh et al., 2003), and Junctional Adhesion Molecule A (JAM-A) (Martin-Padura et al., 1998). Transendothelial cell migration requires leukocyte integrins, in particular Mac-1 (Ley et al., 2007). While this cascade ultimately results in the accumulation of most leukocytes, a sub-population of Ly6Clow monocytes remains crawling on the endothelium for surveillance of endothelial integrity engaging LFA-1, C-X3-C Chemokine Receptor 1 (CX3CR1) (Auffray et al., 2007), and ICAM-1 and ICAM-2 (Ancuta et al., 2009). Whether these patrolling monocytes eventually transmigrate and contribute to the pool of tissue leukocytes remains a matter of debate (Auffray et al., 2007; Nahrendorf et al., 2007; Heidt et al., 2014a; Hilgendorf et al., 2014; Quintar et al., 2017).

The (numeric) regulation of leukocyte recruitment occurs via several mechanisms: First, leukocytes are activated by cytokines such as Tumor Necrosis Factor (TNF)-α or by oxLDL that promote expression of selectins (Stocker et al., 2000) and integrins (Couffinhal et al., 1994; Kita et al., 2001). Second, leukocyte activation may occur via an interaction with other cells, such as platelets that secrete leukocyte-activating factors as serotonin (Mauler et al., 2019). Third, the endothelium upregulates expression of adhesion receptors during systemic and local inflammation. Fourth, the pool of available leukocytes in the circulation is regulated by an enhanced production in the bone marrow or at sites of extramedullary hematopoiesis (EMH), such as the spleen (Swirski et al., 2009; Dutta et al., 2012; Heidt et al., 2014b). Under steady-state conditions, haematopoietic stem cell (HSC) homeostasis is regulated by bone marrow endothelial cell expressed CXCL12 (Stromal Cell-Derived Factor 1, SDF-1) that serves as retention and quiescence factor for HSCs and progenitor cells in the bone marrow niche that express its receptor CXCR4 (Mendez-Ferrer et al., 2008, 2010; Wolf and Ley, 2015; Krohn-Grimberghe et al., 2020). In the setting of inflammation, an enhanced sympathetic tone reduces CXCL12 expression in the bone marrow and increases CCL2 in bone marrow sinusoids that guides newly generated monocytes into the circulation (Krohn-Grimberghe et al., 2020). The migration factors required for seeding HSCs and progenitor cells to the sites of EMH are currently unknown. Fifth, tissue and cell tropism is regulated by a site-specific expression of adhesion factors: For instance, lymphocyte trafficking in the gut is predominantly facilitated by leukocyte α4β7 and αEβ7 and endothelial Mucosal Addressin Cell Adhesion Molecule 1 (MAdCAM-1) (Briskin et al., 1993) and E-Cadherin (Higgins et al., 1998). In a secondary analysis of vascular adhesion receptors from the endothelial database EndoDB (Khan et al., 2019), we found a predominant expression of P- (SELP) and E-Selectin (SELE), integrin subunits α3 (ITGA3), α5 (ITGA5), α9 (ITGA9), α10 (ITGA10), β1 (ITGB1) and β3 (ITGB3), and VCAM-1 (VCAM1) and ICAM-1 (ICAM1) in endothelial cells from human coronary arteries and the aorta compared to other vascular beds, suggesting these may figure as potent mediators of cardiac leukocyte accumulation during inflammation (Figure 1).
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FIGURE 1. Gene expression pattern of adhesion factors expressed in human endothelial cells. Baseline gene expression of human endothelial cells from different locations was extracted from the curated gene set collection of the EndoDB database (Khan et al., 2019). Extracted expression values were plotted as heatmap by Morpheus with column minimum and maximum normalization. Within classes of adhesion receptors, rows and columns were sorted by hierarchical clustering.




INFLAMMATORY LEUKOCYTE RECRUITMENT IN ATHEROSCLEROSIS

A multitude of established receptor-ligand pairs has been validated mostly in experimental atherosclerosis in mice deficient for LDL-receptor (Ldlr–/–) and Apolipoprotein E (Apoe–/–), which exhibit diet-induced hypercholesterolemia (Wolf et al., 2015). Important recruitment factors include selectins, integrins, and other classes of adhesion factors (Galkina and Ley, 2007b) that can act in different cell types (Galkina and Ley, 2007a; Soehnlein, 2012; Gerhardt and Ley, 2015; Saigusa et al., 2020; Figure 2A):
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FIGURE 2. Leukocyte recruitment into the atherosclerotic plaque and infarcted tissue. (A) Initial endothelial dysfunction and activation is promoted by shear stress at sites of turbulent blood flow and lipid accumulation. While Ly6Clow monocytes patrol the endothelial surface for tissue surveillance, neutrophils and Ly6Chigh monocytes are recruited into the subendothelial space. Within the plaque, Ly6Chigh monocytes differentiate into macrophages. These proliferate, became foam cells, and orchestrate the inflammatory response, eventually die and build the necrotic core together with lipids and cholesterol crystals. These processes are further instructed by plaque-infiltrating T cells. Relevant inflammatory cytokines, chemokines, and receptor-ligand pairs for monocytes and T cells are indicated in the inlays. A third inlay shows CD40L binding to a distinct site within the I-domain of αM chain of Mac-1 that does not interfere with other Mac-1 ligands. (B) Coronary artery occlusion precipitates MI and triggers progenitor and inflammatory leukocyte release from the bone marrow by adrenergic signaling and decreased expression of the retention factors CXCL12 and CXCR4 in the bone marrow niche. CXCL8 and CCL2 guide neutrophils and Ly6Chigh monocytes to infarcted tissue. Neutrophils accumulate in the lesion by the adhesion factors depicted in the inlay and promote myocardial injury by reactive oxygen species (ROS), Hypochlorous acid (HClO), and NETs release. Ly6Chigh monocytes are recruited and differentiate to macrophages. Tissue healing after MI is further modulated by infiltrated T cells that may secrete pro- or anti-inflammatory cytokines. LDL, low-density lipoprotein; oxLDL, oxidized LDL; Sel, Selectin; ESL1, E-Selectin Ligand 1; PSGL1, P-Selectin Glycoprotein Ligand 1; VCAM1, Vascular Cell Adhesion Molecule 1; VLA4, Very Late Antigen 4 (α4β1); ICAM1, Intercellular Adhesion Molecule 1; LFA1, Lymphocyte Function-associated Antigen 1 (CD11a/CD18, αLβ2); Mac1, Macrophage Receptor 1 (CD11b/CD18, αMβ2); PECAM1, Platelet/Endothelial Cell Adhesion Molecule 1; JAMs, Junctional Adhesion Molecules; CD40L, CD40 ligand; GPIbα, Platelet Glycoprotein Ibα; iC3b, inactive Complement component 3b; CCL, C-C Motif Chemokine Ligand; CXCL, C-X-C Motif Chemokine Ligand; CCR, C-C Motif Chemokine Receptor; CXCR, C-X-C Motif Chemokine Receptor; ROS, Reactive Oxygen Species; HClO, Hypochlorous acid; NETs, Neutrophil Extracellular Traps; IL, Interleukin; TNF, Tumor Necrosis Factor; INF, Interferon; G-CSF, Granulocyte Colony-Stimulating Factor; HSPCs, Hematopoietic Stem and Progenitor Cells. The figure was generated with schematics from BioRender.com.



Cardiac Endothelial Cells

Endothelial cell expressed selectins (CD62) interact with glycoprotein ligands to mediate the capture and slow-down of circulating leukocytes. In humans, P-Selectin is not detectable in the healthy arterial endothelium but it is upregulated by oxLDL (Gebuhrer et al., 1995) and highly expressed in atherosclerotic lesions (Johnson-Tidey et al., 1994). Likewise, E-Selectin is detectable on the endothelium of human atherosclerotic plaques (Davies et al., 1993). While P-Selectin deficiency (Psel–/–) in Apoe–/– and Ldlr–/– mice (Johnson et al., 1997; Dong et al., 2000) neutralizes leukocyte trafficking and delays disease progression (Mayadas et al., 1993), Apoe–/–Esel–/– mice are less affected (Collins et al., 2000). A combined deficiency of P- and E-Selectin in Ldlr–/– mice abolishes atherosclerosis (Dong et al., 1998). P-Selectin, but not E-Selectin, expression correlates with human plaque stability (Tenaglia et al., 1997). Deficiency of VCAM-1 (Cybulsky et al., 2001) and ICAM-1 (Nageh et al., 1997) diminishes plaque size in mice. VCAM-1 is upregulated by proinflammatory cytokines at atherosclerosis-prone sites of arteries in Apoe–/– and WT mice and mediates leukocyte arrest by binding to VLA-4 (Nakashima et al., 1998; Ley and Huo, 2001; Jongstra-Bilen et al., 2006). Leukocyte adhesion on the endothelium is also supported by binding of ICAMs to LFA-1 (Meerschaert and Furie, 1995) and of CD40L to Mac-1 (Zirlik et al., 2007). Small interfering RNAs (siRNAs) targeting multiple endothelial adhesion molecules reduced atherosclerosis in Apoe–/– mice markedly (Sager et al., 2016a), while specific targeting of Mac-1 binding to CD40L by a peptide inhibitor (Wolf et al., 2011), or a blocking antibody (Wolf et al., 2018) prevented inflammatory leukocyte recruitment (Michel et al., 2017) in mice.



Monocytes

In Apoe–/– and Ldlr–/– mice, hypercholesterolemia results in an expansion of monocyte progenitors and systemic monocytosis (Soehnlein et al., 2013; Rahman et al., 2017), likely by a modulation of reverse cholesterol transport in Hematopoietic Stem Progenitor Cells (HSPCs) (Yvan-Charvet et al., 2010; Murphy et al., 2011) and accelerated extramedullary hematopoiesis (Robbins et al., 2012). Several reports have identified increased adrenergic signaling, impaired quiescence and retention of HSPCs as hallmarks of this response (Dutta et al., 2012; Courties et al., 2015; Sager et al., 2016b). In the plaque, classical/inflammatory Ly-6Chigh monocytes represent the main monocyte subset and give rise to vascular macrophages (Swirski et al., 2007). In mice, migration of Ly-6Chigh monocytes is regulated by an interaction of P-Selectin/PSGL-1 (An et al., 2008), VLA-4/VCAM-1 (Huo et al., 2001), Mac-1/CD40L (Wolf et al., 2011), and of CCR1 and −5 with their corresponding ligands (Tacke et al., 2007; Combadiere et al., 2008; Soehnlein et al., 2013). Notably, CCR1- but not CCR5-deficiency seems to protect only from early atherosclerosis in Apoe–/– mice on a WD for 4 weeks, suggesting temporal differences in CCR-dependent leukocyte recruitment. While one report has excluded a role for CCR2 in classical monocyte recruitment (Soehnlein et al., 2013), other studies have highlighted that monocyte migration into the plaque and circadian rhythms of monocyte counts in the circulation are largely regulated by the CCR2-CCL2 axis (Boring et al., 1998; Tacke et al., 2007; Combadiere et al., 2008; Winter et al., 2018). Consistently, siRNA targeting CCR2 reduced the accumulation of Ly-6Chigh monocytes in the plaque and retards lesion progression in Apoe–/– mice (Leuschner et al., 2011). Intraluminal crawling is regulated by the interaction of LFA-1 and Mac-1 with endothelial ICAMs (Schenkel et al., 2004). PECAM-1 and JAMs mediate transendothelial migration (Gerhardt and Ley, 2015).



T Cells

T cells represent the most abundant leukocyte lineage in atherosclerotic lesions (Winkels et al., 2018; Fernandez et al., 2019) and orchestrate inflammation by a variety of T cell cytokines with pro- (TNF-α, IFN-γ, and IL-17) or anti- (IL-10) atherogenic functions (Tedgui and Mallat, 2006). A part of lesional T cells recognizes self-antigens in LDL and its core protein, Apolipoprotein B (Wolf and Ley, 2019; Wolf et al., 2020) and exhibits mixed phenotypes of proatherogenic IFN-γ secreting TH1 and IL-10 secreting regulatory T (Treg) cells. The contribution of other TH cell subsets, CD8+, and γ/δ T cells is less clear (Saigusa et al., 2020). Naïve and central memory, but not activated, T cells express L-Selectin for rolling on high endothelial venules (HEVs) and homing to lymph nodes (Weninger et al., 2001; Ley and Kansas, 2004). CCR7 acts as an homing guidance for lymph node entry of T cells (Worbs and Forster, 2007). T cell homing to mouse atherosclerotic lesions involves L-Selectin (Galkina et al., 2006) and CCL5/CCR5 (Li et al., 2016), CXCL10/CXCR3 (Mach et al., 1999), and CXCL16/CXCR6 (Wuttge et al., 2004): Decreased plaque size has been observed in Ccr5–/– (Braunersreuther et al., 2007), Cxcr3–/– (Veillard et al., 2005), Cxcl10–/– (Heller et al., 2006), and Cxcr6–/– (Galkina et al., 2007) Apoe–/– mice, which seems to be caused by reduced numbers of TH1 cells and increased Treg numbers. Consistently, CCL5 (Braunersreuther et al., 2008), CCR5, and CXCR3 (van Wanrooij et al., 2005, 2008) antagonists are atheroprotective in mice. Apoe–/– mice deficient for CCR1, an alternative receptor for CCL5 (Braunersreuther et al., 2007), and Cxcl16–/– Ldlr–/– mice (Aslanian and Charo, 2006) develop enhanced atherosclerosis. The role of CCR7 and its ligands CCL19 and CCL21, which are detectable in atherosclerotic lesions from Apoe–/– mice and humans (Damas et al., 2007), has been controversial with contradictory findings (Luchtefeld et al., 2010; Wan et al., 2013). Many adhesion factors and chemokine receptors are expressed on myeloid cells and lymphocytes, which renders results from mice with whole-body genetic deficiencies difficult to interpret.



Neutrophils

Hypercholesterolemia and inflammation promote the expression of Granulocyte Colony-Stimulating Factor (G-CSF) in the bone marrow, which triggers a release of neutrophils (Drechsler et al., 2010). Neutrophils adhere to the endothelium in a P- and E-Selectin (Eriksson et al., 2001), and β2/ICAM dependent manner (Soehnlein, 2012). Neutrophil adhesion also involves platelet-derived CCL5 and CCR1 as well as CCR5 and CXCR2 (Drechsler et al., 2010), and leukotriene B4 binding to its high-affinity receptor BLT1 (Houard et al., 2009). Neutrophils can be detected in early and rupture-prone atherosclerotic plaques in Apoe–/– mice (Rotzius et al., 2010). Their depletion reduces atherosclerotic lesion size in Apoe–/– mice (Drechsler et al., 2010). Lesional neutrophils correlate with disease progression (Drechsler et al., 2010), the release of reactive oxygen species (ROS) (Hosokawa et al., 2011), and the formation of neutrophil extracellular traps (NETs) in mice (Warnatsch et al., 2015; Folco et al., 2018). Neutrophils promote LDL oxidation (Podrez et al., 1999), favor monocyte recruitment (Zernecke et al., 2008), macrophage activation, and foam cell formation (Gombart et al., 2005). They may contribute to endothelial erosion and plaque destabilization by hypochlorous acid production from myeloperoxidase (MPO) (Naruko et al., 2002) and matrix-degrading proteases (MMPs) activity, such as MMP-9 (Leclercq et al., 2007; Soehnlein, 2012).




INFLAMMATORY CELL RECRUITMENT AFTER MYOCARDIAL INFARCTION (MI)

MI precipitates ischemic injury, cardiomyocyte death, and cardiac tissue remodeling and accelerates atherosclerosis by an activation of hematopoietic stem cells in the bone marrow niche and increased leukocyte production (Dutta et al., 2012; Figure 2B). In humans, neutrophils peak within the first 24 h after MI, likely by a G-CSF dependent response (Lieschke et al., 1994; Cannon et al., 2001; Zhang et al., 2015). Mouse neutrophils accumulate in the infarcted myocardium during the first 2 days after MI (Vafadarnejad et al., 2020) and contribute to ischemia/reperfusion injury by ROS release (Duilio et al., 2001), MPO activity (Askari et al., 2003), and NETs formation (Ge et al., 2015). Neutrophils are recruited by a process that involves CXCL8 (Sekido et al., 1993; Kukielka et al., 1995), platelet-derived serotonin (Mauler et al., 2019), L- (Ma et al., 1993) and P-Selectins (Weyrich et al., 1993), PSGL-1 (Hayward et al., 1999), β2 (CD18) integrins (Lu et al., 1997; Kempf et al., 2011), and ICAM-1 (Palazzo et al., 1998) in mice. While preclinical studies suggested that preventing neutrophil recruitment improves the clinical outcome after MI, anti-neutrophil therapy by blocking CD11b/CD18 has failed in clinical trials (Baran et al., 2001; Faxon et al., 2002). VLA4/VCAM-1 dependent migration (Bowden et al., 2002), a narrow therapeutic time window (Williams et al., 1994), and a potential interference with protective cell types mediating tissue reparation (Horckmans et al., 2017) may explain these negative results. Monocytes and macrophages represent the dominating hematopoietic cell types in the healthy and infarcted heart (Farbehi et al., 2019) and participate in tissue healing and inflammation. Peripheral monocytosis has been associated with impaired myocardial healing in humans (Maekawa et al., 2002; van der Laan et al., 2014). While monocyte depletion abolishes tissue regeneration (van Amerongen et al., 2007), hypercholesterolemia-induced Ly-6Chigh monocytosis accelerates cardiac remodeling and the development of heart failure in Apoe–/– mice (Panizzi et al., 2010). Ly-6Chigh monocytes are recruited into the heart via CCR2 and CCL2, CCL7 (Kaikita et al., 2004; Dewald et al., 2005) as well as by VCAM1-depedent mechanisms (Nahrendorf et al., 2009). B cells in the infracted heart may serve as source of CCL7 (Zouggari et al., 2013). siRNA targeting CCR2 (Majmudar et al., 2013), bone marrow endothelial cell-expressed CCL2 (Krohn-Grimberghe et al., 2020), or endothelial adhesion molecules (Sager et al., 2016a) reduces Ly-6Chigh monocyte accumulation in infarcted tissue in mice. Together with neutrophils, Ly-6Chigh monocytes contribute to the phagocytosis of dead and dying cardiomyocytes and secrete extracellular matrix proteases and pro-inflammatory cytokines (Nahrendorf et al., 2007). While neutrophils do not persist in infarcted tissue (Dewald et al., 2004; Yan et al., 2013), monocytes continue to accumulate and give rise to early inflammatory macrophages (Nahrendorf, 2018). 5–10 days after MI, a second set of monocytes expressing Ly6Clow accumulate in a CX3CR1-dependent manner (Nahrendorf et al., 2007) but can also stem from Ly-6Chigh in later tissue healing (Hilgendorf et al., 2014). Ly6Clow monocytes primarily involve in tissue healing and may be instructed by protective regulatory T (Treg) cell-derived IL-10 (Weirather et al., 2014) or pro-inflammatory T cell expressing IFN-γ (Yang et al., 2006). The role of other chemokine ligands highly expressed in the infarcted heart, such as CCL3 and CCL4, remains unclear (Frangogiannis and Entman, 2005). In addition to traditional cardiovascular risk factors, environmental stressors (e.g., air pollutants) enhance inflammatory leukocyte recruitment to the infarcted myocardium by an upregulation of endothelial ICAM-1 and VCAM-1, Mac-1 activation, and the release of pro-inflammatory cytokines from macrophages (Marchini et al., 2016).



CLINICAL TRANSLATION AND CONCLUDING REMARKS

The inflammatory nature of atherosclerosis and MI has been established by many clinical and pre-clinical studies (Libby, 2002). Several novel therapeutic concepts targeting inflammation and immunity have arisen from this work (Libby and Everett, 2019). Consequently, the inhibition of receptors and ligands involved in the generation, adhesion, and transmigration of leukocytes has revealed a great potential for anti-leukocyte therapies at the preclinical stage. In contrast, clinical evidence has remained on a premature stage. Clinical studies indicate that leukocyte counts (Madjid et al., 2004; Adamstein et al., 2021) correlate with the appearance of MI and clinical atherosclerosis. In addition, atherosclerotic plaque size (Stone et al., 2011) and the accumulation of some, specialized leukocyte subsets predict complicated disease (Fernandez et al., 2019). However, only a few clinical studies have directly tested anti-leukocyte therapies: Administration of the P-Selectin blocking antibody Inclacumab prevented myocardial damage after MI and a percutaneous coronary intervention (PCI) (Tardif et al., 2013; Stahli et al., 2016). A neutralization of MCP-1 (CCL2) with antibodies and gene therapy showed effective in the prevention of leukocyte recruitment in atherosclerotic vessels after PCI in primates (Horvath et al., 2002; Ohtani et al., 2004). Likewise, a depletion of monocytes by liposomal alendronate partially reduced stent restenosis (Banai et al., 2013). On the other hand, inhibition of the chemokine MCP-1 (CCL2) with the compound Bindarit failed to reduce coronary restenosis following PCI and had no effect on major cardiovascular events (Colombo et al., 2016). Administration of the CCR2 blocking antibody MLN1202 proved safety in individuals at a high atherosclerotic risk. A single nucleotide polymorphism at the MCP-1 promoter region was associated with reduced high-sensitivity C-reactive protein levels (Gilbert et al., 2011), but effects on atherosclerotic lesions or cardiovascular outcomes have not been evaluated in this study. Recently, the CCR5 antagonist Maraviroc was shown to reduce atherosclerosis progression in HIV patients (Francisci et al., 2019).

Several conceptual challenges render the direct translation into cardiovascular medical therapies difficult. A lack of tissue-tropism remains the leading limitation. In contrast to an inhibition of the integrins α4β7 and αEβ7 during IBD (Ley et al., 2016), it is unclear which adhesion receptors specifically mediate leukocyte recruitment to atherosclerotic plaques or the heart. An unspecific inhibition of homing factors involved in host-defense, tissue healing, and regeneration is at the risk to induce severe side effects. This is best documented by β2-integrins such as Mac-1 and LFA-1 that mediates a variety of beneficial and pathogenic effects. A genetic mutation of the β2-subunit in humans causes the severe immunodeficiency Leukocyte-Adhesion Deficiency (LAD). In addition, small molecule β2-integrin inhibitors and antibodies have caused the potentially fatal complication, Progressive Multifocal Leukoencephalopathy (PML) that is likely caused by a reactivation of John Cunningham Virus (JCV) in the central nervous system (Berger and Houff, 2010). Recent preclinical studies suggest that this problem could be overcome by a ligand-specific inhibition, as demonstrated for the α-subunit of Mac-1 to specifically interfere with the binding of some ligands involved in the interaction with platelets or the endothelium, but not others (Ehlers et al., 2003; Wang et al., 2005; Wolf et al., 2011, 2018). In contrast, inhibition of platelet integrins has successfully been used in cardiovascular medicine for anti-thrombotic therapy (Ley et al., 2016). The widespread clinical application of tolerable and highly effective anti-chemokine (Mollica Poeta et al., 2019) and anti-integrin therapies (Raab-Westphal et al., 2017) in inflammatory disease and cancer, however, holds the potential of future clinical trials to combat cardiovascular pathologies.
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Peripheral nerve injury induces a myriad of immune-derived symptoms that negatively impacts pain, depression, and overall quality of life. Neuroimmune differences underlie sexual dimorphisms in various pain states. The innate immune system is a source of these sex differences, which promotes inflammation and pro-nociception through bidirectional signaling with the nervous system. Spatiotemporal interactions between leukocytes and sensory neurons could hold the key to explain ascribed differences between sexes. To date, studies have found it difficult to display these interactions. We are poised to answer important questions regarding the recruitment of peripheral leukocytes to key tissues of the pain system, the dorsal root ganglia (DRG) and sciatic nerve after nerve injury. We optically clear whole DRGs and sciatic nerves and concomitantly use multi-photon microscopy and transgenic reporter lines, to visualize leukocyte dynamics involved in neuropathic pain development following nerve injury. We observed robust sexual dimorphisms in leukocyte recruitment to the lumbar DRGs after nerve injury. We also assessed immune cell size and morphology to understand activation states in the context of nervous tissue inflammation. The altered mechanisms by which the male and female immune systems respond to nerve injury are still topics of further research, however; the continued use of next-generation imaging with advanced whole tissue image analysis remains an important tool in understanding the reciprocal interactions between neuronal and non-neuronal cells.

Keywords: optical clearing, nerve injury, sex differences, neuroimmune interactions, 2-photon, macrophage, DRG


INTRODUCTION

Peripheral nerve injury often results in neuropathic pain, which is defined by trauma or lesions that disrupt the somatosensory systems. Injury-induced neuropathic pain is estimated to occur in over 30% of patients following routine operations (Kehlet et al., 2006). Patients often report higher levels of comorbidities, such as depression and sleep disorders which further contribute to increased pathological clinical outcomes and significantly reduce quality of life (McDermott et al., 2006; Cohen et al., 2015). Although the prevalence of chronic pain continues to rise, the number and effectiveness of existing therapeutics remains limited (Finnerup, 2015). The increasing incidence of neuropathic pain has piqued interest in understanding the key immunologic processes involved. Previous studies have found a clinically observed difference in the prevalence and perception of pain in males vs. females (Fillingim et al., 2009; Mogil, 2012). However, there is still a dearth of knowledge on the sexual dimorphisms observed in leukocyte trafficking, morphology, and neuroimmune interaction.

Macrophages, key myeloid-derived leukocytes have been shown to play a key role in facilitating maladaptive nociception following nerve injury (Zhuo et al., 2011). Moreover, the peripheral immune system, specifically macrophages, play a pivotal role in sensitization of sensory neurons (Lindborg et al., 2018). Macrophages in the dorsal root ganglia (DRG) and sciatic nerve (ScN) play a critical role in both the initiation and maintenance of neuropathic pain by enhancing sensory neuron transduction and excitability (Basbaum et al., 2009). We hypothesize that using intact tissue for 3D rendering and morphologic analysis; we will be able to differentiate spatial resolution of macrophage infiltration and their interactions with sensory neurons in a sex-specific fashion. Recent studies have shown that these macrophages demonstrate robust molecular crosstalk with sensory neurons (Yu et al., 2020). This remains an integral process of not only pain induction as a protective mechanism, but also a transition to maladaptive chronic pain in some instances (Renthal et al., 2020). Discovering the sex-dependent roles of macrophages in tissue injury is paramount as the incidence macrophage-dependent chronic pain in females is lower than in males (Wiesenfeld-Hallin, 2005; Agalave et al., 2020; Rudjito et al., 2020). As such, identifying sex differences in macrophage biology will serve as a foundation for future studies aimed at exploiting immunological regulation in pain and will serve to create a more tailored approach to therapeutics.

Our group has recently developed a technique for intravital imaging using transgenic reporter mice and multiphoton microscopy (Szabo-Pardi et al., 2019). We wanted to adapt these methods to conceptualize the immune response to injury. Changes in cellular morphology has been associated with changes in functionality of cells (McWhorter et al., 2013). We used transgenic reporter animals, fluorescently labeled (ROSA26tdTomatoLSL) × LysozymeM:cre (LysM+)-expressing leukocytes (LysMtdT+). LysM is an antimicrobial enzyme (encoded by the Lyz2 gene) that breaks down gram-positive bacterial cell walls and is predominately expressed by circulating neutrophils and tissue macrophages (Goren et al., 2009). Tissue macrophages have been shown to be upregulated within days after peripheral injury and are known to play a role in injury-induced sensitization of sensory neurons (Clausen et al., 1999; Rittner, 2005; Kiguchi et al., 2018). Prior studies have used techniques, such as flow cytometric analysis to quantify recruitment or infiltration of macrophages into peripheral nervous tissue, however, there are inherent limitations using this method (Ghasemlou et al., 2015; Lopes et al., 2017). Notably, a lack of clarity regarding pathogenesis and spatiotemporal visualization of macrophages in the extracellular space. Moreover, studies that investigate recruitment of any immune cell to peripheral nervous tissues rarely use both sexes, making it difficult to draw apt comparisons (Kwon et al., 2013; Schmid et al., 2013).

To provide a more robust understanding of interactions in nervous tissue after injury, we cleared tissue (ScaleS1) to enable visualization of tdTomato-tagged macrophages via multiphoton microscopy. Not only does this technique preserve the integrity of extracted tissues, but it also provides an accurate representation of cell dynamics in a diseased state (Gómez-Gaviro et al., 2020). The ability to use whole, unsectioned tissue provides a clear advantage over conventional methods, which is made possible by visualizing the spatial relation of neuronal and non-neuronal immune cells in a three-dimensional (3-D) model. In this study, we find that male mice exhibit more robust infiltration of LysMtdT+ macrophages after injury as compared to females. Additionally, we took advantage of advanced image analysis in concert with our experimental approach to group and classify the morphology of these macrophages. Recent literature has shown that macrophages exemplify distinct morphological changes differentiating into M1 and M2 phenotypes, pro-inflammatory or anti-inflammatory functions, respectively (McWhorter et al., 2013). In response to physiological changes and cytokine signaling, M2 macrophages are associated with an elongated, prolate morphology while M1 macrophages are associated with an oblate, flattened morphology (Bertani et al., 2017). This serves as an indispensable tool in our approach to elucidate sex differences after nerve injury and can be adapted to address the gap in understanding the intimate interactions between leukocytes and neurons in other aspects in neuroimmunology research.



MATERIALS AND METHODS


Laboratory Animals

All animal experiments were carried out in accordance with protocols approved by the Institutional Animal Care and Use Committee of the University of Texas at Dallas. Mice were housed (4–5 per cage) in a temperature-controlled facility (20–25°C) and maintained on a 12-h light/dark cycle (lights on: 6 a.m./lights off: 6 p.m.). Mice had ad-libitum access to food and water and were 8–12-weeks-old during the experiments (male, 25–30 g; female, 20–25 g). Transgenic mice expressing NLS-Cre recombinase under control of the endogenous Lyz2 promoter/enhancer elements (LysM) were obtained commercially from Jackson (Stock no: 004781). Characterization of these mice showed that heterozygous cre animals have no pain phenotype and normal electrophysiological properties (Clausen et al., 1999). Furthermore, transgenic mice expressing a loxP-flanked STOP cassette preventing expressing of tdTomato (red fluorescent protein) were purchased from Jackson (Stock no: 007909) and bred with LysMcre+ animals in-house (LysMcre+ × ROSA26LSLtdTomato = LysMtdT) and used for all behavioral and biochemical assays. All animals used were heterozygous for LysMcre and had at least one copy of tdTomato. All strains were backcrossed to maintain C57BL/6J genetic background with animals from Jackson Lab (stock no. 000664).



Surgical Procedures

The spared nerve injury (SNI) model of neuropathic pain was used. Baseline values for behavioral experiments were established 24-h prior to surgery. Mice were anesthetized under isoflurane anesthesia (1.0–2.5%). The ipsilateral thigh was shaved and cleaned with betadine (Dynarex, NY, USA; cat no. 1425) and 70% ethanol (Decon Labs, PA, USA; cat no. 2701). The skin and muscle of the ipsilateral thigh were incised with a #11 scalpel (Thermo Fisher, MA, USA; cat no. 22-079-691) and the sciatic nerve along its three branches (common peroneal, tibial, and sural) were exposed. A tight ligature using a 5-0 silk suture (VWR, PA, USA; cat no. MV-682) was placed around the proximal tibial and common peroneal branches, after which the nerves distal to the ligature were transected, taking care to not stretch or damage the sural nerve. The skin was closed using an auto clip (Fine Science Tools, CA, USA; cat no. 12022-09) and mice were returned to their home cages to recover (Decosterd and Woolf, 2000). Sham surgeries were done identically to the SNI surgery; however, no portion of the sciatic nerve was ligated or transected. Following surgery, mice are subcutaneously administered a single dose of Gentamicin (5 mg/mL) (Sigma-Aldrich, CA, USA; cat no. G1272) as a prophylactic antibiotic. All mice were then returned to their home cages for recovery and monitored daily.



Behavioral Testing

To measure mechanical hypersensitivity, mice were individually placed on an elevated wire grid inside acrylic behavior racks and allowed to habituate for ~2-h. Behavior racks were cleaned with a 1:3 ratio of a natural all-purpose and deodorant-free cleaner (Seventh Generation™, VT, USA; cat no. 22719BK-5) and DI water and wiped dry to eliminate odor cues between each reading, baseline, and experiment. The ipsilateral hind paw was then stimulated with von Frey filaments (Stoelting Co., IL, USA; cat no. 58011) using the up-down experimental paradigm (Chaplan et al., 1994). To assess cold allodynia (cold response) in our SNI model, mice were individually placed on the same elevated wire grid and behavior racks and allowed to habituate for ~2-h before testing. Approximately 100 μL of biological grade acetone (Fisher Scientific, MA, USA; cat no. AI6P-4) was then applied to the lateral aspect of the ipsilateral hind paw using a 1 mL syringe (VWR, PA, USA; cat no. 309659) attached to a blunted 25 G needle (VWR, PA, USA; cat no. 305125). Cold response was assessed by paw licking, shaking, grooming behaviors and were measured over a 60-s period (Yoon et al., 1994). Baseline values were taken 24-h prior to performing surgery. Mechanical hypersensitivity and cold allodynia were then measured on post-operative days 1, 3, and 5. Mechanical measures were always taken before cold response. All behavioral testing was done between 10 a.m. and 2:00 p.m. Experimenters were blinded to genotype, surgery, or both.



Optical Clearing

Five days post-SNI, mice were deeply anesthetized using a mixture of ketamine (80 mg/kg) and xylazine (12 mg/kg), injected intraperitoneally, and were transcardially perfused with 10 mL of ice cold 1 × PBS (Thermofisher, MA, USA; cat no. BP3994) and then 10 mL of ice cold 4% paraformaldehyde (Sigma-Aldrich, CA, USA; cat no. F8775) using a 25G winged infusion set (Thermofisher, MA, USA; cat no. 14-840-37). Lumbar dorsal root ganglia (DRGs) (L4-5) and sciatic nerves (ScNs) were collected in 2 mL microcentrifuge tubes (Eppendorf, CT, USA; cat no. 022-43-104-8) and post-fixed in 1.5 mL of 4% paraformaldehyde (Sigma-Aldrich, CA, USA; cat no. F8775) (made in 1 × PBS) for 4-h. Fixed tissues were then transferred to a 2 mL microcentrifuge tube containing 1.5 mL of 20% sucrose solution (VWR, PA, USA; cat no. 0335-1KG) (made in 1 × PBS) for 48 h. Following cryoprotection, tissues were then transferred to a 5 mL microcentrifuge tube (Eppendorf, CT, USA; cat no. 0030-119-401), immersed in 1.5–4 mL of ScaleS1 solution and placed on a tissue nutator for ~10–14 days to achieve optimal tissue clarity (Hama et al., 2015). This was to enhance perfusion of the extracted tissues. ScaleS1 solution was aspirated and replaced every 48-h with fresh solution. The following reagents were used to prepare ScaleS1 solution: 4 M urea crystals (Thermofischer, MA, USA; cat no. 29700), 0.1% (wt/vol) Triton X-100 (Sigma-Aldrich, CA, USA; cat no. X100), and 10% (wt/wt) glycerol (Fischer Scientific, MA, USA; cat no. BP229-1). In brief, urea crystals were dissolved in water using a stir bar Thermofisher, MA, USA; cat no. F37180). Next, the triton x-100 was added along with glycerol and was left to mix for an hour. The solution was made and allowed a minimum of 48-h to equilibrate before use and stored at room temperature.



Multiphoton Microscopy

Optically cleared DRGs and ScNs were embedded in single 13 mm glass-bottomed cell culture plates (Thermofisher, MA, USA; cat no. 150680) using 0.5% (w/v) agarose (VWR, PA, USA; cat no. MPN605) (dissolved in ultra-pure ddH2O) as an immobilization medium. Upon polymerization of the agarose, ~1 mL of ScaleS1 solution was pipetted into the culture plates to ensure coverage and adequate hydration of immobilized samples. Samples were individually imaged using an Olympus MPE-RS TWIN multiphoton microscope outfitted with dual excitation lasers (Spectra Physics INSIGHT DS+ -OL pulsed IR LASER, tunable from 680 to 1,300 nm, 120 fs pulse width at specimen plane and SPECTRA PHYSICS MAI TAI HP DEEP SEE-OL pulsed IR LASER, tunable from 690 to 1,040 nm, 100 fs pulse width at specimen plane). We have established optimal parameters for multiphoton microscopy in a previous study (Szabo-Pardi et al., 2019). In brief, using these excitation lasers in combination with a XLPLN25XWMP2 Olympus ultra 25 × MPE water-immersion objective (1.05 NA, 2 mm WD) we were able to image tdTomato-positive LysM+ cells (LysMtdT+) (1,100 nm). Tissues were scanned using a galvanometer scanning unit at 10 us/pixel; 1:1 aspect ratio; 0.5 step size; 512 × 512 area and images were acquired with 2-channel multi-alkali photomultiplier tubes (PMTs). Z-stack images were acquired of the entire sample (Y-plane) of the DRG and distal/proximal portions of the ScN. A step size of 1 um per slice was used and images were between 300 and 400 slices. FVMPE-RS system software (FluoView) was used to acquire images. Raw Z-stack images were then exported to Imaris imaging software for appropriate processing and analysis. Images were acquired by a blinded experimenter.



Image Analysis

Analysis of ScN and DRG tissues LysMtdT+ labeled macrophages was done with Imaris Software (Oxford Instruments, version 9.0.1). Previously acquired z-stacks are put into Imaris where each pixel from the 2D section was converted into a 3D voxel. This information was then used to reconstruct the original 3D object that spanned across the z-stacks. Images were imported into Imaris's Arena and viewed within the 3-D view of the Surpass. The Surfaces visualization is a computer-generated representation of the specified gray value range in the data set. In order to visualize the range of interest of an object's volume, an artificial solid object is created from which measurements can be derived. Surfaces were created using background subtraction for td-Tomato positive cells in the Z-stack images. A filter based on number of voxels was used to remove both artifacts and large neuronal cells within the image. Using the most representative image for DRGs and ScNs, creation parameters were made using the corresponding creation wizard in Imaris's Surfaces feature. Surfaces of the LysMtdT+ macrophages were then measured for cell count, ellipticity, volume, and sphericity. In order to normalize cell count via volume of tissue, surfaces were created for the whole DRG and sections of ScN using absolute intensity thresholding. Both proximal and distal sections of ScN were analyzed and data points were labeled accordingly to determine spatial differences in macrophage infiltration and activation along the ScN. All analyses were performed by an experimenter blinded to sex, genotype, treatment, and tissue type.

1. Sphericity—Given as a value from 0.01 to 1.00 with 1.00 being a perfect sphere in which the x, y, and z axes are all equal length. The sphericity of a particle is the ratio of the surface area of an equal-volume sphere to the actual surface area of the particle. The closer to 0 this value is the less spherical and more ellipsoid the shape is.
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vp = volume of the particle

Ap = surface area of the particle

2. Prolate ellipticity—Given as a value from 0.01 to 1.00 with 1.00 representing an ellipsoid with one axis significantly longer than the others. A prolate ellipticity value moving toward 0 represents the lengths of the x, y, and z axes becoming more even. Values closer to 0 represent a more spherical shape while values closer to 1 represent a more elongated shape. A more elongated shape is typically associated with an M2 phenotype.
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3. Oblate ellipticity—Given as a value from 0.01 to 1.00 with 1.00 representing an ellipsoid with two axes equal in length but longer than the third. An oblate ellipticity value moving toward 0 represents the lengths of the x, y, and z axes becoming more even. Values closer to 0 represent a more spherical shape while values closer to 1 represent a more flattened shape. A more flattened shape is typically associated with an M1 phenotype.
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Statistical Analysis

Prism 8.01 software (GraphPad, San Diego, CA, USA) was utilized to generate all graphs and statistical analysis. Single comparisons were performed using Student's t-test, and multiple comparisons were performed using a one-way or two-way ANOVA with Bonferroni post-hoc tests for across-group comparisons. All data are represented as the standard error of the mean (SEM). A p-value of <0.05 was used to determine statistical significance. Blinded experimenters performed all experiments and analysis.




RESULTS


Use of Interdisciplinary Techniques to Investigate the Macrophage Response During Peripheral Nerve Injury

Macrophages are implicated in the development of pain following nerve injury and have complex immunologic, neurologic, and physical facets (Raoof et al., 2018). To improve our understanding of the dynamic immune response after peripheral nerve injury, we designed an interdisciplinary approach combining advanced multiphoton microscopy, ScaleS1 tissue clearing and a well-established nerve injury model (SNI) Using these techniques, we were able to address some of the limitations of previous studies investigating the macrophage response to nerve injury. Primarily, these limitations include: a lack of appropriate male and female representation in data sets, an inability to assess morphological changes in macrophages while preserving the integrity of the microenvironment, and skewed information resulting from single-slice imaging analysis as opposed to whole tissue. While these studies greatly improve our understanding on the dynamic nature of macrophage recruitment and activation, they highlight a need to develop integrative techniques to improve our approach.



Male and Female Mice Exhibit Robust Pain Behaviors Following SNI

To adequately assess the macrophage response to nerve injury, spared nerve injury (SNI) was performed to induce a pain state in both sexes. We chose this specific model of neuropathic pain because it has been shown to cause prolonged changes in behavioral phenotypes as well as immune cell activation (Raoof et al., 2018). Moreover, the etiology of neuropathic pain that develops after SNI closely mimics the cardinal symptoms of clinically described neuropathic pain (Chen et al., 2015). In order to confirm that our procedure induced a pain state, we assessed mechanical hypersensitivity and cold allodynia in mice that received either SNI or sham. As expected, we found that males that received SNI exhibited significantly reduced paw withdrawal thresholds on days 1, 3 and 5 as compared to their sham counterparts. We report similar results in females where mice that received SNI had significantly reduced paw withdrawal thresholds on day 1, 3, and 5 as compared to sham controls (Figures 1A,C). Moreover, male mice that received SNI exhibited an elevated behavioral response to application of acetone to the ipsilateral hind paw on days 3 and 5 as compared to their sham counterparts. Similarly, female mice that received SNI exhibited an elevated behavioral response to application of acetone to the ipsilateral hind paw on days 1, 3, and 5 as compared to sham controls (Figures 1B,C). Lastly, we find no significant sex differences in the onset of mechanical hypersensitivity or cold allodynia after SNI. Taken together, these data indicate SNI induced robust pain behaviors before, and up to the day mice were euthanized and tissues were collected for analysis.


[image: Figure 1]
FIGURE 1. Development of neuropathic pain behaviors following SNI. Male and female LysMtdT+ mice were tested for mechanical hypersensitivity and cold allodynia on days 1, 3, and 5 post-SNI. (A) Male (n = 7) and Female (n = 7) LysMtdT+ mice exhibit significantly reduced mechanical withdrawal thresholds post-SNI as compared to their respective sham controls (n = 7). (B) Male (n = 7) and Female (n =7) LysMtdT+ mice exhibit significantly elevated response latency to acetone application as compared to their respective sham controls (n = 7). (C) Graphical representation of the experimental timeline where male (n = 7) and Female (n = 7) LysMtdT+ mice were given SNI and were assessed for mechanical hypersensitivity and cold allodynia on days 1, 3, and 5 post-SNI. *p < 0.05; ***p < 0.001; ****p < 0.0001. BL, Baseline. Made using BioRender.com.




SNI Induces Macrophage Recruitment, Activation, and Morphological Changes in the DRG

To explore our initial hypothesis regarding sex differences in macrophage infiltration, lumbar DRGs (L4-5) were harvested from male and female LysMtdT+ reporter mice 5 days post-SNI. We integrated ScaleS1 whole tissue clearing with multiphoton imaging in both male and female DRGs to visualize macrophage recruitment, activation, and changes in morphology (Figure 2A). Imaris image analyses revealed significant differences in macrophage recruitment to the DRG following SNI. We found that injured (SNI) male ipsilateral DRGs displayed significantly increased amounts of LysMtdT+ macrophages compared to the contralateral (uninjured) DRGs. Moreover, SNI induced significantly elevated LysMtdT+ macrophage recruitment to the ipsilateral DRG as compared to the sham surgery. Surprisingly, we do not report a significant increase in LysMtdT+ macrophage recruitment to the ipsilateral DRG in female mice after SNI. This remains true in the sham groups as well (Figure 2C). To account for differences in resident and infiltrating macrophages, we assessed the ratio of LysMtdT+ macrophages in the ipsilateral (injured) DRG with the contralateral (uninjured) DRG. Again, we found that males display significantly upregulated LysMtdT+ macrophages to the ipsilateral DRG. This is indicative of an upregulation of infiltrating macrophages (Figure 2D). To better understand the activation states of these infiltration macrophages, we analyzed the distribution and relative frequencies of LysMtdT+ macrophage volumes after SNI. We report no significant findings; however, male mice exhibit a trend of larger cell volumes in the injured ipsilateral DRG (Figures 2B,E,F). While these findings are not statistically significant, considered with the robust recruitment of LysMtdT+ macrophages, we can conclude that there is a biologically relevant upregulation and activation of macrophages in the DRG following SNI in male mice.
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FIGURE 2. Infiltration of LysMtdT+ macrophages in the lumbar DRGs 5 days post-SNI. Male and female LysMtdT+ mice had DRGs harvested 5 days post-SNI. Tissues were processed and cleared using ScaleS1 solution for 10–14 days and imaged using 2-photon microscopy. (A) Representative images from male and female LysMtdT+ (red; 1,100 nm) DRGs (n = 3). (B) Frequency distribution histogram comparing the frequencies of LysMtdT+ cell volumes in control and injured male and female lumbar DRGs. (C) Quantification of LysMtdT+ macrophage infiltration in the lumbar DRGs 5 days post-SNI (n = 3) in males and females. (D) Quantification of LysMtdT+ macrophage infiltration in the lumbar DRGs 5 days post-SNI as a ratio of ipsilateral over contralateral DRG (n = 3) in males and females. (E) Quantification of LysMtdT+ macrophage volume in the lumbar DRGs 5 days post-SNI (n = 3) in males and females. (F) Quantification of LysMtdT+ macrophage cell volumes in the lumbar DRGs 5 days post-SNI as a ratio of ipsilateral over contralateral DRG (n = 3) in males and females. *p < 0.05; **p < 0.01. Scale Bar: 100 μm. IP, Ipsilateral; CO, Contralateral. Made using BioRender.com.


Next, we wanted to identify changes in macrophage morphology after SNI as these changes can be correlated with shifts in pro-(M1) and anti-(M2) inflammatory polarization. Macrophages have been shown to play a key role in regulating homeostasis and tissue repair after nerve injury, and polarization plays an integral role in this process (Chernykh et al., 2016). We may map changes in geometric profiles of macrophages using measures of oblate (flattened) ellipticity, prolate (elongated) ellipticity, and sphericity (Iwata et al., 2017). In response to physiologic input and cytokine signaling, M2 polarized macrophages are associated with an elongated, prolate morphology while M1 macrophages are associated with an oblate, flattened morphology (Bertani et al., 2017). Drawing upon these recent discoveries and classifications, we assessed the geometrics of these recruited LysMtdT+ macrophages in the DRG using Imaris analysis (Figure 3A). We found differences in the clustering of LysMtdT+ macrophages in mice that received SNI, which take on a more oblate (flattened) morphology after nerve injury. This is indicative of an M1 polarized phenotype. Moreover, we found that LysMtdT+ macrophages in animals that received a sham surgery take on a more prolate (elongated) morphology. This is indicative of an M2 polarized phenotype (Figure 3C). Lastly, we assessed sphericity of LysMtdT+ macrophages after nerve injury (Figure 3B). Although we find no significant differences, cells that take on a more prolate (flattened) shape after injury are also more spherical, indicating a more active phenotype (Sen et al., 2016). Taken together, we conclude that macrophages have a dynamic morphological response to injury and may be characterized based on their geometric shape.
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FIGURE 3. Morphology of LysMtdT+ macrophages in the lumbar DRGs 5 days post-SNI. Male and female LysMtdT+ mice had DRGs harvested 5 days post-SNI. Tissues were processed and cleared using ScaleS1 solution for 10–14 days and imaged using 2-photon microscopy. (A) Representative morphology from male and female LysMtdT+ (red; 1,100 nm) DRGs (n = 3). (B) Imaris analysis of LysMtdT+ cell morphology in male and female DRGs. Cells were analyzed for three morphologic parameters (sphericity, prolate, and oblate) and are displayed comparing oblateness and prolateness with respect to sphericity. (C) Scatter plot of DRG LysM+ cell oblateness with respect to prolateness in both male and female injury and control groups. **p < 0.01; ***p < 0.001. Scale Bar: 100 μm. IP, Ipsilateral; CO, Contralateral.




SNI Induces Dynamic Changes in Macrophage Morphology in the ScN

To further identify the dynamic role of macrophages in response to nerve injury, we looked closer to the site of injury in the ScN. Here, we sought to distinguish the LysMtdT+ macrophage response between the DRG and ScN. Using the same principles, whole ScNs were harvested from male and female LysMtdT+ mice 5 days after SNI and were cleared using ScaleS1. Tissues were cleared and imaged using multiphoton imaging and tissues were analyzed using Imaris (Figure 4A). Analyses revealed no significant differences in LysMtdT+ macrophage recruitment to the distal or proximal ScN. Although, both male female mice exhibit elevated LysMtdT+ macrophages in the ipsilateral ScN as compared to the contralateral control. While not significant, this does indicate a surgery-induced upregulation in macrophage recruitment to the ScN in males and females (Figures 4C,D). We report no differences in the volumes of these recruited LysMtdT+ macrophages (Figure 4D). Moreover, we do not report any differences in the distribution or relative frequencies of LysMtdT+ macrophage volumes after SNI in the ScN. However, female mice exhibit a larger distribution of LysMtdT+ cell volumes after SNI in the ipsilateral ScN as compared to other groups, indicating increased classical activation of macrophages (Figure 4B). Lastly, we report no differences in the cell volumes of LysMtdT+ macrophages in the ScN after SNI in both males and females (Figures 4E,F). Taken together, we can conclude there are dynamic biological changes that occur in the ScN following SNI in males and females.
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FIGURE 4. Infiltration of LysMtdT+ immune cells in the ScNs 5 days post-SNI. Male and female LysM-cre × tdTomato mice had ScNs harvested 5 days post-SNI. Tissues were processed and cleared using ScaleS1 solution for 10–14 days and imaged using 2-photon microscopy. (A) Representative images from male and female LysMtdT+ (red; 1,100 nm) ScNs (n = 3). (B) Frequency distribution histogram comparing the frequencies of LysMtdT+ cell volumes in control and injured male and female lumbar ScNs. (C) Quantification of LysM+ immune cell infiltration in the lumbar ScNs 5 days post-SNI (n = 3) in males and females. (D) Quantification of LysMtdT+ macrophage infiltration in the lumbar ScNs 5 days post-SNI as a ratio of ipsilateral over contralateral ScN (n = 3) in males and females. (E) Quantification of LysMtdT+ macrophage volume in the lumbar ScNs 5 days post-SNI (n = 3) in males and females. (F) Quantification of LysMtdT+ macrophage cell volumes in the ScN 5 days post-SNI as a ratio of ipsilateral over contralateral ScN (n = 3) in males and females. Scale Bar: 100 μm. IP, Ipsilateral; CO, Contralateral. Made using BioRender.com.


We incorporated our geometric analyses to better understand the morphological changes that may occur in macrophages in the ScN (Figure 5A). While we report no differences in recruitment, there may be morphological changes that are biologically relevant (Cobos et al., 2018). We investigated the sphericity of LysMtdT+ macrophages in the ScN and found that there were no differences between sexes or injury. Typically, a more spherical, or round, macrophage is classically activated, however, this does not mean that these macrophages have not altered their contractile state in response to injury. We report that there is a sexual dimorphism in the morphology of LysMtdT+ macrophages in the sciatic nerve 5 days after SNI. Male LysMtdT+ macrophages on the injured side exhibit more oblate, or flattened, cell morphology as opposed to females that exhibit a more prolate, or elongated, cell morphology (Figure 5C). This is indicative of an M1 polarization state in males as opposed to an M2 state in females. This idea has been a dogma in the field of neuroimmunology for decades (Li et al., 2009). Lastly, we find no differences in the sphericity of LysMtdT+ macrophages in the ScN (Figure 5B). This data indicates a distinction in macrophages in the DRG vs. ScN, where DRG macrophages are more M1 polarized in both sexes after surgery, and ScN macrophages are M1 polarized in males vs. M2 polarized in females.
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FIGURE 5. Morphology of LysMtdT+ macrophages in the ScN 5 days post-SNI. Male and female LysMtdT+ mice had ScNs harvested 5 days post-SNI. Tissues were processed and cleared using ScaleS1 solution for 10–14 days and imaged using 2-photon microscopy. (A) Representative morphology from male and female LysMtdT+ (red; 1,100 nm) ScNs (n = 3). (B) Imaris analysis of LysMtdT+ cell morphology in male and female ScNs. Cells were analyzed for three morphologic parameters (sphericity, prolate, and oblate) and are displayed comparing oblateness and prolateness with respect to sphericity. (C) Scatter plot of ScN LysM+ cell oblateness with respect to prolateness in both male and female injury and control groups. Scale Bar: 100 μm. IP, Ipsilateral; CO, Contralateral.





DISCUSSION

Whole tissue in-situ visualization can reveal neuroimmune interactions that have been overlooked in the past. The goal of the present study was to analyze the sex-dependent dynamics of macrophage recruitment and changes in morphology after injury utilizing next generation tissue clearing and imaging techniques. We performed SNI on male and female transgenic reporter mice constitutively expressing tdTomato, a red fluorescent protein, in macrophages under the LysM promoter. We then harvested lumbar DRGs and ScNs from these animals 5 days after the surgery and optically cleared the tissues using ScaleS1. Macrophage recruitment and subsequent expansion peaks between days 3 and 7 after injury, therefore we chose day 5 to assess their physical characteristics (Chen et al., 2015). We then acquired high resolution Z-stack images of the cleared tissues using multiphoton microscopy and performed extensive analyses using Imaris Imaging Software to understand the dynamics of macrophage recruitment, activation, and morphology after injury. In this study, we found that males have higher LysMtdT+ macrophage counts in the lumbar DRGs (L4/5), expanding upon current literature that suggests females have alternative neuroimmune mechanisms that contribute to pain states. Moreover, we find dynamic changes in LysMtdT+ macrophage morphology, with SNI inducing a more pro-inflammatory, or M1, phenotype measured by cell shape (Figure 6). This highlights the need to improve our understanding of the sex-dependent distribution and role of other immune cells in pain. From a therapeutic perspective, there is a potential to harness the abilities of macrophages to induce anti-nociception and tissue repair after injury (Yu et al., 2020). The vast majority of our current understanding in macrophage functionality is reliant on soluble factors, such as cytokine production and cell surface protein expression. While this information is useful in providing the necessary framework to investigate the molecular underpinnings of macrophage activation in response to injury, bridging the gap between functionality and physical characteristics will discern the full spectrum of their involvement in tissue injury.
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FIGURE 6. Graphical abstract representing the dynamic nature of macrophage recruitment and morphological changes following SNI in males and females.


Bi-directional communication between neuronal and non-neuronal cells in the DRG is a core mechanism in mediating the mammalian response to injury (Lopes et al., 2017). Current literature highlights the complex role that macrophages play in regulating inflammation and pro-nociception following injury, but the relevant sites of action remains unclear (Echeverry et al., 2013). Moreover, the current dogma in the field dictates males utilize a myeloid cell driven mechanism of neuronal sensitization to drive neuroinflammation (McWhorter et al., 2013). Although the reported behavioral contribution of these DRG macrophages is not dimorphic in nature, there exists a key cellular difference in their recruitment a morphology, lending to the idea that etiology differences can influence pain perception over time. Our data shows the magnitude of injury-induced macrophage expansion in the lumbar DRGs is significantly higher in males than in females. These findings are also supported by a recent paper that characterizes sex differences in immune cell recruitment to both central and peripheral nervous tissues through flow cytometric analyses (Mosser and Edwards, 2008). They demonstrate an upregulation of macrophages in both males and females after peripheral nerve injury in the lumbar DRGs, with key sex differences in the adaptive immune response. However, the adaptive immune response to injury was not the focus of our study. Collectively, these studies support the idea that macrophage recruitment to the DRG plays a critical role in neuroinflammation. Furthermore, we utilized sham and contralateral data to determine that no conclusive sex differences exist in baseline cell size and volumes further strengthening our premise that immune response to injury is sex dependent.

Conflicting reports about the role of macrophages in the ScN after nerve injury has groups reporting that macrophages do not play an important role in the pathogenesis of nerve injury-induced pain (Yu et al., 2020), while other reports found that inhibiting local macrophages in the ScN impairs development of neuropathic pain following nerve injury (Paul et al., 2013). An important distinction here is that we assessed the recruitment and morphological changes in macrophages at both distal ScN and proximal ScN. Here we assessed differences in macrophage activity with more granularity than previous studies. We find no significant recruitment of LysMtdT+ macrophages in the ScN 5 days after SNI, however, this does not equate to a lack of biological significance. It is a potential that the differences in macrophage morphology after SNI may alter cytokine signaling. Certain M2 macrophages phenotypes, or cells that have an elongated shape, retain the ability to produce pro-inflammatory cytokines and may be a differentiating factor in the immune response to injury in males vs. females (de Paoli et al., 2014). Despite our collective efforts, a rift exits in our understanding of the role of macrophages in the ScN, but with every advance we are able to better understand the nuances of macrophages recruitment, activation and subsequent biological implications.

While the aforementioned studies have significantly improved our understanding of the dynamic nature of macrophage recruitment to peripheral nervous tissues, they have inherent limitations that we have addressed using our model. Geometric alteration of macrophages in response to injury has the ability regulate their functional phenotype (Tauer, 2002). However, it is impossible to discern this type of information by using typical immunohistochemical or flow cytometric analyses. Macrophages exhibit an elongated shape when polarized to an M2 phenotype, as opposed to a flattened shape when polarized to an M1 phenotype (Bronte and Murray, 2015). These polarization states are involved in a myriad of biological processes related to inflammation and tissue repair and are often indicative of a macrophages change in contractility as they interact with the extracellular matrix and cell adhesion molecules (Jensen and Berg, 2017). In vivo these polarization states are not dichotomous, but targeted therapeutics may be better tailored to treat each sex individually. Moreover, traditional imaging acquisition and analysis techniques are not well-suited to investigate changes in cellular shape as there are significant limitations in the resolution and depth of acquired images. This severely dampens the ability of researchers to utilize common image analysis software for this purpose. Therefore, we sought to address this lack of granularity by improving our understanding of the physical characteristics of macrophages in response to nerve injury utilizing Imaris image analysis (Belle et al., 2017).

Optical clearing techniques provide additional clarity in resolving cell to cell interactions by circumventing the limitations of traditional 2-dimensional (2-D) imaging. Typically, 2-D image reconstruction of limited z-frames provides biased information as cellular density is not uniform throughout select regions of interest. By using ScaleS1 optical tissue clearing in combination with deep tissue multiphoton microscopy, we were able to create a 3-D model of whole DRGs and ScNs. This allowed us to accurately assess the infiltration of immune cells to these tissues following peripheral nerve injury. Multiphoton microscopy may be used to image thicker tissue slices, but image quality quickly deteriorates when focusing deeper into a sample (Renier et al., 2014). To circumvent this limitation, we chose to utilize ScaleS1 as our method of optical tissue clearing. ScaleS1 was our preferred method of optical tissue clearing as it has been shown to avoid tissue expansion, preserve lipids and provide a safe immersion-medium for objectives (Hama et al., 2015). We also took into consideration other clearing methods, such as DBE or CLARITY. These alternate clearing methods offered a shorter clearing time and work better on larger tissue sizes, however they had considerable limitations with regard to preservation of fluorescence and tissue integrity (Jensen and Berg, 2017). Another clearing method we considered was DISCO which utilizes a de-lipidating agent to enhance the refractory index of the tissue (Belle et al., 2017). Similar to previously discussed alternatives, this method allows for faster clearing times, however it is accompanied with significant amounts of tissue distortion making it suboptimal for our study. Current use of this method is better suited for larger tissues, such as brain or embryos (Renier et al., 2014). Furthermore, ScaleS1 utilizes materials that are inexpensive and commonly found in research labs making it easy to use and more accessible to a wider audience. Moreover, ScaleS1 is well-suited for imaging fluorescent proteins, which was the primary focus of our study.

In conclusion, the combined use of our genetic model, tissue clearing, and multiphoton microscopy serves as a powerful tool for investigating neuroimmune spatiotemporal relationships, and provides a versatile framework to further our understanding of the role macrophages play in pain development. Moreover, we further delineate the sexual dimorphisms that exist in the physical phenotype of macrophages in response to nerve injury.
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Supplementary Figure 6. 3-Dimensional video render of a cleared Female Sham Contralateral DRG. Visualized cells are LysMtdT+ macrophages infiltrating into the tissue.

Supplementary Figure 7. 3-Dimensional video render of a cleared Female SNI Ipsilateral DRG. Visualized cells are LysMtdT+ macrophages infiltrating into the tissue.
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Dendritic cells (DCs), a class of antigen-presenting cells, are widely present in tissues and apparatuses of the body, and their ability to migrate is key for the initiation of immune activation and tolerogenic immune responses. The importance of DCs migration for their differentiation, phenotypic states, and immunologic functions has attracted widespread attention. In this review, we discussed and compared the chemokines, membrane molecules, and migration patterns of conventional DCs, plasmocytoid DCs, and recently proposed DC subgroups. We also review the promoters and inhibitors that affect DCs migration, including the hypoxia microenvironment, tumor microenvironment, inflammatory factors, and pathogenic microorganisms. Further understanding of the migration mechanisms and regulatory factors of DC subgroups provides new insights for the treatment of diseases, such as infection, tumors, and vaccine preparation.
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INTRODUCTION

Dendritic cells (DCs) are professional antigen-presenting cells that link innate and adaptive immune responses. In 1973, scientists isolated cells with unique dendritic processes from the peripheral lymphoid organs of mice and named them “dendritic cells” (Steinman and Cohn, 1973). Subsequently, Idoyaga and Steinman (2011) found that DCs participated in adaptive immune response after continuous migration and activation. The function of DCs, whether in maintaining immune tolerance or promoting immunity, require migration to a certain target destination. Recent studying has brought new ideas into the development of different DC subsets in immune responses. Herein, we reviewed the DC subsets that have been reported in recent years and discussed the regulatory factors and molecular mechanisms involved in DC migration. Elucidating the mechanisms underlying the migratory DCs would contribute to the development and function of different DC subsets and their role in diseases.


DC SUBSETS

Dendritic cells are highly heterogeneous cells that have historically been categorized by phenotype, function, or location. DCs are unique hematopoietic cells that originate from precursor cells, such as monocytes and pre-DCs, in bone marrow (Naik et al., 2006; Liu et al., 2009; Liu and Nussenzweig, 2010). Precursor cells migrate to peripheral tissues and secondary lymphoid organs via blood circulation and/or lymphatic vessels where they differentiate into myeloid DCs and lymphoid DCs (Naik et al., 2007) (Figure 1). According to specific transcription factors and chemokines, these DCs are further differentiated into three classic subsets: conventional DC1s (cDC1s), conventional DC2s (cDC2s), and plasmacytoid DCs (pDCs). According to their states of maturity, DCs are divided into immature DCs (imDCs), mature DC (mDCs), semi-mature DCs (smDCs), and tolerogenic DCs (tol-DCs). Semi-mature DCs (smDCs), which are an activation state between immature and mature DC cells, are difficult to define (Lutz and Schuler, 2002). These classic DC subsets play a critical role in regulating immune response and immune tolerance.
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FIGURE 1. The migration of DC subsets. (A) DC endogenous migration: The precursor DC (pre-DC) develops from hematopoietic stem cells and gradually differentiates into pre-cDC and pDC. Then pDC and pre-cDC migrates from the bone marrow and enters blood circulation (in this case, DC is imDC and pre-cDC differentiates into cDC). Under the mediation of chemokines and cytokines, imDC enters lymphatic vessels, and then reaches draining lymph nodes. In this process, imDC relies upon chemokines (for example: CCR7/CCL19/CCL21, CCR8, CCR6, CCR9, CCR10, etc.) to migrate and transform into mDCs and induce T cells (Th1, Th2, Th17, and Treg) to migrate into lymphoid tissues (such as: the spleen) or non-lymphoid tissues (such as: skin) to exert an immunity effect. (B) DC exogenous migration: After the human body is injected with the DC vaccine, DCs loaded with specific antigens enter the blood circulation, and crawls along the blood vessel wall to reach the lymphatic vessels, and then enters the draining lymph nodes to activate the adaptive immune response, by which it exerts anti-tumorigenic or antiviral effect.




cDC1s

Conventional DC1s widely exist in the blood and peripheral tissues of human and mouse, but their expression is very low in mouse blood. Mouse cDC1s have strong homogeneity in expressing CD8 and/or CD103 (Edelson et al., 2010). Mouse CD8+ cDC1s are identified as CD11chiCD45R–MHCII+ CD8α+DEC205+CD11bloSirpαlo and express C-type lectin Clec9A (DNGR1), Nectin-like protein 2 (Necl2; also called CADM1). Migratory CD103+ DCs in most non-lymphoid tissues are defined as CD11c+MHCII+CD103+CD11bloCX3CR1– F4/80–Sirpα– (McLellan et al., 2002; Bursch et al., 2007; Huysamen et al., 2008; Ginhoux et al., 2009). Both resident CD8a+ and migrating CD103+ cDCs express CD36, CD24, and XCR1 and play a critical role in immunity against intracellular pathogens, viruses, and cancer. In mouse blood, activated cDC1s secrete interleukin (IL)-12p70 and induce the T helper type 1 (Th1) response (Maldonado-Lopez et al., 1999; Farrand et al., 2009). Human CD141+/BDCA-3+ Conventional DC1s are primarily distributed in lymphoid tissues, express C-type lectin receptor 9 (Clec9) and X-C motif chemokine receptor 1 (XCR1), and contribute to antiviral immunity (Silvin et al., 2017), whereas human thymus CD141+cDC1 produces high levels of IL-12 and induces the Th17 response (Vandenabeele et al., 2001). A group of specific DC subgroup Langerin+(CD207+)CD103+CD8+cDC1 was found in the human spleen, and it was a key regulator of immune responses toward blood-borne antigens in the steady-state and during inflammation (Backer et al., 2019). In bacteria-infected human or mouse skin, a subset of CD59+EpCAM+Ly6D+ cDC1 promotes the infiltration of numerous neutrophils by producing the vascular endothelial growth factor (VEGF)-α (Janela et al., 2019). cDC1 contributes to antigen presentation, induces angiogenesis, and promotes inflammation.

The migration of cDC1 is primarily correlated with CXCR3 and CCR7 expression. CXCR3 expression is restricted to mice pre-cDC1 and pDC lineages and is specifically expressed in pre-cDC1 (Siglec-H–Ly6C–) but not pre-cDC2 (Siglec-H–Ly6C+). Trafficking to periphery CCR7-CCL21α–/– interactions guides the migration of pre-cDCs (Lin–CD11c+MHCII–Flt3+Sirpαlo), which accumulate in the thymus, where they may be important for T-cell tolerance (Cosway et al., 2018).



cDC2s

Conventional DC2s have high heterogeneity and play dual roles of immune activation and regulation in the immune response. In the blood, activated cDC2s secrete IL-1β, IL-6, and IL-23 and induce the Th17 response (Persson et al., 2013). In the mouse intestine and thymus, cDC2s can induce the production of regulatory T cells (Treg) (Proietto et al., 2008; Balan et al., 2019). Recently, human cDC2s have been divided into two subsets: (1) CD1cloCLEC10A–CLEC4hi cDC2A expresses a high level of amphiregulin (Areg) and matrix metalloproteinase-9 (MMP-9) but low levels of IL-23, IL-6, and tumor necrosis factor-α (TNF-α). This subset exhibits anti-inflammatory effects. (2) CD1c+CLEC10A+CLEC4lo cDC2B has pro-inflammatory effects with high expression levels of IL-6 and TNF-α (Brown et al., 2019). The corresponding two subgroups of cDC2s in mice are T-bet+ cDC2A and T-bet– cDC2B (Brown et al., 2019), which are different from the previously described cDC2 subsets. Notch2 targeting of CD11c+CD11b+ CD103+ IRF4+ cDC2s was associated with the induction of the Th17 cell response (Lewis et al., 2011), whereas Kruppel-like factor 4 (Klf4)-dependent CD11c+ IRF4+ cDC2s promote Th2, but not Th17 (Tussiwand et al., 2015). In addition, CD9 divided CD11b+cDC2s into two subgroups in B16-F10 tumor-bearing mice, namely CD9–(CD301–)/CD9+(CD301+)CD11b+cDC2s, which are required for activating antitumor CD4+ Tconv (Binnewies et al., 2019). Although cDC2s are divided into many subsets, migratory cDC2s subsets typically require CCR7, whereas extrathymic Sirpα+cDC2s enter the thymus primarily via CCR2 (Tomohisa et al., 2009).



pDCs

Plasmacytoid DCs were first discovered in human lymph nodes (LNs). Human CD11c–CD123+CD303+ pDCs are equivalent to mice PDCA-1+ pDCs. pDC differentiation depends on E2.2 and IRF7, and expresses the CD123/IL-3α chain, CD303 (BDCA-2), CD304 (BDCA-4), and immunosuppressive molecule ILT2, etc. (Dzionek et al., 2000; Swiecki et al., 2010; Mathan et al., 2013). A new subgroup, AXL+AS DCs (SIGLEC1+, SIGLEC6+), exists in human blood and expresses a similar marker as that of pDCs (Villani et al., 2017). Although these subgroups are incapable of proliferation, they can activate T cells and play an antiviral role. Furthermore, pDCs can be converted into cDCs. When transcription factor E2-2 is downregulated or ID2, PU.1, and BATF3 are significantly upregulated, CC-chemokine receptor 9 (CCR9)– pDCs in intestinal epithelial cells (IECs) migrate to peripheral tissues (Chen et al., 2015). Subsequently, they are transformed into CD11b+CD8+MHCII+ cDC-like cells under the stimulation of granulocyte-macrophage colony-stimulating factors (GM-CSF) or soluble factors produced by IEC (Schlitzer et al., 2011). This transformation leads to an imbalance or abnormal distribution of pDC and cDC subpopulations in the body, which induce autoimmune diseases (Chen et al., 2015; Qian and Cao, 2018). CCR4, CCR6, CCR7, CCR9, CCR10, and chemokine-like receptor 1/chemerin receptor 23 (CKLR1/ChemR23) are correlated with pDC migration (Penna et al., 2001; Vermi et al., 2005; Wendland et al., 2007; Sisirak et al., 2011).



tol-DCs

Tolerogenic DCs (tol-DCs) can be derived from monocytes or pre-DCs. GM-CSF and TGF-β1 stimulated mouse liver-derived pre-DCs into tol-DCs, which prolong the survival time of donors in organ transplantation (Bonham et al., 1996; Khanna et al., 2000). These tol-DCs induce Treg cells to exert immune tolerance by secreting large amounts of IL-10. In addition, skin-settled CD141+CD14+ DC are derived from colonized monocytes (Chu et al., 2012; Han et al., 2014), and inhibit the CD4+ T-cell response by secreting IL-10 and IDO. IDO+CD11b+ DC is a subset of tol-DCs (Park et al., 2012) and induces immune tolerance. Tol-DCs are classified as induced tolerogenic DCs (itDCs) and natural tolerogenic DCs (ntDCs). ItDCs contribute to the maintenance of homeostasis under potentially proinflammatory conditions. While under steady-state conditions, ntDCs facilitate the establishment of tolerance. These findings provide insights on a new framework for the use of DC-mediated mechanisms of tolerance to treat diseases (Iberg and Hawiger, 2020).



MECHANISM UNDERLYING DC MIGRATION

Migration is the key process through which DCs exercise their uptake, processing, and presentation, and it runs throughout the entire process of DC differentiation and development. DC migration affects its phenotype and maturity, thus resulting in the different localization of different DC subgroups. DCs can directly pass through the blood vessel wall and migrate from peripheral tissues to a specific location or can enter lymph vessels from the bloodstream, from which they are passively transported to the subcapsular sinus (SCS) of the LNs through lymph flow and enter LNs to complete migration (Figure 1A).


Migration Kinetics of DCs

Differentiation and development of DCs occurs in four stages: (1) DC precursors, (2) imDCs, (3) migration DCs, and (4) mDCs. Previous studies have shown that only CD34+ DC precursor cells express E-cadherin, which promotes DC migration and maturity (Mackensen et al., 2000). During acute inflammation, DC precursors quickly mobilize to non-lymphoid tissues. Most DCs in the peripheral organs are imDCs, as immune response sentinel, which can take up antigens more efficiently. With exogenous antigens and inflammatory factor stimulation, imDCs migrate from peripheral tissues to secondary lymphoid areas. During this process, imDCs develop into mDCs, which present antigens and induce the T-cell response in LNs (Caux et al., 2000). Differentiation from imDCs to mDCs depends on migratory DCs. This type of DC exists mainly in lymphatic tissues, input lymphatic vessels, and peripheral blood. Through blood and lymphatic circulation, migratory DCs enter the secondary lymphatic organs from the input lymphatic vessels and drive the DCs to mature.

The dynamic migration process of DCs has an important guiding role in elucidating their homeostasis and pathology in tissues. However, different DC subsets display distinct migration kinetics during migration from skin to the draining LN (dLN). After photoconversion, self-antigens that are present on CD103– dermal DCs are rapidly transported from the skin to the dLN and are responsible for the transport of invading pathogens to the dLN. In contrast, CD103+ DCs reached a plateau on day 3 after photoconversion and participated in antigen cross-presentation (Tomura et al., 2014). Moreover, different DC subsets survey different regions of the spleen to induce specific T cell responses. For example, 33D1+ DC migrates to the periphery of the T cell zone of the spleen to induce CD4+ T cell responses, whereas XCR1+ DC migrates to the center of the T cell zone in the white pulp of spleen to induce CD8+ T cell responses (Calabro et al., 2016). In addition, the migration of localized skin CD1c+/CD14+/CD141+ DC subgroups to the inflammation site depends on CCR7/CXCL10 (Chu et al., 2012; Haniffa et al., 2012, 2015). However, research on the migration of a certain DC subgroup to a specific site in the tissues under steady-state and inflammatory conditions remain insufficient. Furthermore, whether independent DC subsets can selectively induce the T cell response in other immune organs warrants further research.



Essence and Mechanism of Migration

The migration of DCs is a complex and dynamic cyclical process. Cell migration occurs due to interaction between chemokines and chemokine receptors. Under the guidance of chemokines, DCs move to specific sites and exert corresponding biological functions. In addition, adhesion factors, integrins, semaphores, and cytoskeletal proteins play various roles in cell migration. Furthermore, the migration of DCs is essential for T cell responses.


Chemokines

Chemokines and chemokine receptors guide the positioning and chemotaxis effects of DCs at different developmental stages. Chemokines are a class of highly conserved small, secreted proteins that regulate DC migration by identifying chemokine receptors that bind to the DC surface. CCR7 plays an important role in DC migration from peripheral tissues to draining LNs and is a key factor that affects DC migration and function (Yanagihara et al., 1998; Hirao et al., 2000; Randolph et al., 2004). CCR7 ligands CCL19 and CCL21, which are expressed in lymphoid organs mainly, drive DC migration (Elke et al., 2004; Tiberio et al., 2018). CCL21 forms the “CCL21 gradient” by binding to heparan sulfates in the interstitium, thereby providing adhesion for DC migration and guiding DC migration into LNs (Weber et al., 2013). The discovery of chemokines and the chemokine–chemokine receptor axes facilitates research to elucidate the migration mechanism of DCs.


(1) The CCR7-CCL21/CCL19 axis: The CCR7-CCL19/CCL21 chemokine axis is vital for the regulation of adaptive immunity and tolerance by affecting mDC migration from the peripheral tissue to lymphatic vessels and LNs (Forster et al., 2008). Depending on this axis, human skin CD141+CD1c–XCR1+ cDC1 (Igyártó et al., 2011)/CD1a+CD1c+cDC2 (Kitajima and Ziegler, 2013) migrates from the dermis to skin-draining LNs (Tamoutounour et al., 2013) or intestinal CD103+ CD11b–XCR1+ SIRPα–CD141+DNGR1+cDC1 (Olga et al., 2009)/ CD103+ CD11b+ XCR1– SIRPα+ CD141–DNGR–cDC2 (Persson et al., 2013) migrate from the lamina propria to mesenteric LNs (Farache et al., 2013). CCR7-CCL19/CCL21 promote the migration of corneal mDCs to intraocular lymphatic vessels and mediate the CD4+ T cell immune response (Wang et al., 2019). Migrations of Newcastle disease virus-like particles (NDV-VLP)-treated DCs to draining LNs or the spleen rely upon the CCR7-CCL19/CCL21 axis, thus leading to CD4+ T cell activation (Qu et al., 2005). CCR7-CCL19/CCL21-dependent DC migration is involved in the coordination of the activation of specific Tregs, which is beneficial for maintaining peripheral tolerance (Leventhal et al., 2016). This provides new insights for further understanding the role of the CCR7-CCL19/CCL21 axis in maintaining a balance between the adaptive immune response and immune tolerance. Inflammatory factors CCRL1 (called ACKR4) (Ulvmar et al., 2014), transcription factor PU.1 (Yashiro et al., 2019), and IL-18-driven human helper NK cells (Wong et al., 2014) participated in the regulation of DC migration, which may contribute to adaptive immune responses that are associated with infection, cancer, or vaccination.

(2) The leukotriene B4 (LTB4)-BLT1 axis: This axis is critical for regulating DC transport and inducing an adaptive immune response (Del Prete et al., 2006). DCs can be stimulated by LTB4 in vitro and upregulate the expression of CCR7 and CCL19 while promoting chemokines CCL19 and CCL21 to induce DC migration to LNs (Del Prete et al., 2006). This indicates that LTB4 plays an important role in regulating DC migration and inducing adaptive immune responses.

(3) The CXCR4-CXCL12 axis: This axis relies on CCR7 to promote the migration of DCs from peripheral organs to LNs and participate in the migration of DCs across lymphatic endothelial cells and lymphatic vessels, as well as the migration of epidermal DCs to the dermis (Kabashima et al., 2007; Villablanca and Mora, 2008). Thus, CXCR4-CXCL12 is a key axis for DC migration during skin inflammation.

(4) The CCR8-CCL21/CCL8 axis: CCR8 and its ligand CCL21/CCL8 promote DC homing toward LNs (Sokol et al., 2018). In addition, CCR8 and CCL21 coordinate the promotion of CCR7-mediated CD301b+ DC migration from the SCS to LNs and induce Th2 effects. Th2 immunization specifically induces CCL8 expression by CD169+SIGN-R1+ macrophages. CCL8, and CCL21 synergistically promote CD301b+ DC migration (Sokol et al., 2018). These factors may contribute to adaptive immune deviation and cancer cell metastasis associated with DC migration.



Some chemotactic signals can directly activate DC migration or promote the production of chemokines (CXCL12, CXCL14, CCL19, CCL3, etc.), thereby causing secondary recruitment of cells (Majumdar et al., 2014; Tiberio et al., 2018). New paradigms have emerged in the establishment and maintenance of gradients during directed cell migration. Such chemotactic signals include bacterial components, lipid mediators, signaling proteins, and proinflammatory cytokines. For example, cathelin-related antimicrobial peptide (CRAMP), platelet-activating factor (PAF), Activin A, serum amyloid A (SAA), and leukotriene B4 (LTB4). The formylpeptide receptor (Fpr2) expressed on the surface of DCs and CRAMP is jointly involved in the activation and aggregation of DCs involved in allergic airway inflammation (Chen et al., 2014). SAA can directly induce the migration of imDCs via the secondary release of CXCL12 and CXCL14 (Gouwy et al., 2015). Furthermore, the chemokine signals induce faster migration of DCs.



Adhesion Molecules and Proteins

The acquisition of DC migration capacity also depends on the change of its adhesion state. During inflammation, ICAM-1, ICAM-2, Mac-1 (αMβ2), and LFA-1 (αLβ2) play crucial roles in regulating DC migration. The expression of intracellular chemokine CXCR3 promote Mac-1 and LFA-1 binding to their ligand ICAM-1/2, thereby targeting cell adhesion (Springer, 1994). L/E/P-selectin on activated endothelial cells is required for the DC migration process and is involved in the DC homing of lymphoid and peripheral tissues (Tedder et al., 1995; Pendl et al., 2002; Lekakis et al., 2010).

Tetraspanins are expressed on the surface of DCs and control DC migration by coordinating the expression and aggregation of cytokines, selectins, integrins, or other cell–cell proteins on the DC surface (Charrin et al., 2009). P-selectin-independent rolling decreases in the absence of tetraspanin CD63 (Doyle et al., 2011). Tetraspanin CD53 stabilizes L-selectin surface expression and promotes lymphocyte recirculation (Demaria et al., 2020), which indicates that tetraspanin pairs with its partner protein of selectin in co-participation in DC migration.

Rho-associated protein kinases (ROCKs) affect the migration of DCs to draining LNs by mediating the activation of actin nuclear contraction (Nitschké et al., 2012), rapid reconstruction of F-actin throughout DC migration, cell polarity formation, and interaction between cell proteins (Tang and Gerlach, 2017). The actin-related protein 2/3 (Arp2/3) complex mediated F-actin formation of pseudopodia at the front end of this movement and boosted the CCR7-CCL19/CCL21 response axis to induce chemotactic migration of mDCs (Leithner et al., 2016). Under the regulation of the Rho-GTPase signaling pathway, Arp2/3-mediated actin nucleation weakened at the front end of the migration movement (Suraneni et al., 2015), whereas morphogenetic formin-protein-mediated actin nucleation increased at the end of the migration movement (Vargas et al., 2016), which resulted in the rapid migration of mDCs. Calcium ions maintain cell polarity and stabilize the actin cytoskeleton. DC migration requires the participation of a variety of adhesion factors or proteins, which provides a more comprehensive explanation of the mechanism underlying DC migration.



Migration Patterns of Different Cell Subsets

Migrating cDCs and pDCs recruited from the blood to LNs can promote peripheral Treg cells to induce immune tolerance, thereby linking migrating DCs as potential markers for the treatment of autoimmune diseases (Bonasio et al., 2006; Hadeiba et al., 2012). The development of cDCs and pDCs depends on the expression of CCR6/7 but relies upon CCR1/4/8 or CCR2/9/10, respectively (Figure 2).
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FIGURE 2. Chemokines of pDC and cDC. Migratory pDC and cDC depends on the expression of CCR7 and CCR6. More specifically, the migration of cDC depends on the expression of CCR8, whereas the migration of pDC depends on the expressions of CCR9 and CCR10. The current study found that the migration of mouse cDC depends on CCR1 and CCR4. The migration of human cDC is dependent on CCR2 and CCR5. At the same time, the expressions of CCR2 and CCR5 are also involved in mediating the migration of mouse pDC.


Although cDCs usually upregulate the expression of CCR7 to induce migration, during inflammation, IRF4–/–CD11b+ cDCs could not upregulate CCR7 expression to induce migration to inflamed skin (Bajana et al., 2012; Plantinga et al., 2013). When Staphylococcus epidermidis infects skin tissue, dermal CD103+ cDC1s carry bacterial antigens that migrate to skin LNs, promote IL-17 secretion, and induce the recruitment of CD8+ T cells to the skin to resist pathogen infection (Farache et al., 2013). The chemotactic receptor Epstein–Barr virus-induced 2 (EBI2) can guide the migration of CD11b+ cDC2 to the LNs and spleen by up-regulating CCR7, CXCR5, and CXCL13 and inducing CD4+ T-cell effects (Gatto et al., 2011; Leon et al., 2012; Gatto et al., 2013). pDCs usually enter LNs through high endothelial veins and assist other DC subsets in performing antigen presentation functions. Upon viral infection, pDCs were directed toward two different sites in the LN, they either migrated to infected macrophages residing in the SCS area in a CXCR3-dependent manner or to CD8+ T cell priming sites in a CCR5-dependent manner. This may be essential to induce antiviral immunity (Brewitz et al., 2017). Moreover, CCR9 mediates pDC migration to the intestine (Wendland et al., 2007). CKLR1/ChemR23 mediates pDC migration to LNs or inflamed skin (Zabel et al., 2005; Albanesi et al., 2009). pDCs also depend on CCR6, CCR7, and CCR10 to complete homing from the blood to inflamed skin (Sisirak et al., 2011). pDCs and cDCs express different chemokine and chemokine receptors which lead them to have different migrate route and functions (Table 1). However, the specific mechanism needs to be further studied.


TABLE 1. Migration routes, chemokines/chemokines receptor, and functions of cDC and pDC subsets.
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During inflammation, the migration of imDCs mainly depends on the mediation of E/P-selectin (Pendl et al., 2002). Endothelial selectins are involved in the rolling, extravasation, and migration of imDC in the vascular endothelium. The ChemR23 ligand chemerin can increase the migration of imDCs to endothelial cells with the participation of CCL7 (Gouwy et al., 2013). imDCs and mDCs may have the opposite reactivity to the same chemokine. For example, imDCs have weak reactivity to CC-chemokine-MIP-1b and CXC-chemokine-SDF-1a, but the reverse occurs when imDCs are mature (Lore et al., 1998). In addition, the Rho-mDia1-dependent actin pool is involved in the forward movement of imDCs and the migration of mDCs to lymphatic vessels (Vargas et al., 2016). The migration patterns of different subgroups affect the progress of immune regulation, but the migration mechanism of each subgroup is unclear.



REGULATORY FACTORS AFFECTING DC MIGRATION


The Hypoxic Microenvironment

A sufficient oxygen environment is required to maintain the normal development and metabolism of cells. Hypoxia can downregulate the expression of CCR7 and DC surface adenosine receptor A2b, whereas the cyclic AMP/protein kinase A signaling pathway reduces the inhibition of MMP-9/TIMP gene secretion during hypoxia by acting on the A2b receptor (Qu et al., 2005). The downregulation of CCR7 and the change in MMP-9/TIMP gene expression are the main factors that inhibit DC migration, which cause an imbalance in the Th1/Th2 immune response.



Tumor Microenvironment

Elucidating the migration processes of DCs in the tumor microenvironment (TME) can explain how DC-derived cancer vaccines will effectively work in the human body, thus leading to the development of effective vaccines. However, knowledge of the exogenous migration pathway of DC is limited. When tumors occur, increased secretion of TGF-β, VEGF, and LXR ligands and anti-inflammatory factors may recruit DC precursors and convert them into tol-DCs, thereby inhibiting DC maturation and migration to LNs (Soudja et al., 2011). Likely, TGF-β may be involved in DC migration under phosphatidylinositol 3-kinase/Akt activation (Bakin et al., 2000) and increase cell tolerance (Lee et al., 1998). This confirms that the TME can inhibit DC migration. The occurrence of ectopic LNs in tumors can also induce DC migration via CCL21 (Chen et al., 2002; Di Caro et al., 2014). NK cells promote cDC1 accumulation in incipient tumors by producing CCL5 and XCL1/2 (Bottcher et al., 2018). Immunoregulatory factor PEG2 can downregulate the expression of chemokines CCL5, XCL1, XCR1, and CCR5 on cDC1 to inhibit DC accumulation and CD8+ T cell action in the TME (Bottcher et al., 2018). Regulating the expression of chemokines and/or chemokine receptors may interfere with the accumulation of DC in tumors or tumor-draining LNs.

A nano-vaccine containing M-COSA/OVA/pDNA can promote the expression of MHC-I and cytokines (such as IFN-γ) after injection into the human body, enhance antigen presentation as an immune adjuvant, induce DC migration to LNs, and activate CD8+ T-cell effects to inhibit tumor growth (Xiqin et al., 2018). The key to effective DC vaccines involves the migration of DC-carrying antigens to T-cell-rich LN regions. The use of magnetic resonance imaging, fluorescent labeling, and other technical methods to track the migration route of DC in the body enables DC vaccines to target their effects on cancer (de Chickera et al., 2011). In-depth understanding of DC migration routes are conducive to the preparation of targeted DC vaccines.



Inflammation Cytokines

Inflammatory cytokines promote DC migration through paracrine or autocrine signaling and induce the expression of CCR7 and its ligand CCL19/CCL21 in DCs, thereby promoting DC migration (MartIn-Fontecha et al., 2003; Del Prete et al., 2006). The TNF-α, IL-6, and IL-1β families are involved in DC migration to inflammation sites that are under mediation by CCR7, and this process may be related to the Toll-like receptor/transcription factor nuclear factor-κB (TLR/NF-κB) pathway, which can modulate the Th1/Th17 polarization effect (Cumberbatch et al., 2002; Gianello et al., 2019). In addition, CX3CL1 and CXCL12 may participate in DC migration in the inflammatory environment and promote DC migration through the vascular endothelium to lymphatic vessels (Johnson and Jackson, 2013). In the non-inflammatory environment, the atypical Iκβ-dependent pathway activated by NF-κB appears to regulate CCR7 and co-stimulatory molecule expression (Baratin et al., 2015). At the same time, TLR ligands can enhance DCs to express CCR7 and CCL19 and promote DC migration from peripheral tissues to draining LNs (González et al., 2014). Thus, the inflammatory environment or inflammatory signals (TGF-α, IL-1β, IL-6, and IL-12) promote DC maturation and migration depending on CCR7 expression.



Pathogenic Microbes

Invasion by pathogenic microbes affects the migration and location of DC subgroups. In the gut, CD103+CD11b+ cDC2 in the intestinal lamina propria of Salmonella infection upregulate CCR7 and migrate to the IEC layer, which helps epithelial DCs acquire bacterial infections (Farache et al., 2013). A substantial number of CCR2-dependent LY6Chi monocytes that secrete proinflammatory factors and accumulate in the intestine may transform into inf-DCs and then migrate to mesenteric LNs and induce T-cell effects (Zigmond et al., 2012). However, acute intestinal bacterial infection may cause a substantial number of migrating DCs to converge in the adipose tissue area of mesenteric LNs, thereby preventing transfer to mesenteric LNs (Fonseca et al., 2015).

Respiratory syncytial virus (RSA) infection promoted CD11b+ DCs to carry allergens to mediastinal LNs by CCR2/CCL2 and CCR7, which induced Th2 cell immunity and caused allergic asthma (Plantinga et al., 2013). During RSV infection, the G protein receptor EOS1 caused the lung CD103+CD11b+ DC subgroup to migrate to mediastinal LNs (Lukens et al., 2009), thereby up-regulating the expressions of IL-18, IL-1, and IL-1R, which promoted respiratory DC migration and increased the inflammatory response (Pang et al., 2013). NDV-VLPs, an emerging virus vaccine (Qu et al., 2005), up-regulates MHC-II, co-stimulatory molecules, and proinflammatory cytokines TNF-α, IFN-γ, IL-6, and IL-12p70 through the TLR4/NF-κB pathway, thereby effectively activating DC maturity. In addition, NDV-VLPs induce the expression of CCR7 on DCs and cooperate with CCL19/CCL21 to mediate the migration of DCs to draining LNs or the spleen to activate CD4+ T-cell response. These discoveries provides new insight toward the development of similar VLP vaccines.

Notably, the coronavirus disease 2019 (COVID-19) infection also produces a large number of chemokines (CCL2, CCL3, CCL5, CXCL8, CXCL9, CXCL10, etc.), that might promote DCs and/or T cell infiltration into infected sites, thereby causing cytokine storms that destroy lung function and cause a systemic inflammatory response that leads to organ failure (Huang et al., 2020; Rivellese and Prediletto, 2020; Xu et al., 2020). Recently, it was found that inflammatory disease-inflammatory type 2 cDCs (inf-cDC2s) (Bosteels et al., 2020), which are structurally similar to DCs but have the combined functional advantages of monocytes, macrophages, and cDC functionality, exert an anti-inflammatory effect in COVID-19 patients.



Others

Proteomic and transcriptome analyses confirmed that the lnc-Dpf3 gene can negatively inhibit CCR7-mediated HIF-1α activation and glycolysis gene LDHA expression, ultimately negatively regulating CCR7-mediated DC migration and inflammation (Liu et al., 2019). This study shows that deletion of lnc-Dpf3 gene can enhance CCR7-mediated activation of HIF-1α and DC migration and provides direction for research on the expression or role of non-coding long-chain RNAs in DC migration and inflammatory diseases.

In addition, laser irradiation or radiation may damage collagen fibers and the cell matrix of cells, thus causing collagen fibers to become disordered or broken, which affects the local recruitment of DC and promotes the migration of DCs to LNs (Chen et al., 2012; Yu et al., 2018). Laser-irradiated DCs may be accompanied by an increase in MHC-I and CD80 (Chen et al., 2012). It was established that, depending on the ATM/NF-κB signaling pathway, low-dose radiation may increase CCR7-mediated DC migration and is accompanied by an increased secretion of IL-12. Whether external infection factors or internal genetic factors affect DC migration by regulating the expression of chemotactic or adhesion factors in DCs (Table 2), further study of the mechanisms regulating the migration of DCs will elucidate important factors underlying the pathogenesis and immune status of disease.


TABLE 2. Factors affecting DCs migration.
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CONCLUSION AND OUTLOOK

The essence of DC migration involves chemokines, adhesion factors, integrins, and contributing biological activities. Different migration modes eventually lead to differences in the DC phenotype, location, and function. DC migration has a guiding role in the development and functions of DC-tumor or DC-virus vaccines, which are injected and migrated through blood vessels or lymphatic vessels, and eventually to the site of infection or tumor to play a role in antiviral or anti-tumorigenic effects (Figure 1B). Further studies are needed to determine whether the DC-tumor vaccine can effectively reach the local tumor to induce an anti-tumorigenic effect and whether DC-virus vaccine can effectively reach the infected site and elicit antiviral response. The development of transcriptomes, proteomics, and other technologies will provide technical support for more precise expression and regulation of DC migration to achieve a more effective treatment.

Migration from non-lymphoid to lymphoid tissue is a key feature of DCs that regulates immune response. Chemokine/chemokine receptors, integrins, protein receptors, and transcription factors, promote DC migration and specific intra-organ localization. In tumor tissues, removing inhibitory factors on DC migration may activate immunity and anti-tumorgenicity. However, inhibiting DC migration may be related to the inhibition of excessive activation in autoimmune diseases. Targeting CCR7 or other key mediators of DC trafficking may represent more suitable approaches for targeting DCs in diseases. Research on the migration and function of specific DC subgroups in diseases requires further study.

At present, research on genomes that affect DC migration and the migration modes of pDC, cDC, and other DC subgroups are unclear, and there is still a question about how to precisely target the direction of DC migration to make DC vaccines effective in antitumor and antiviral therapies. For the development and clinical application of an effective DC antiviral vaccine for COVID-19, which has rapidly spread around the world since December 2019, an in-depth exploration of changes in DC migration during the immune response to infection by pathogenic microorganisms is key, but greater elucidation is urgently needed.
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Type 2 Diabetes Mellitus (T2DM) is a chronic inflammatory disorder that is characterized by chronic hyperglycemia and impaired insulin signaling which in addition to be caused by common metabolic dysregulations, have also been associated to changes in various immune cell number, function and activation phenotype. Obesity plays a central role in the development of T2DM. The inflammation originating from obese adipose tissue develops systemically and contributes to insulin resistance, beta cell dysfunction and hyperglycemia. Hyperglycemia can also contribute to chronic, low-grade inflammation resulting in compromised immune function. In this review, we explore how the trafficking of innate and adaptive immune cells under inflammatory condition is dysregulated in T2DM. We particularly highlight the obesity-related accumulation of leukocytes in the adipose tissue leading to insulin resistance and beta-cell dysfunction and resulting in hyperglycemia and consequent changes of adhesion and migratory behavior of leukocytes in different vascular beds. Thus, here we discuss how potential therapeutic targeting of leukocyte trafficking could be an efficient way to control inflammation as well as diabetes and its vascular complications.
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INTRODUCTION

Inflammation is a protective response against harmful stimuli such as injuries, infections and toxins, which requires the trafficking of leukocytes from the blood stream to the site of inflammation within damaged tissues. This process is critical for elimination of harmful stimuli and for tissue repair and is tightly regulated by a variety of mediators such as cell adhesion molecules, cytokines and chemokines (Wright and Cooper, 2014). Leukocyte behavior and their recruitment to tissues is modified under inflammatory conditions such as in Type 2 diabetes (T2DM) (Wu et al., 2011). T2DM is a chronic inflammatory disorder characterized by hyperglycemia and impaired insulin signaling and production (Calle and Fernandez, 2012). Components of the immune system are altered in T2DM, with the most apparent changes occurring in the adipose tissue, the pancreatic islets, the vasculature and in circulating leukocytes (Donath and Shoelson, 2011; Mraz and Haluzik, 2014; Eguchi and Nagai, 2017). Indeed, cellular stresses, such as oxidative stress and lipotoxicity cause insulin resistance and pancreatic islets dysfunction, can induce an inflammatory response and also be exacerbated by local inflammation. Patients with T2D have elevated levels of inflammatory cytokines (such as IL-1β and IL-6) and chemokines (such as CCL2, CXCL8) (Donath and Shoelson, 2011). This rise in inflammatory mediators completely modifies leukocyte behavior and recruitment into tissues, which in turn contributes to maintenance of insulin resistance, loss of insulin secretion and accelerates development of micro and macro-vascular complications (Wu et al., 2011). Clinical studies show that targeting inflammation using small molecules or biological agents to turn off pro-inflammatory cytokines, deplete immune cells or block regulatory surface receptors, results in improved blood glucose levels and insulin sensitivity (Larsen et al., 2007; Donath and Shoelson, 2011). Obesity, particularly visceral adiposity, is a major risk factor for T2DM (Donath and Shoelson, 2011) and the adipose tissue of patients with T2DM and/or obese patients appears to be a major site of inflammation (Lontchi-Yimagou et al., 2013). Both innate and adaptive immune cells present in the adipose tissue have critical roles in the regulation of metabolic homeostasis. Dysregulated trafficking of leukocytes is observed in the adipose tissue and is associated with a shift in cell populations from an anti-inflammatory to a pro-inflammatory profile in obesity (Esser et al., 2014). This switch to a production of pro-inflammatory cytokines leads to the development of systemic low-grade inflammation, which results in impaired insulin signaling, beta-cell dysfunction and subsequent insulin resistance (Esser et al., 2014). Hyperglycemia rises as the pancreas fails to compensate insulin resistance (Donath and Shoelson, 2011). Hyperglycemia then leads to oxidative stress and induces systemic inflammation by stimulating the production of inflammatory cytokines (Noshita et al., 2002; Dimayuga et al., 2007) and chemokines, resulting in endothelial dysfunction (Nguyen et al., 2012). This review will summarize how T2DM-related changes in the expression of adhesion molecules and chemokine receptors/ligands drive endothelial dysfunction and dysregulates leukocyte trafficking under inflammatory conditions which ultimately leads to diabetic complications (Figure 1).
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FIGURE 1. Obesity-related dysregulation of leukocyte trafficking in T2DM. Adipose tissue from lean individuals is characterized by increased numbers of anti-inflammatory M2 macrophages and higher presence of regulatory T-cells (Tregs). Obesity induces adipose tissue enrichment of cytotoxic CD8+ T-cells and pro-inflammatory M1 macrophages with a shift from an anti-inflammatory to a pro-inflammatory state. In obesity, the imbalance among leukocytes results in production of inflammatory cytokines (TNFα, IFNγ, IL-1β) and chemokines which promote systemic inflammation and peripheral insulin resistance as well as beta-cell dysfunction. Hyperglycemia occurs as a result of beta-cells failure to compensate for insulin resistance. Hyperglycemia exacerbates systemic inflammation by inducing pro-inflammatory cytokines production and modulating leukocyte trafficking through alteration of the expression of adhesion molecules, chemokines and chemokine receptors in different vascular beds, which ultimately results in vascular complications.




THE MOLECULAR PROCESSES OF LEUKOCYTE RECRUITMENT IN INFLAMMATION

Recruitment of leukocytes is triggered by the local release of inflammatory mediators such as histamine, tumor necrosis factor-alpha (TNFα) and interferon-gamma (IFNγ) in inflamed tissue (Liu et al., 2004; Zhang et al., 2011; Muller, 2013). These mediators induce the expression of specific adhesion receptors such as selectins, adhesion molecules and chemokines, which are expressed or presented at the surface of endothelial cells (ECs) and bind to integrins or chemokine receptors located at the surface of leukocytes (Zhang et al., 2011). Selectins interaction with their ligands results in leukocyte tethering and rolling from rapidly flowing blood (Kansas, 1996; Harjunpää et al., 2019). Selectins are transmembrane calcium-dependent lectins that consist of three functionally different adhesion molecules expressed by ECs (E-selectin), platelets and ECs (P-selectin) and leukocytes (L-selectin) (McEver, 2015). L-selectin and P-selectin mediate fast rolling of leukocyte through sequential interactions with their ligands. However, slow rolling events are mediated by E-selectin on ECs binding to E-selectin ligand-1 (ESL-1) or P-selectin glycoprotein ligand 1 (PSGL-1) on leukocytes (Yago et al., 2010). Leukocyte arrest and migration on the endothelium depends on chemokines (Luu et al., 2000). The shift from fast rolling to slow rolling allows G-protein-coupled receptors (GPCRs) on leukocytes to bind to the chemokines expressed on the surface of ECs, which induces leukocyte integrin activation and enables leukocyte firm adhesion to the vessel wall (Giagulli et al., 2004; Rutledge and Muller, 2020). Integrins are a family of transmembrane receptors expressed by leukocytes. Both α4β1 integrin or very late antigen-4 (VLA-4) and αMβ2 integrin or lymphocyte function-associated antigen-1 (LFA-1) have been found to play a role in leukocyte arrest (Uotila et al., 2014). αMβ2 is expressed on leukocytes as a resting low affinity state. Conformational changes are required for integrins to switch from a low affinity state to an active high affinity state enabling them to bind to their ligands expressed on the endothelium (Kim et al., 2003; Ley et al., 2007; Fan and Ley, 2015). The activation of integrins is mediated by chemokines and results in integrin extension and changes in the cytoskeleton of leukocytes, enabling tight adhesion on the vessel wall (Rutledge and Muller, 2020). LFA-1 and VLA-4 on leukocytes, bind to their respective ligand ICAM-1 and VCAM-1 on ECs, mediate leukocyte adhesion (Hyduk et al., 2007; Kuwano et al., 2010) and induce intracellular signals to allow leukocyte arrest (Giagulli et al., 2006; Kummer and Ebnet, 2018). Leukocytes then extend lamellipodia and prepare for transendothelial migration (Rutledge and Muller, 2020). Additional downstream signals such as prostaglandin-D2 (PGD2) signals are required for shape change and dynamic transmigration of activated leukocytes (Ahmed et al., 2011). Macrophage integrin-1 (Mac-1) or CD11b/CD18, also known as αMβ2, interaction with ICAM-1 expressed by the inflamed endothelium is required for the transition of leukocytes from tight adhesion to crawling along the vessel wall (leukocyte locomotion) to then find a suitable site for transendothelial migration (Schenkel et al., 2004). Leukocytes either transmigrate (diapedesis) through the endothelial junctions (paracellular route), or through the body of the ECs (transcellular route) (Ley et al., 2007). In the paracellular route, the distribution of junctional molecules is modified in inflamed ECs in a way that facilitates transendothelial cell migration (Shaw et al., 2001). Junctional molecules such as platelet/endothelial-cell adhesion molecule 1 (PECAM-1) and junctional adhesion molecule A (JAM-A) may support leukocyte migration through mobilizing to the luminal surface where they can bind to their ligands expressed on leukocytes and guide them to the junctions (Muller, 2003). JAM-A interaction with αLβ2 allows strong adhesion of activated leukocyte to the endothelium (Kummer and Ebnet, 2018). PECAM-1 is expressed at EC junctions and leukocytes (Newman et al., 1990). When leukocytes reach the site of transmigration, the homophilic interactions between PECAM-1 on leukocytes with PECAM-1 on the endothelium causes a transient increase in cytosolic calcium in ECs which guide the leukocytes to the junctions (Ley, 2007; Muller, 2011). Like PECAM-1, CD99 (Schenkel et al., 2002) and CD99L2, expressed at EC junctions and on leukocytes, rely on a homophilic interactions to promote leukocyte extravasation (Schenkel et al., 2002; Seelige et al., 2013; Rutledge et al., 2015). In ECs, the major functional component of the adherent junction is VE-cadherin. During transendothelial migration, there is a transient gap in VE-cadherin at the site of the transmigrating leukocytes, which facilitates transmigration (Dejana and Giampietro, 2012). This gap has been shown to be triggered by constitutive shedding of VE-cadherin by ADAM-10, which is promoted by Tspan5 and Tspan17 and therefore allows T-cell diapedesis (Reyat et al., 2017).

Transcellular leukocyte migration only occurs for a minority of emigrating cells and mostly takes place in thin parts of the endothelium (Carman and Springer, 2004). In this route, leukocyte migration occurs through membrane-associated channels, which act as a gateway for leukocytes through the body of ECs. In fact, the preferred route of leukocyte transmigration depends on the leukocyte type and also the type of vascular bed (Dvorak and Feng, 2001). The endothelium is heterogeneous in different vascular beds, depending on the size and the organ considered (Aird, 2007). ECs in the arterioles of the vascular system have lower permeability to leukocytes, whereas those in the venules are thinner and permissive allowing leukocytes to easily transmigrate particularly in postcapillary venules (Dejana et al., 2009). In addition, the endothelial barrier can be even more permissive such as in lymphoid organs (Miyasaka and Tanaka, 2004), or very tight such as in the central nervous system (Wolburg and Lippoldt, 2002).

To reach inflamed tissues, leukocytes need to migrate through the basement membrane. The basement membrane is made up of laminin and collagen type IV (Mutgan et al., 2020). In murine models, leukocytes cross the basement membrane at areas with low expression of laminin (Song et al., 2017). PECAM-1, CD99, and CD99L2 are required for homophilic interactions between leukocyte and ECs to initiate the migration through the basement membrane (Thompson et al., 2001; Bixel et al., 2010; Sullivan et al., 2016). Leukocytes express several membrane-type matrix metalloproteinases (MMP) including the secreted- and membrane-anchored MT-MMPs, which develop an appropriate proteolytic reaction (Marco et al., 2013) and enable cells to cross this structural barrier. However, the exact mechanisms still remain to be fully characterized. Finally, following a successful diapedesis, leukocytes utilize a chemokine gradient to migrate toward the site of infection upon their entry into inflamed tissues (Ley et al., 2007).



EXPRESSION OF ADHESION MOLECULES IN T2DM

Cell adhesion molecules (CAMs) are glycoproteins expressed on the surface of various cell types such as ECs and leukocytes (Galkina and Ley, 2007). Upon inflammation, vascular ECs express or up-regulate the expression of CAMs that increase the attachment of leukocytes to the endothelium (Cook-Mills et al., 2011). Selectins, ICAM-1 and VCAM-1 are the major CAMs responsible for leukocyte adhesion (Huo and Ley, 2001). Soluble form of CAMs (sCAMs) in the circulation indirectly reflect the rate of endothelial expression and activation of CAMs since they are shed from the surface of ECs and lymphocytes after being activated (Abe et al., 1998). Elevated expression and activity of CAMs are therefore indicative of inflammation and endothelial dysfunction (Cook-Mills et al., 2011).


Soluble CAMs and Selectins

The baseline levels of circulating E-selectin, ICAM-1, and VCAM-1 were found higher in patients with T2DM compared to healthy controls (Meigs et al., 2004). A study on 150 Japanese patients with T2DM showed that higher serum concentrations of sVCAM-1 and sE-selectin were positively correlated with fasting plasma glucose levels, and negatively correlated with insulin sensitivity (Matsumoto et al., 2002). Higher levels of circulating CAMs in T2DM is linked to an increased production of advanced glycosylation end products (AGEs) and oxidative stress occurring under hyperglycemic conditions (Hadi and Al Suwaidi, 2007). The interaction of AGEs with the vessel wall components increases the generation of reactive oxygen species, which results in an increase in the surface expression of CAMs on activated ECs (Wen et al., 2002; Basta et al., 2004; Farhangkhoee et al., 2006).

Hyperinsulinemia can also directly affect the surface expression of adhesion molecules on ECs from healthy volunteers and from patients with non-insulin-dependent diabetes in vitro (Okouchi et al., 2002). Culture of ECs in insulin-rich medium (over 50 microUnit/ml) for 24 h increased the surface expression of PECAM-1 but not of ICAM-1, P-selectin or E-selectin (Okouchi et al., 2002). This was clearly associated with an increase in neutrophil adhesion therefore suggesting that high insulin conditions promote vascular injury and therefore T2DM-associated macro- and micro-vascular complications.

However, a recent study on 58 patients with T2DM on insulin therapy and displaying microvascular complications found lower levels of serum sICAM-1 in these patients irrespective of the type of diabetic complication when compared to age-matched healthy controls (Hocaoglu-Emre et al., 2017). Since the participants with T2DM were also receiving angiotensin-converting enzyme (ACE)-inhibitor agents, decreased levels of sICAM-1 might have resulted from the combination of insulin and ACE-inhibitor therapies. Indeed, both insulin and ACE inhibitors can individually inhibit CAMs surface expression on ECs as well as their circulating levels (Drexler et al., 1995; Aljada et al., 2000). However much remain to be clarified in this area as the effect of both insulin and ACE inhibitors seems to vary in different patient cohorts. Some studies have hypothesized that these discrepancies between cohorts are linked to the degree of complications and the bigger impact seems to occur in late-stage diabetic complications when other treatments such as ACE-inhibitors are used. The conflicting evidence about the levels of sCAMs in the circulation suggests that different CAMs may play different roles in the different stages of vascular complications in T2DM (Hocaoglu-Emre et al., 2017).



Surface Expression of CAMs on the Endothelium

Variations in the expression of adhesion molecules on the vasculature play a role in microangiopathy in patients with T2DM by enhancing leukocyte adhesion in the vasculature and causing capillary obstruction (McLeod et al., 1995). This has been observed in different vascular beds and is linked to a majority of complications such as diabetic nephropathy (Gu et al., 2013) and retinopathy (McLeod et al., 1995). A study on 40 patients with T2DM showed a significant increase in the expression of ICAM-1 and VCAM-1 on vascular ECs from the conjunctiva in comparison with conjunctiva from healthy controls (Khalfaoui et al., 2008). Confocal microscopy imaging of retina vessels in streptozotocin (STZ)-induced hyperglycemic mice reported increased VCAM-1 protein levels after 8 weeks, and this was synchronized with the expression of the inflammatory cytokines TNFα, IL-6 and interleukin 1 beta (IL-1β) in the retina (Gustavsson et al., 2010). However, not many studies have performed in depth study of leukocyte recruitment in patients and in mice models to show that defects in leukocyte recruitment could mean leukocyte trafficking is impaired despite upregulation of endothelial CAMs.

Vascular adhesion protein-1 (VAP-1) is an enzyme and an adhesion molecule mainly expressed by ECs, smooth muscle, and the adipose tissue (Kuo et al., 2019). Endothelial VAP-1 supports leukocyte rolling, firm adhesion, and transmigration (Salmi and Jalkanen, 2019). The catalytic activity of VAP-1 can be damaging and cytotoxic to ECs via the generation of AGEs, which are involved in the pathogenesis of diabetic complications such as retinopathy, nephropathy, neuropathy, and atherosclerosis (Stolen et al., 2004).

Vascular adhesion protein-1 expressed on the vessels in the pancreatic islet of Non-Obese Diabetic (NOD) mice (model of T1DM) was associated with high degree of lymphocyte infiltration into the islets (Bono et al., 1999). Invalidation of the gene encoding VAP-1, using a null mutation in the amine oxidase copper-containing-3 (AOC3), decreased infiltration of T-cells, macrophages and NK cells in both epididymal and inguinal white adipose tissue of AOC3-KO mice compared to age-matched wild-type controls. This reduction in leukocyte infiltration was associated to a reduced capacity of leukocyte extravasation normally enabled via VAP-1 (Jargaud et al., 2020). Serum VAP-1 levels are higher in patients with T2DM and in patients with chronic kidney disease, which makes serum VAP-1, a good predictor of end-stage renal disease in diabetic patients and a useful biomarker to improve risk stratification of patients with T2DM (Li et al., 2016). Many in vivo studies further validate the role of VAP-1 as an anti-inflammatory target (Xu et al., 2006; Foot et al., 2013; Carpéné et al., 2019). Indeed, administration of a long-lasting VAP-1 and 2 inhibitor, PXS-4681A, in a mouse model of LPS-induced lung inflammation attenuated neutrophil migration into the lungs (Foot et al., 2013). PXS-4681A is a promising drug candidate as it ensures complete and long-lasting inhibition of the enzymes after a single low dose in vivo and could also be tested in other models of chronic inflammation.



Surface Expression of CAMs on Leukocytes

Leukocyte adhesion to the endothelium is mediated by surface integrins expressed on leukocytes such as macrophage integrin-1 (Mac-1) or CD11b/CD18, also known as αMβ2 (Carlos and Harlan, 1994). In a study comparing patients with T2DM to age-matched healthy controls, basal expression of CD11b on monocytes and neutrophils did not differ between the groups (Sampson et al., 2002). However, higher expression of CD11b was observed on monocytes after a glucose load in both T2DM and control groups. This suggests, an association between hyperglycemia and monocyte-endothelial interactions through increased expression of monocytic CD11b (Sampson et al., 2002). Higher expression of CD11b in both diabetic and control groups after a glucose load could be due to the translocation of stored CD11b to the cell surface in response to any acute or sudden change in glucose levels regardless of basal plasma glucose (Sampson et al., 2002). However, another group later found higher monocyte expression of CD11b at baseline in patients with obesity, which may suggest higher degree of leukocyte activation with increased adhesive properties in this group compared to lean participants (Van Oostrom et al., 2004). This was not limited to monocytes as later de Vries et al. (2015) also found up-regulation of CD66b (glycosylated antigen implicated in adhesion to E-selectin) on neutrophils from patients with T2DM. Change in CD66 can be implicated in aberrant neutrophil recruitment to the vasculature but also indicates neutrophil activation and degranulation (Weber, 2003), which confirms how hyperglycemia can lead to exacerbated inflammatory responses.

Dipeptidyl peptidase-4 (DPP-4) or CD26 is an amino-peptidase expressed in numerous tissues including the vasculature and in immune cells (Mentlein, 1999; Lambeir et al., 2003). DPP-4 cleaves dipeptides from the N-terminus of many chemokines and cytokines, usually after a penultimate proline or an alanine (Broxmeyer et al., 2016). DPP-4 controls glucose homeostasis through regulating bioactivity of the incretin hormone and glucagon-like peptide 1 (Augustyns et al., 2010). Involvement of DPP-4 in metabolic control raises the possibility that it may play a role in metabolic diseases such as diabetes and obesity (Mulvihill and Drucker, 2014; Omar and Ahrén, 2014). Given its various roles and its altered expression and activity, DPP-4 has been implicated in several pathological processes, including inflammation, viral entry and immune-mediated diseases (Lambeir et al., 2003; Yu et al., 2010).

Plasma levels of DPP-4 and circulating DPP-4 activity both increase with obesity and this correlates with insulin resistance (Mulvihill and Drucker, 2014; Ahmed et al., 2017). Numerous studies have detailed the effects of DPP-4 inhibitors on insulin and/or glucagon secretion, but little evidence indicates that DPP-4 inhibitors directly improve chronic inflammation. The effects of DPP-4 inhibition was investigated in diet-induced adipose tissue inflammation using (Gck+/2) diabetic mice, an animal model of non-obese T2DM (Shirakawa et al., 2011). DPP-4 inhibition in this model led to a significant reduction in adipose tissue infiltration of CD8+ T-cells and M1 macrophages which was associated to decreased mRNA expression levels of TNF-α and MCP-1 in the adipose tissue (Shirakawa et al., 2011). Because DPP-4 mediates the cleavage of many chemokines and adipokines, inhibition of DPP-4 may cause off-target side effects and further research is needed to clarify this (Shirakawa et al., 2011).

In addition, Zhuge et al. (2016) found that the expression of DPP-4 was mainly detected and up-regulated on F4/80+ macrophages in the white adipose tissue of HFD-induced obese mice). Oral administration of the DPP-4 inhibitor, linagliptin, caused an anti-inflammatory macrophage polarization with a dynamic M2 shift of macrophages within the adipose tissue of HFD-induced obese mice compared to non-treated obese mice, and this contributed to the attenuation of whole-body insulin resistance (Zhuge et al., 2016). In this study, the anti-inflammatory effects of DPP-4 inhibition were due to a decreased in ROS generation and an attenuation of oxidative stress in the white adipose tissue (Zhuge et al., 2016). Loss of macrophage inflammatory protein-1α (MIP-1α), a chemokine and potential DPP-4 substrate, abrogated the M2 macrophage-polarizing and insulin-sensitizing effects of linagliptin in MIP-1α–/– mice on HFD. This suggests that MIP-1α may be a substrate for DPP-4 and contributes to the regulation of macrophage polarization in obesity models (Zhuge et al., 2016).

Altogether the in vivo studies highlight a potential role of DPP-4 in the modulation of leukocyte migration by affecting chemokines. However, this has not been extensively investigated in the studies presented here as not all studies seem to have linked this to migration despite the important role of DPP-4 at inhibiting chemokines. The approved DPP4 inhibitors being used in clinic, such as sitagliptin and vildagliptin are based on the ability of DPP4 to lower glucose rather than its regulatory effects on inflammation (Deacon, 2018).

Similar to studies investigating endothelial expression of adhesion molecules in T2DM, data showing changes in adhesion molecules/integrins on leukocytes have not performed analysis of leukocyte recruitment in targeted tissues, instead this has been extrapolated from knowledge on adhesion molecule profiles and function in “normal” inflammatory responses, in other models and/or diseases.



EXPRESSION OF CHEMOKINES AND CHEMOKINE RECEPTORS IN T2DM

Chemokines and their receptors play a central role in leukocyte trafficking and are involved in the pathophysiology of T2DM (Buraczynska et al., 2012). Production and release of cytokines and chemokines including CC-chemokine ligand 2 (CCL2), CCL3 and CXC-chemokine ligand 8 (CXCL8) is increased in the adipose tissue and pancreatic islets of patients with T2DM (Donath and Shoelson, 2011; Xu et al., 2015). This is associated with an increased recruitment of macrophages in these tissues, and thus contributes to tissue inflammation (Donath and Shoelson, 2011; Xu et al., 2015). CCL2 (also known as MCP-1) is known to regulate monocyte recruitment by directing monocytes migration from the bone marrow to inflamed tissues (Crane et al., 2009; Boels et al., 2017). The CCL2-CCR2 axis has a key role in diabetes-related complications such as retinopathy, nephropathy and neuropathy (White et al., 2009; Zhu et al., 2014; Moreno et al., 2018; Monickaraj et al., 2020). Indeed, contribution of CCL2-CCR2 axis to leukocytes recruitment into the injured nerve was shown using a preclinical model of peripheral neuropathic pain induced by chronic nerve constriction (CCI) in Sprague–Dawley rats (Van Steenwinckel et al., 2015). This study shows that CCl-induced mechanical hypersensitivity in rats upregulated the expression of CCL2 and increased local macrophage infiltration in the sciatic nerve compared to the sham group (Van Steenwinckel et al., 2015). In contrast, in the same study, CCL2-deficient mice presented attenuated CCI-induced mechanical hypersensitivity as well as decreased number of macrophages infiltrating the injured sciatic nerve. Altogether, these findings suggest that CCL2 could play an important role in mediating neuropathic pain by increasing leukocyte infiltration in nerves but also by mediating neuro-immune interactions during inflammation-induced pain (reviewed in White et al., 2009).

In addition, upregulation of the CCL2 gene was also demonstrated in retinas of STZ-induced diabetic rats, and this was coincident with the trafficking and infiltration of numerous monocytes into the retina (Rangasamy et al., 2014). Furthermore, using CCL2 knockout (Ccl2–/–) mice, the same authors found significantly decreased monocyte/macrophage trafficking into diabetic Ccl2–/– retinas, indicating that this chemokine may be essential for the alteration of the blood-retinal barrier (Rangasamy et al., 2014). The role of CCL2-CCR2 axis is also widely investigated in diabetic renal injuries. Indeed, accumulation of macrophages in the kidney was reduced in Ccl2 –/– db/db double knock-out diabetic mice compared to Ccl2 +/+ db/db animals (Chow et al., 2007). Immunohistochemistry results from kidney biopsies of patients with T2DM showed overexpression of CCL2 and CCR2 in the glomeruli of these patients compare to healthy kidneys (Tarabra et al., 2009). This was accompanied with reduced nephrin expression in cultured podocytes from T2DM patients (Tarabra et al., 2009). Moreover, in the STZ- model of diabetes, induction of diabetes increased albuminuria in CCL2+/+ mice, which was significantly reduced in CCL2-deficient mice. Together these studies suggest a pathogenic role of the CCL2/CCR2 axis in the development of diabetic nephropathy (Tarabra et al., 2009) and targeting this pathway could be a potential therapeutic avenue to reduce common diabetic complications associated with aberrant infiltration of leukocytes.

Other chemokines and their receptors are also changed in T2DM. CX3CL1 was found at higher levels in the subcutaneous adipose tissue of patients with T2DM and in obese people when compared to patients with normal weight and also was shown to modulate monocyte adhesion to adipocytes (Shah et al., 2011). CCL5 (RANTES) was also found at higher levels in the circulation of 236 patients with T2DM, 242 individuals with impaired glucose tolerance (IGT) but not in 244 individuals with normal glycemic control (Herder et al., 2005). However, higher circulating levels of CCL5 were not significantly associated with other inflammatory variables and metabolic parameters, suggesting more studies are required to evaluate the novel hypothesis that CCL5 is a risk factor for T2DM.

Infiltration of inflammatory leukocytes in adipose tissue plays an important role in the development of insulin resistance. The inflammatory cytokines secreted by these cells interfere with insulin signaling and decrease glucose uptake in peripheral tissues (Asghar and Sheikh, 2017). Studies looking at ways to down-regulate aberrant recruitment of leukocytes as a mean to control inflammation and therefore restore insulin sensitivity have targeted chemokine receptors such as CCR5 and CCR2. CCR5 a chemokine receptor expressed by T-cells and macrophages, plays a critical role in recruitment and polarization of macrophage in inflammation. Kitade et al. (2012) showed that a higher gene expression of CCR5 in the white adipose tissue of High Fat Diet (HFD)-induced obese mice was concomitant to an accumulation of macrophages in this tissue. Importantly, mice deficient for CCR5 in their myeloid lineage did not develop insulin resistance and diabetes normally induced by HFD. Loss of CCR5 was associated with a reduction in total adipose tissue macrophage content and polarization of macrophages toward and an anti-inflammatory M2-dominant phenotype in the adipose tissue (Kitade et al., 2012).

The administration of a dual CCR2/CCR5 antagonist has shown to improve obesity-associated insulin resistance and glucose intolerance via reducing macrophages and CD8+ T-cell numbers in the white adipose tissue of HFD-fed mice, indicating that blocking both CCR2 and CCR5 has potential to maintain both metabolic and immune homeostasis in obesity-induced inflammation (Huh et al., 2018).

Overall, these studies clearly demonstrate how up-regulation of chemokine pathways, which in turn leads to aberrant recruitment of leukocytes in different tissues is contributing to some of the common diabetic complications and targeting this pathophysiological process could be a promising therapeutic advance. However, further research is required to fully characterize the interactions and redundancy of chemokine with chemokine receptors in T2DM.



INNATE AND ADAPTIVE IMMUNE CELL IN T2DM

In this section, we will explore how the recruitment of innate and adaptive immune cells changes in obesity and T2DM as summarized in Table 1. Obesity-induced inflammatory events originating from the adipose tissue such as production of local inflammatory molecules are responsible for the activation of immune responses and progression of systemic inflammation in patients with T2DM (Richardson et al., 2013).


TABLE 1. A summary of studies discussed in this review assessing obesity/T2DM-related changes to the trafficking of innate and adaptive immune cells.
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Innate Immune Cells


Monocytes and Macrophages

Innate immune cells play a critical role in the early stage of adipose tissue inflammation in T2DM (Weisberg et al., 2003). Monocytes derived from the bone marrow remain in the circulatory system for 1–2 days before they migrate into peripheral tissues, where they turn into fully mature resident macrophages (Martinez-Pomares et al., 2003) either with a M1 pro-inflammatory or M2 anti-inflammatory phenotype in response to local factors (Mosser, 2003). In a recent in vivo study, an acute decrease in number of circulating monocytes was synchronized with a concomitant infiltration of macrophages into visceral adipose tissue, therefore demonstrating dynamic changes in blood monocyte trafficking at the early stages of HFD-induced diabetes (Liu et al., 2020). Higher levels of F4/80 and CD11c mRNA expression in adipose tissue of HFD fed mice, representative of a M1 polarization, were attributed to an elevated gene expression of ICAM-1, VCAM-1, CCL2 and CXCL14 in this tissue, which facilitates macrophage trafficking (Kawanishi et al., 2010). Similarly, Brake et al., found higher levels of mRNA for ICAM-1 in mice on a 3-week HFD, as well as an increased expression of F4/80 in their adipose tissue (Brake et al., 2006). The activation of M1 macrophages is associated with release of pro-inflammatory mediators, such as TNFα and IL-6 (Biswas and Mantovani, 2010). Using an HFD-induced rat model of T2DM, Shanaki et al. reported increased serum and adipose tissue levels of IL-6 and TNFα in T2DM rats compared to control animals. This pro-inflammatory shift was linked to higher fasting plasma glucose levels and insulin resistance in the diabetic animals (Shanaki et al., 2020). The impact of long-term diabetes on the functions of macrophages was investigated using a 5-month old db/db mice model of T2DM (Liu et al., 2012). In this study, the authors focused on resident peritoneal macrophages (RPMs) to investigate potential changes of their function, phenotype and migratory capacity. RPMs numbers were reduced in db/db mice compared to C57BL/6 control mice and most were preferentially polarized toward a M2 phenotype. Since M2 macrophages exhibit immunosuppressive functions and therefore contribute to the resolution of harmful inflammation, their increased proportion in the db/db mice may be caused by an effort to control the chronic low-grade inflammation observed in the peritoneal cavity of these mice (Liu et al., 2012). Furthermore, in this study, in vitro assessment of db/db RPMs highlighted their decreased adhesion capacity along with a decreased phagocytosis ability compared to wild-type RPMs. These observations validate that diabetes and obesity are associated with immune dysfunction which predispose these patients to an increased susceptibility to infections (Liu et al., 2012).

Human studies also indicate a role of macrophages in mediating insulin resistance. Indeed, higher numbers of circulating leukocytes are found in patients with T2DM along with higher Free Fatty Acid (FFA) and IL-6 circulating levels (van Beek et al., 2014). Elevated number of total leukocytes counts in patients with T2DM was also characterized in other studies (Kizilgul et al., 2018; Palella et al., 2020) and were often indicative of macro- and micro-vascular complications and diabetes duration (Papazafiropoulou et al., 2010; Moradi et al., 2012). In particular, Wouters et al. demonstrated higher numbers of circulating classical monocytes and this was associated with higher presence of M1 macrophages in the white adipose tissue of individuals with obesity compared to individuals with normal weight (Wouters et al., 2017). In addition, impaired glucose tolerance was associated with the presence of crown-like structures (marker of adipose inflammation) in the adipose tissue of patients with obesity and T2DM compare to patients with obesity and normal glucose tolerance (van Beek et al., 2014).

Most of the current observations seem to indicate a crucial role of macrophage infiltration in the adipose tissue of patients with obesity and T2DM. However, it is not entirely clear what mechanisms mediate recruitment of macrophages in these tissues and more research is needed to understand whether macrophage infiltration could be limited to improve insulin sensitivity and glucose tolerance and therefore prevent diabetic complications.



Neutrophils

Neutrophils are the most abundant subsets of leukocytes of the innate immune system in humans and are the first to infiltrate inflamed tissue and promote subsequent recruitment of other leukocytes such as monocytes (Soehnlein et al., 2008). The number of circulating neutrophils in patients with T2DM increases in comparison to age- and gender-matched healthy controls (Huang et al., 2019). However, neutrophils isolated from patients with T2DM displayed normal migratory capacity and phagocytic rate (Huang et al., 2019). Neutrophil trafficking into murine visceral adipose tissue was reported after 3 days on HFD. The same study reported an absence of neutrophils in the adipose tissue after 7 days on HFD and that neutrophil adhesion to mouse adipocytes depends on their activation state (Elgazar-Carmon et al., 2008). Here, the degree of CD11b surface expression on neutrophils correlated with their capacity to adhere. However, the mechanisms responsible for the absence of neutrophils in the adipose tissue after 7 days on HFD was not explained in this study (Elgazar-Carmon et al., 2008). Similarly, Talukdar et al. (2012) found an early recruitment of neutrophils into the adipose tissue of HFD-fed mice after 3 days. Here, the time course of neutrophil infiltration into the adipose tissue showed a sustained infiltration in the adipose tissue for up to 90 days on HFD (Talukdar et al., 2012). According to this study, the trafficking of neutrophils was associated with an elevated expression and activity of neutrophil-secreted elastase in the adipose tissue of HFD-fed mice which increased after only 3 days of HFD and remained high after 12 weeks. Elastase is a neutrophil-specific protease which can promote inflammatory responses (Pham, 2006) and inhibition of neutrophil elastase in HFD-induced obese mice improved glucose tolerance and reduced trafficking of neutrophils into the adipose tissue (Talukdar et al., 2012).



Dendritic Cells

Dendritic cells (DCs) are antigen-presenting immune cells that mediate lymphocytes polarization into effector cells (Yu and Martin-Gayo, 2019). In humans, two major subtypes of DCs are identified according to their markers expression: conventional or myeloid DCs (cDCs) (CD11c+ CD1c+ CD141+) and plasmacytoid DCs (pDCs) (CD11c– CD123+) (Tamura et al., 2005; Gilliet et al., 2008; Sundara Rajan and Longhi, 2016). In mice, two major DC subsets have also been described: CD11clowB220+ (pDCs) and CD11chighB220– cells that include cDCs (O’Keeffe et al., 2002). The number of circulating cDCs increases in obese post-menopausal women with T2DM compared to age-matched healthy women and a smaller increase was observed for pDCs (Musilli et al., 2011). This change in DCs numbers in the circulation suggests that DCs might contribute to pathological vascular remodeling (Musilli et al., 2011). Mráz et al. reported a decrease in the number of total DCs in the subcutaneous adipose tissue from patients with T2DM compared to non-diabetic individuals. In contrast, the number of pDCs was increased in the subcutaneous adipose tissue of the T2DM group. These differences suggest a potential role of pDCs in the development of T2DM-associated adipose tissue low-grade inflammation (Mráz et al., 2019). Bertola et al. investigated the role of DCs in the regulation of adipose tissue inflammation in a murine HFD-induced obesity model and in two cohorts of obese subjects (Bertola et al., 2012). The authors in this study only found CD11chighB220– DCs in the visceral adipose tissue of lean mice. In contrast, obesity was associated with the presence of CD11chighF4/80low DCs in murine visceral adipose tissue, and CD11c+CD1c+ cDCs in human subcutaneous adipose tissue (Bertola et al., 2012). CD11chighB220– DCs resident in the adipose tissue of lean mice participate in the differentiation of naive CD4+ T-cells into effector T-cells with a predominance of Th1 cells over Th17 cells. In contrast, the adipose tissue of HFD-induced insulin resistant mice displayed a switch from Th1 towards a Th17 phenotype (Bertola et al., 2012). In addition, the presence of CD11c+CD1c+ cDCs in the subcutaneous adipose tissue of obese subjects correlated with CD1c expression and a concomitant skew towards a Th17 T-cell phenotype. Finally, CD1c expression strongly correlated with insulin resistance in patients with a high Body Mass Index (BMI) (Bertola et al., 2012). Altogether, these observations suggests an important role of inflammatory DCs in obese and diabetic adipose tissue inflammation by switching T-cell responses toward Th17 responses, which is associated with insulin resistance (Bertola et al., 2012). These observations were confirmed by another group who showed that CD11c+ cDCs infiltrated the adipose tissue of HFD-fed mice and also secrete high levels of IL-6 and IL-23, which promoted a Th17 T-cell phenotype (Chen et al., 2014). The presence of DCs in the visceral adipose tissue of HFD-mice can also induce the formation of crown-like structures which enclose macrophages and were linked to adipose tissue inflammation and insulin resistance (Stefanovic-Racic et al., 2012). Depletion of DCs results in loss of adipose tissue macrophage infiltration, and this could be restored by DC replacement in DC-null mice (Stefanovic-Racic et al., 2012). All together, these studies show the importance of DCs in determining the immune phenotype of lean versus obese or diabetic adipose tissue.



Adaptive Immune Cells

The mucosal immune system is a compartment of the adaptive immune system which is located near the surface, where most pathogens invade, providing the first line of defense (Janeway et al., 2001). The gut microbiota is key to the development and modulation of mucosal immune responses and maintains perfect balance between commensal flora and pathogens, as well as the microbiota and the immune system (Wang and Li, 2015). The alteration of such balance is called dysbiosis (Pagliari et al., 2018). Given that the pancreas does not have its own microbial collection, the gut microbiota may be involved in the pathogenesis of pancreatic disorders such as pancreatitis (Signoretti et al., 2017). Recently, Guo et al. (2017) demonstrated that HFD was able to alter gut microbial communities and increase circulating pro-inflammatory cytokines, such as TNFα, IL-6 and IL-1β. In addition, recent evidence demonstrated that intestinal dysbiosis may also cause alterations in the Th17 cells/Tregs balance which are responsible for the development inflammatory disease including obesity-related T2DM (Luo et al., 2017).Thus, understanding the mechanisms responsible for this alteration will allow to develop novel translational therapeutic targets to potentially treat these inflammatory diseases (Pagliari et al., 2018). In this section, we mostly focus on T- and B-cells as very little is known on mucosa-associated homing mechanisms in the context of T2DM.


T-Cells

Although, earlier studies focused on the role of innate immunity (macrophages) as the major cause of chronic low-grade inflammation in T2DM, the adaptive immune system also plays a role in progression of T2DM (Zhou et al., 2018). Evidence shows that B-cells are the first to infiltrate the adipose tissue of mice on HFD, quickly followed by T-cells and finally an accumulation of macrophages leading to insulin resistance, but no changes in resident macrophages populations (Duffaut et al., 2009). Nishimura et al. (2009) found larger number of infiltrated CD8+ effector T-cells along with reduced numbers of CD4+ helper and regulatory T-cells in visceral adipose tissue of HFD fed mice). In these conditions, a majority of CD8+ T-cells infiltrate the adipose tissue thereby promoting recruitment and activation of macrophages. This sequential accumulation of leukocytes is clearly linked with glucose intolerance and a decrease in insulin sensitivity in wild-type animals (Duffaut et al., 2009). Studies in the lymphocyte-deficient RAG2–/– knockout mouse provide strong evidence for the role of lymphocytes in HFD-mediated adipose tissue inflammation. Unexpectedly, lymphocyte-deficient animals displayed striking accumulation of macrophages and NK cells in the adipose tissue compared to wild-type mice (Duffaut et al., 2009). This accumulation of NK cells highlights an overreaction of the innate immunity in absence of the adaptive immune system. Indeed, NK cells have potent cytotoxic effector functions and produce chemokines and cytokines that can recruit macrophages (Duffaut et al., 2009). The exaggerated recruitment of macrophages in lymphocyte-deficient mice demonstrates that early lymphocyte infiltration could be considered a protective process to decrease adipose tissue inflammation and suggests adipose tissue as a site of dynamic innate and adaptive immune system during diet-induced obesity and insulin resistance (Duffaut et al., 2009).

According to recent reports, the changes in quantity and polarization of adipose tissue T-cells during weight gain is a key regulator of systemic insulin sensitivity (Deng et al., 2017). HFD is associated with increased numbers of Th1 CD4+ T-cells and decreased numbers of CD4+ Tregs in the adipose tissue (Feuerer et al., 2009; Ilan et al., 2010). The depletion of Tregs using diphtheria toxin in mice leads to an induction of genes encoding inflammatory cytokines such as TNFα and IL-6 in visceral adipose tissue and enhance levels of fasting insulin (Feuerer et al., 2009). On the other hand, in the same study, increasing the quantity Tregs in the adipose tissue using a Tregs–enriched HFD-fed mice model, improved insulin resistance and glucose tolerance (Feuerer et al., 2009). Since, the gene expression of IL-10 was increased in the adipose tissue of Tregs–enriched animals, the metabolic changes observed can be attributed to IL-10 synthesis by Tregs in the adipose tissue of these mice (Feuerer et al., 2009). These findings suggest a strong therapeutic potential for Tregs to suppress inflammation and improve insulin action in obesity and T2DM. It is therefore key to understand how Tregs migratory capacity and infiltration in the adipose tissue could be manipulated in patients. In addition, further studies are required to fully characterize the involvement of different T-cell subsets and characterize the intricate balance between innate and adaptive immune regulations.



B-Cells

B-cells have been shown to play important roles in many chronic inflammatory and autoimmune conditions (Yanaba et al., 2008; Mariño and Grey, 2012) but only recently has their role been revealed in obesity-associated insulin resistance. B-cells infiltrate the white adipose tissue in diet-induced obesity models and contribute to insulin resistance (Winer et al., 2011). The data on the development of B-cells in the bone marrow of obese models is controversial. Indeed, B-cells numbers in the bone marrow of mice on HFD were significantly increased after 90 days (Trottier et al., 2012). However, number of B-cells in the bone marrow were reduced in C57BL/6 mice on HFD for 210 days in another study (Chan et al., 2012). This reduction was associated to a lower expression of Pax5 in the bone marrow of HFD-fed mice (Chan et al., 2012). Differences between these studies may be due the type and duration of HFD. B-cell infiltration in the white adipose tissue of C57BL/6 mice peaks at around 3–4 weeks of HFD (Duffaut et al., 2009). The importance of B-cells in adipose tissue inflammation has been studied in vivo using B-cell null mice (μMT mice). Attenuated inflammation in visceral adipose tissue of μMT mice was shown by a reduced infiltration of macrophages. In this study, following 15 weeks of HFD, serum glucose levels were unchanged in obese μMT mice while fasting glucose levels increased in the control wild-type group (DeFuria et al., 2013). These data support the conclusion that B-cells regulate macrophage infiltration into the adipose tissue during inflammation and this contributes to insulin resistance.



IMMUNE RESPONSE FOLLOWING INFLAMMATORY STIMULUS IN T2DM

Hyperglycemia in diabetes can impair immune response to pathogens such as, fungi, bacterial and viral infections (Hostetter, 1990; Javid et al., 2016; Kulcsar et al., 2019). As a result, patients with diabetes are more susceptible to infections (Berbudi et al., 2020). Although the plasma concentration of sCAMs tends to be generally higher in patients with T2DM compared to healthy controls, their expression is differently affected in response to inflammatory pathogens in patients with T2DM. Indeed, plasma levels of sE-selectin, sVCAM-1 and sICAM-1 after intravenous injection of E.coli lipopolysaccharide (LPS) were lower in patients with T2DM compared to healthy volunteers. This study revealed that patients responded with an attenuated up-regulation of sCAMs even though the basal plasma concentration of these adhesion molecules were generally higher in diabetic individuals compared to healthy controls (Andreasen et al., 2010). Also, in this study, T2DM was associated with less pronounced LPS-induced cytokine responses. This weaker cytokine response following inflammatory stimuli in T2DM is also shown in vitro with cultures of peripheral blood mononuclear cells (PBMCs). Stimulation of PBMC from patients with diabetes with LPS and Burkholderia pseudomallei lead to a lower production of IL-1β and IFNγ respectively, compared to PBMCs from healthy donors (Mooradian et al., 1991; Tan et al., 2012). All together these findings may explain the immune dysfunction and increased risk of infections associated with T2DM (Andreasen et al., 2010). However, the evidence demonstrating changes in leukocyte recruitment following pathogen invasion in T2DM is rare and mostly limited to animal experimental studies. Accordingly, db/db mice infected with West Nile virus, had lower numbers of CD45+ leukocytes and CD8+ T-cells in their brains compared to wild-type mice (Kumar et al., 2014). Effector CD8+ T-cells are necessary to limit viral load and therefore a lack of CD8+ T-cells infiltration, which may be caused by a decreased migratory capacity or changes in the brain vasculature, lead to an increased viral burden in the brain of infected mice (Shrestha and Diamond, 2004; Kumar et al., 2014). This defect in leukocyte recruitment was in fact due to a reduced expression of E-selectin and ICAM-1 in db/db brains which failed to properly support the CD8+ T-cells adhesion and migration (Kumar et al., 2014). Furthermore, impaired recruitment of leukocytes is not only due to changes on leukocytes themselves and in the local environment but can also be attributed to attenuated cytokine and chemokine production in diabetic mice. In STZ-diabetic mice infected by Klebsiella pneumoniae, which causes pneumonia (Bengoechea and Sa Pessoa, 2019) lower numbers of granulocytes were found in the alveolar airspace along with attenuated chemokines (CXCL1, CXCL2) and cytokines (IL-1β, TNFα) levels in lung tissue when compared to control mice (Martinez et al., 2016). Moreover, a recent study investigated the impact of T2DM on respiratory infection caused by Middle East respiratory syndrome coronavirus (MERS-CoV) (Kulcsar et al., 2019). In this study, humanized DDP4 mice were susceptible to MERS-CoV and T2DM was induced by HFD (Kulcsar et al., 2019). Following infection with MERS-CoV, diabetic DPP4H/M mice displayed weight loss and had a longer phase of severe disease with delayed recovery. Importantly, lung tissue analysis in the diabetic mice showed a decreased number of macrophages, CD4+ T-cells, and lower expression of TNFα and IL-6 in the HFD group, compared to control DPP4H/M mice following infection (Kulcsar et al., 2019). These results suggest that MERS-CoV infection in patients with T2DM diabetes may develop more severe disease as a result of a dysregulated immune response targeting not only migratory capacities of leukocytes but the local environment by modulating secreted factors and expression of adhesion molecules. Maximal endothelial cell adhesion molecule expression or chemokine/cytokine receptor downregulation/internalization in chronic inflammatory conditions could theoretically cause an impaired immune response to an infection. In addition to alternative mechanisms, it is also plausible that insulin could have agonist and antagonist effects on the same signaling pathway based on its concentration and receptor expression state (i.e., the “U-shaped” biologic dose-response curve) (Calabrese and Baldwin, 2001). In general, it seems that high glucose levels are associated with impaired expression of adhesion molecules, cytokines and the chemokines supporting efficient leukocyte migration during an inflammatory response to infections in T2DM conditions. This is in contrast with studies mentioned above which show how basal expression of adhesion molecules and chemokines/chemokine receptors is increased in different vascular beds and leukocytes in T2DM conditions. The defect in cytokine response to pathogen in T2DM is partially related to insulin deficiency and recently has been discussed by Tessaro and Martins (Tessaro et al., 2017). In their study, insulin increased TNFα and IL-6 release by bone marrow-derived macrophages from diabetic C57BL/6 mice following LPS stimulation. This finding supports the idea that insulin is crucial to induce a proper immune reaction in response to inflammatory stimuli. However, in the same study insulin inhibited LPS-induced pro-inflammatory cytokine secretion by peritoneal macrophages from diabetic mice (Tessaro et al., 2017). Together findings suggest that beyond its glucose modulatory effects, insulin also has distinctly immunomodulatory effects in macrophages and these urgently require to be fully understood.



THERAPEUTIC TARGETING OF LEUKOCYTE TRAFFICKING IN T2DM

Given that T2DM is a chronic inflammatory disorder, characterizing and targeting possible inflammatory pathways could be efficient to prevent and control diabetes and its vascular complications.


Chemokine and Cytokine Inhibition

Chemokine and cytokine pathways are known to govern the trafficking of leukocytes into peripheral tissues (Yao et al., 2014). Potential antagonists targeting chemokine receptors and drugs blocking inflammatory cytokines have been developed and tested in many inflammatory conditions, but little is known about their efficacy in obesity or T2DM and associated complications. In this section, we will discuss some of these targets.

CC-chemokine ligand 2 and CCL5 are key mediators of monocyte recruitment induced by high glucose levels via their receptor CCR2 and CCR5 (Nunemaker et al., 2014). Oral administration of RO5234444, a CCR2 antagonist, to db/db mice, reduced infiltration of monocytes in the glomerulus, resulted in preservation of glomeruli podocytes numbers and reduced albuminuria (Sayyed et al., 2011). Similarly, intraperitoneal administration of TAK-779, a dual inhibitor of chemokine receptors CCR2 and CCR5, reduced macrophage infiltration and expression of ICAM-1 in the retinas of STZ-diabetic mice (Monickaraj et al., 2020). These studies clearly indicate that blocking key recruitment chemokine receptors such as CCR2 and/or CCR5 is a promising therapeutic avenue to ameliorate common diabetic complications such as nephropathy and retinopathy. Those compounds are currently pursued in human clinical trials as well as others such as INCB8761/PF-413630, which are a new series of CCR2 antagonists that are orally bioavailable (Xue et al., 2011).

Due to their pro-inflammatory nature, IL-1β and TNFα actions have been widely studied in many inflammatory conditions and their blockade resulted in improvements in T2DM-related conditions such as chronic kidney disease (Lei et al., 2019) and pancreatic islet inflammation (Zha et al., 2016). However, it remains unsure whether targeting these cytokines affects leukocyte infiltration in peripheral tissues in T2DM. Circulating levels of IL-1β are higher in T2DM (Reinehr et al., 2016) and macrophages are the primary source of IL-1β in obesity-induced inflammation (Gao et al., 2014). Administration of LY2189102, a neutralizing IL-1β antibody, in patients with T2DM, improved glycemic control and demonstrated significant anti-inflammatory effects by lowering circulating IL-6 levels when compared with placebo treatment (Sloan-Lancaster et al., 2013). Moreover, islets from IL-1β-deficient mice exposed to high glucose in vitro, produced lower IL-6 and chemokines compared to wild-type islets (Ehses et al., 2009). Thus, efficacy of IL-1β blocking on inflammatory biomarkers and glycemic control raises the possibility of its use as a treatment in T2DM and other inflammatory conditions.

Although, anti-TNFα is an approved medication for some patients with rheumatoid arthritis (Katsumata et al., 2019), the evidence showing the efficacy of this drug in T2DM is conflicting. Indeed, anti-TNFα treatment using recombinant soluble TNFα receptor-immuno-globulin G increased insulin sensitivity in obese rodents (Hotamisligil et al., 1993). However, treatment with Ro 45-2081, a TNFα antagonist (recombinant fusion protein that consists of the soluble TNF-receptor linked to the Fc portion of human IgG1), had no effect on blood glucose levels and insulin-mediated glucose uptake in patients with T2DM (Paquot et al., 2000). The inefficiency of Ro 45-2081 to control blood glucose in patients with T2DM suggest that in addition its endocrine action, TNFα may also act through an autocrine or paracrine route. Consequently, sole neutralization of circulating TNFα might not be enough to observe improvements on insulin action (Paquot et al., 2000).



Anti-integrins

The importance of integrins in leukocyte adhesion and arresting clearly offer potential therapeutical avenues in relapsing inflammatory conditions such as rheumatoid arthritis (von Andrian and Engelhardt, 2003) and multiple sclerosis (Chaudhuri and Behan, 2003). Neutralization of integrins has been tested in murine experimental models of diabetes, particularly for the treatment and/or prevention of diabetic complications (Barouch et al., 2000; Iliaki et al., 2009; Miyachi et al., 2017). However, data showing efficacy in human clinical trials is not available in the context of T2DM.

The expression of CD11a, CD11b, and CD18 integrins is increased on the surface of neutrophils from STZ-induced diabetic rats (Barouch et al., 2000). This increase was associated with an enhanced adhesion of diabetic neutrophils to rat EC monolayers in vitro. Pre-treatment of leukocytes with either anti-CD11b or anti-CD18 antibodies significantly lowered the proportion of adherent diabetic neutrophils (Barouch et al., 2000). In the same study, systemic administration of anti-CD18 F(ab′)2 fragments to STZ-induced diabetic rats significantly decreased diabetic retinal leukostasis (Barouch et al., 2000). Furthermore, intraperitoneal administration of anti-α4 integrin neutralizing antibody to a STZ-induced rat model of diabetes retinopathy attenuated leukocyte adhesion to the retina and suppressed TNFα expression and NF-κB activity in the retina of treated rats (Iliaki et al., 2009). Notably, blockage of VLA-4 using a neutralizing antibody in HFD-fed mice attenuated myeloid cell accumulation in the liver and improved systemic glucose tolerance in treated mice compared to control HFD-fed mice (Miyachi et al., 2017). Overall, all these animal data identify the integrins as functional adhesive molecule in diabetic complications and provides a potential target for the prevention and/or treatment of the disease.

A humanized anti–VLA-4 monoclonal antibody (Natalizumab) was clinically beneficial in the treatment of Crohn’s disease (Lew and Stoffel, 2003), and rheumatoid arthritis (von Andrian and Engelhardt, 2003). However, VLA-4 also has key regulatory roles in immune response, including the formation of the immune synapse (Mittelbrunn et al., 2004) and the differentiation of Th1 T-cells (Isobe et al., 1997). Obviously, the long-term administration of anti-integrins drugs to patients with inflammatory conditions may have undesirable or unexpected effects and more studies are required to fully understand their action.



Fatty Acids

Long-chain n–3 polyunsaturated fatty acid (n–3 PUFA) such as eicosatetraenoic acid (EPA) and docosahexaenoic acid (DHA), found in marine fish oils, are able to down-regulate the activity of NF-kB directly and therefore reduce the production of inflammatory cytokines (Xu et al., 2001). n–3 PUFA can also control leukocyte recruitment during inflammation and display immunomodulatory properties (Yates et al., 2011). Inclusion of n–3 PUFA in HFD prevented macrophage infiltration into the adipose tissue of db/db mice (Todoric et al., 2006). Interestingly, n–3 PUFA efficiently prevented the HFD-induced downregulation of adiponectin circulating levels normally observed in db/db (Todoric et al., 2006). These data therefore suggest that the beneficial effects of n–3 PUFA on diabetes could be mediated by their effect on adipose tissue inflammation, which could in turn contribute to improving insulin sensitivity (Oliver et al., 2010). However, much of the human evidence examining the beneficial effects of n–3 PUFA in patients with T2DM have limited follow-up periods (Vessby et al., 2001). As a result, it is unclear whether n–3 PUFA supplementation has long lasting beneficial effects and the exact mechanisms of n–3 PUFA action and how they modulate the adipose tissue, macrophages and even T-cells remain unknown.



Insulin

Several studies suggest a direct anti-inflammatory action of insulin irrespectively of its glucose modulating capacity as mentioned here in previous sections (Hyun et al., 2011). Insulin was found to attenuates the activity of NF-κB and MCP-1 on human aortic ECs in vitro (Aljada et al., 2001). Insulin infusion in individuals with obesity reduced plasma sICAM-1 and CCL2 levels (Dandona et al., 2001). In addition, treatment of human monocytes with insulin in vitro promoted the secretion of IL-8 (CXCL8), a potent chemoattractant for neutrophils (Dandona et al., 2001). All together, these findings suggest a possible regulatory effect of insulin on leukocyte trafficking via regulating chemokine and cytokine secretion as well as modulating adhesion molecules shedding. However, more studies are required to clarify the effect of insulin on leukocyte migration by including in vitro models taking into account the high glucose levels observed in some patients with T2DM, their associated complications and BMI to accurately determine the mechanism of insulin action and lift the controversy in this field.



Adiponectin and PEPITEM

Since obesity is a key feature in T2DM, studies demonstrate that changes in adipose tissue induce dysregulation in adipokines such as adiponectin and receptors involved in lipid metabolism such as Proliferator–activated receptor γ (PPAR-γ) (Bermudez et al., 2010). Adiponectin is well characterized as an insulin-sensitizing hormone as well as an anti-inflammatory adipokine (Ruan and Dong, 2016). Circulating levels of adiponectin are decreased in patients with obesity and T2DM (Hotta et al., 2000; Engeli et al., 2003), suggesting that dysregulation of adiponectin may be relevant to obesity-linked endothelial dysfunction in these individuals (Cho et al., 2002; Katsiki et al., 2017). In addition, adiponectin is also a regulator of adhesion molecules on ECs (Ouchi et al., 1999). Treating ECs with adiponectin inhibited the expression of adhesion molecules such as VCAM-1, E-selectin, and ICAM-1 in vitro (Ouchi et al., 1999) and in vivo (Ouedraogo et al., 2007). We also know that adiponectin is able to regulate T-cell trafficking during inflammation in a novel pathway characterized in our laboratory a few years ago (Chimen et al., 2015). In this novel pathway, adiponectin induces the release of the novel PEPtide Inhibitor of Trans-endothelial Migration (PEPITEM) by B-cells via signaling through the adiponectin receptors (AdipoR1/2). PEPITEM induces the release of sphingosine-1-phosphate (S1P) by ECs via binding with endothelial cadherin-15 (CDH15). In turn, S1P inhibits T-cell transmigration by preventing integrin activation (Chimen et al., 2015). The PEPITEM/Adiponectin pathway is dysregulated in inflammatory conditions such as Type 1 Diabetes Melitus, Rheumatoid Arthritis and in older adults. Dysregulation of this pathway is caused by a lack of AdipoR1/2 expression on B-cells in these patient groups leading to insufficient secretion of PEPITEM and consequently allowing aberrant T-cell trafficking. PEPITEM shows great therapeutic potential since it is an endogenous peptide and developing strategies to restore this pathway could help regain control on chronic inflammation. However, more work is needed to understand the full profile of T-cell subsets recruitment in adipose and pancreatic tissues in T2DM as this would allow to characterize whether PEPITEM could be used as a therapeutic avenue in T2DM.



PPAR Agonists

Proliferator–activated receptor-γ is a member of the PPAR family of nuclear receptors (Braissant et al., 1996) and its activation is associated with the induction of glucoregulatory molecules and enhanced insulin sensitivity (Olefsky, 2000). Pioglitazone is a PPARγ agonist that enhances the action of insulin mainly by promoting glucose utilization in peripheral tissues (Yki-Järvinen, 2004). Treatment of patients with T2DM with pioglitazone rapidly reduced systemic inflammation in those patients who were also receiving angiotensin II receptor blockers. This trial also showed decreased CRP levels accompanied by a reduction in sICAM-1 and sVCAM. These observations uncovered anti-atherogenic effects of the PPAR-γ agonist which may also contribute to a reduction of cardiovascular events in patients at risk such as those with T2DM (Takase et al., 2007).

Current drugs such as IL-1β blockers and thiazolidinediones targeting the metabolic side of T2DM and aiming to restore glucose tolerance have shown to also have anti-inflammatory effects (Yki-Järvinen, 2004; Sloan-Lancaster et al., 2013). However, the evidence showing a potential effect of these drugs on leukocyte recruitment as a way to control inflammation are limited and this area needs further investigations. Blocking cytokines such as TNF- α may reduce inflammation but also renders the host susceptible to infection by silencing the danger signals, which are necessary for adequate immune cell activation (Rider et al., 2016) and maybe even to cancer (reviewed in Dinarello, 2005). On the other hand, anti-cytokine therapy has little or no organ toxicity or gastrointestinal disturbances and so is well tolerated. Therefore, new site-restricted biologics which block inflammatory cytokines only at sites of inflammation are needed (Rider et al., 2016). In addition, it seems that targeting inflammation in T2DM and obesity is promising but still only show partial reduction of disease. This could be explained by the fact that diabetes and obesity-mediated inflammation involve multiple mechanisms and are not necessarily always linked to hyperglycemia. This clearly highlights the need to identify how anti-inflammatory treatments modulate glucose tolerance and the complications associated with T2DM, but also an urgent necessity to understand how inflammation is dysregulated in T2DM and in obesity. More work is clearly required to fully characterize the mechanisms behind the changes in leukocyte phenotype and in local environments which directly influence leukocyte migration. Finally, more specialistic studies from leukocyte trafficking groups are needed to entirely determine the changes in leukocyte migratory capacity and behaviors in vitro and in vivo to complete the findings showing changes in expression profiles such as those of adhesion molecules.
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The inappropriate accumulation and activation of leukocytes is a shared pathological feature of immune-mediated inflammatory diseases (IMIDs), such as rheumatoid arthritis (RA) and psoriatic arthritis (PsA). Cellular accumulation is therefore an attractive target for therapeutic intervention. However, attempts to modulate leukocyte entry and exit from the joint have proven unsuccessful to date, indicating that gaps in our knowledge remain. Technological advancements are now allowing real-time tracking of leukocyte movement through arthritic joints or in vitro joint constructs. Coupling this technology with improvements in analyzing the cellular composition, location and interactions of leukocytes with neighboring cells has increased our understanding of the temporal dynamics and molecular mechanisms underpinning pathological accumulation of leukocytes in arthritic joints. In this review, we explore our current understanding of the mechanisms leading to inappropriate leukocyte trafficking in inflammatory arthritis, and how these evolve with disease progression. Moreover, we highlight the advances in imaging of human and murine joints, along with multi-cellular ex vivo joint constructs that have led to our current knowledge base.
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OVERVIEW OF THE LEUKOCYTE RECRUITMENT CASCADE

Over the last 30 years, the general understanding of how leukocytes migrate out of the blood, across the endothelium and through inflamed tissues has been extensively researched providing us with a step by step cascade of events (Figure 1) (Ley et al., 2007; Vestweber, 2015). In line with this, imaging techniques for analyzing the individual steps of the cascade, from leukocyte capture through to migration into the tissue, have improved exponentially giving us much more granularity on the temporal and dynamic kinetics of these events and the key molecules involved. Chronic inflammatory arthritis is characterized by the aberrant accumulation and activation of such leukocytes within the synovial tissue, along with tissue-resident stromal cells (fibroblasts) becoming epigenetically reprogrammed, both of which drive tissue and bone damage leading to pain and immobility in patients with, for example, rheumatoid arthritis (RA) or psoriatic arthritis (PsA). The clinical urgency to identify new drug targets that limit the trafficking of pathogenic leukocytes and promote the entry of regulatory cells into chronically inflamed tissues, such as the joint, are partly responsible for driving forward the imaging techniques necessary to visualize these processes in real-time. Here, we explore our current understanding of the mechanisms leading to inappropriate leukocyte trafficking in inflammatory arthritis, and how these evolve with disease progression. We provide a historic overview of the imaging techniques that have led to our current knowledge base – considering our progression from 2-D imaging of tissue sections; through to in vitro adhesion and migration assays on sections, purified proteins or single-cell layers; into the realm of real-time imaging of 3-D multicellular ex vivo joint constructs or whole joints, and beyond. For each technique we will highlight the key kinetics, leukocyte subpopulations and molecules discovered and how these advanced our understanding of process-driven pathology of inflammatory arthritis.
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FIGURE 1. The multi-step leukocyte adhesion cascade. Infection or tissue damage causes the localized release of danger signals, including cytokines, which (1) activate the endothelium causing the expression of capture receptors (P- or E-selectins), adhesion molecules (IgSF members – ICAM-1; VCAM-1) and presentation of chemokines or lipids on their surface (2) (Zhang et al., 2011). Marginated leukocytes are captured, roll along the endothelial surface until (3) they receive an activation signal (typically chemokine mediated) resulting in inside-out signaling and integrin activation (αLβ2-integrin; α4β1-integrin) (Ley et al., 2007). This allows for stabilization of the adhesive interactions (αLβ2-ICAM-1 and α4β1-VCAM-1 interactions) and cytoskeletal rearrangement in the leukocyte allowing (4) them to crawl over the endothelium, migrate across the endothelium (ICAM-1; JAM-1; CD31; VE-cadherin) and into the subendothelial space (Ley et al., 2007), (5) where they encounter the basement membrane and stromal compartment. This process is tightly regulated by the haemodynamic forces of the flowing blood and the stromal derived signals experienced by the endothelium (McGettrick et al., 2012). Some of the major molecules involved in this process are represented in the schematic, with molecules colored according to cell type expressing them; leukocytes = blue; endothelial cells (ECs) = red and expressed by both leukocytes and ECs = green. ICAM-1, Intracellular adhesion protein 1; IL-8, interleukin-8; JAM, junctional adhesion molecule; PECAM-1, platelet endothelial cell adhesion molecule 1; PSGL1, P-selectin glycoprotein ligand-1; VE-cadherin, vascular endothelial cadherin; VCAM-1, vascular adhesion protein 1. Created with BioRender.com.




IMAGING SYNOVIAL TISSUE – EARLY INSIGHTS INTO PATHOLOGY

As early as the 1960’s researchers used haematoxylin and eosin (H&E) to stain tissue sections to visualize tissue architecture (Campbell-Thompson et al., 2012) (Figure 2A) and cellular accumulation in the joints from patients with RA or PsA (Muirden and Senator, 1968; Muirden and Mills, 1971). Time-course experiments in murine models of inflammatory arthritis revealed the accumulation of leukocytes peaked 1–2 days after onset of adjuvant-induced arthritis (AIA) model (Szántó et al., 2004; Gonçalves et al., 2020), day 10 in the KRN serum transfer induced arthritis (STIA) model (LaBranche et al., 2010); and 21 days after immunization in the collagen-induced arthritis (CIA) model (Knoerzer et al., 1997). Similarly, H&E revealed a substantial number of leukocytes accumulating in the synovium of patients with early (disease duration less than 1 year) and established RA (1.5–20 years), with the degree of infiltration correlating with disease activity rather than symptom duration (Baeten et al., 2000). For both human and murine studies, H&E analysis of synovium has highlighted the significant role of tumor necrosis factor-α (TNFα) in driving leukocyte infiltration into the inflamed joint: with TNFα inhibitors (TNFi) reducing leukocyte numbers in the joint leading to reduced clinical scores, which were not seen in non-responders (Williams et al., 1992; Baeten et al., 2000; Barrera et al., 2001), as well as reducing the expression of chemokines within the synovium (Taylor et al., 2000). Similarly, H&E revealed a potential therapeutic benefit of inhibiting chemokine interactions in AIA, where short-chain peptides modeled on the chemokine glycosaminoglycan binding domain of CXCL8 (interleukin-8) decreased leukocyte accumulation and the overall inflammatory score in treated joints (McNaughton et al., 2018). Whilst H&E analysis of tissue sections is an integral outcome measure in almost all studies, it is unable to provide any insight into the specific subsets of leukocytes infiltrating the joint, how these evolve with disease or the mechanisms underpinning their accumulation.
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FIGURE 2. Methodologies for imaging leukocyte infiltration. (A) H&E staining (Tucker et al., 2016): decalcified joints are paraffin embedded, sectioned, and stained with H&E to identify leukocyte infiltration. (B) Immuno-fluorescence (Honvo-Houéto and Truchet, 2015; JoVE, 2021): tissue sections are stained with fluorescently tagged antibodies against specific proteins to visualize cellular localization using a fluorescent microscope. Representative image shows a lymph node stained for CD3+ (Red), CD4+ (Blue), and FoxP3+ (Green) T-cells. In (A,B), images courtesy of Miss Jenefa Begum (University of Birmingham). (C) In Situ Hybridization (Menon et al., 2017): an RNA-specific target probe is added to tissue sections, where it hybridizes to its corresponding gene. Amplification probes are added to enhance the detection, which are bound by detection probes. Detection probes can either be fluorescent-, antibody- or radio- labeled. Image of arthritic joint replacement tissue section stained for PDGFRβ (Red), nuclei (Pale Blue), and CD90 (Brown), courtesy of Dr. Triin Major (University of Birmingham). (D) Stamper–Woodruff assay (Hirata et al., 2004): leukocytes are added to frozen tissue sections on slides and rotated for 30 min. Non-adherent cells are washed off and the section stained with nuclear dye and/or antibodies of choice. Image courtesy of Dr. Patricia Lalor and Dr. Sarah Edwards (University of Birmingham, Edwards et al., 2006). (E,F) Static and flow based adhesion assays (Butler et al., 2009): Endothelial cells or the ligand of interest are seeded onto the well, a filter or onto a collagen gel and treated with stimulant(s) of choice (e.g., TNF-α) for the desired amount of time. Stromal cells can be cultured beneath the endothelium to assess how they regulate endothelial recruitment of leukocytes (Munir et al., 2015; Mcgettrick et al., 2017). (E) Leukocytes are added to the well and left to adhere under static conditions, before non-adherent cells washed off and remaining adherent cells imaged via phase contrast microscopy. Image courtesy of Miss Sophie Hopkin (University of Birmingham). (F) Leukocytes are perfused across the surface (e.g., endothelial cells or purified protein/carbohydrate) at a wall shear rate determined by the flow rate of a syringe pump. In (E,F), adherent cells appear circular and phase bright, as they become activated and migrate they change morphology and appear phase dark once underneath the endothelial monolayer. (G) Organ-on-a-chip (Rothbauer et al., 2020): a micro-scale system to mimic the environment within the human body, combining cultured cells and microfluidic systems – where leukocytes are perfused through a channel coated with endothelial cells, with pericytes and stromal cells cultured on the opposite (basal) side to the endothelial cell. (H) PET imaging (White et al., 2017; Momcilovic et al., 2018): cells are tagged using a radioactive tracer that emits a small quantity of Gamma rays. Tagged cells are injected into participants and the location of cells can be tracked and imaged. (I) Two photon microscopy (Chen et al., 2017; Cai et al., 2019): fluorescently labeled cells are visualized and their movement tracked in real-time with two-photon microscope either in vivo and ex vivo. Image of human liver tissue perfused with wheat germ agglutinin and Hoechst and imaged ex vivo, courtesy of Dr. Scott P. Davies (University of Birmingham). (J) Bioluminescence (Lim et al., 2009): cell specific luciferase knock-in lines are visualized using the whole animal in vivo imaging system (IVIS), allowing the tracking of endogenous or injected cells. Image shows 1,1′-dioctadecyltetramethyl indotricarbocyanine Iodide tagged bone marrow mesenchymal stem cells accumulation following injection into wildtype mice; courtesy of Dr. Lozan Sheriff (University of Birmingham). (K) Kaede mice (Porter et al., 2018; Steele et al., 2019): UV light illumination of tissues (e.g., draining lymph nodes) in situ photoconverts cells from green to red fluorescence. The movement of red fluorescent cells to, and their interaction with cells at, distant tissues can be tracked. In (A–F,I), arrows denote leukocytes on the representative images. Created with BioRender.com.


Advances in immunohistochemistry (IHC) and subsequently fluorescence microscopy and in situ hybridization (ISH) have expanded our ability to identify individual leukocyte subsets in synovial tissue sections (Menon et al., 2017; Traylor-Knowles, 2018) (Figures 2B,C), furthering our understanding of the composition of leukocytes within the inflamed joint in the various murine models of inflammatory arthritis and human arthritides. For example, monocytes and CD4 T-cell infiltration peaked 2–3 days following onset of AIA, followed by an influx of CD8 T-cells and B-cells which peaked at day 7 (Verschure et al., 1989). Moreover, monocytes and macrophages were observed in the sublining layer of the AIA joint, whilst T and B-cells were located in perivascular clusters and some in small isolated groups (Dijkstra et al., 1987). Indeed, elevated numbers of CD3+ T-cells, CD20+ B-cells, and CD68+ macrophages, along with a concomitant decrease in the numbers of regulatory T-cells (Tregs) were also observed using IHC in synovial biopsies from RA patients with high disease activity scores compared to patients with lower disease activity or in remission (Zhang et al., 2005; Behrens et al., 2007; Alivernini et al., 2017). Moreover, anti-TNFα therapy reduced the numbers of CD3+ T-cells, CD22+ B-cells, and CD68+ macrophages in the joints of patients with RA over a 2 weeks period (Taylor et al., 2000). Indeed, the combination of CD20, CD138 (marking plasma cells), CD3, and CD68 revealed 3 distinct leukocyte profiles (pathotypes) in the synovium of patients with early and established RA based on the absence of leukocytes (pauci-immune), diffuse myeloid infiltrate or the formation of lympho-myeloid aggregates (Humby et al., 2019; Nerviani et al., 2020). Agreeing with earlier studies that described pauci-immune; diffuse and follicular infiltrates (Wagner et al., 1998; Pitzalis et al., 2013). Crucially these different leukocyte synovial pathotypes impact on a patient’s response to therapy – where over 80% of patients with a lympho-myeloid or diffuse myeloid pathotype showed a decrease in their disease activity (DAS28 score) following treatment with the anti-TNFα drug, certolizumab-pegol, whilst less than 30% of patients with the pauci-immune pathotype responded (Nerviani et al., 2020). Such studies reveal two important insights – firstly leukocyte pathotypes highlight the existence of different leukocyte recruitment and retention signatures in subgroups of RA patients. Secondly, although the exact molecular mechanisms for these signatures remain undetermined, TNFα clearly plays a major role in the two pathotypes where elevated levels of leukocytes are observed.

Early IHC and ISH studies revealed for the first time the expression pattern of adhesion molecules and chemokines within arthritic joints (Johnson et al., 1993; Salmi et al., 1997; Matsui et al., 2001; Wang et al., 2004). Macroscopically, expression of certain adhesion molecules (selectins and VCAM-1) have been reported to be restricted to a subpopulation of synovial vessels in patients with chronic arthritis; whilst others [intracellular adhesion molecules 1 and 2 (ICAM-1 and ICAM-2)] were ubiquitously expressed (Salmi et al., 1997). In contrast, little E-selectin was detected on vessels in PsA (Veale et al., 1993). Synovial blood endothelial cells located near or within tertiary lymphoid structures appear to acquire a high endothelial vessel (HEV)-like phenotype with the expression of peripheral node addressin (PNAd), an adhesion molecule normally restricted to HEV’s, observed on synovial endothelial cells in some, but not all, RA and PsA sections analyzed (Salmi et al., 1997; Cañete et al., 2007) – and which may account for the lympho-myeloid/follicular pathotype described (Wagner et al., 1998; Pitzalis et al., 2013). Similarly, rheumatoid synovial endothelium abnormally expresses high levels of the mucosal specific vascular adhesion protein-1 (VAP-1) (Salmi et al., 1997) – indicating that the synovial endothelium acquires the capacity to support the trafficking of gut-homing T-cells during RA pathology. Crucially, the activation status of synovial endothelial cells is sensitive to anti-TNFα therapy, with reduced expression of E-selectin (Paleolog et al., 1996; Tak et al., 1996) and vascular cell adhesion protein 1 (VCAM-1) (Tak et al., 1996) reported in the rheumatoid synovium following treatment – almost certainly accounting for the improvement in disease activity seen in patients with leukocyte rich pathotypes (Nerviani et al., 2020).

In 1976 Stamper and Woodruff transformed tissue analysis from spatial 2-D phenotypic studies to 3-D functional assays (Hirata et al., 2004) (Figure 2D), by allowing lymphocytes to adhere to fixed murine lymph node tissue sections before visualizing their interactions using methyl-green-thionin and light microscopy (Stamper and Woodruff, 1976). Subsequently, groups adapted the Stamper–Woodruff (S–W) assay and began assessing the molecular mechanisms supporting leukocyte adhesion to arthritic synovial tissue. For example, significantly more monocytes adhered to RA synovium compared to other tissues analyzed (foreskin, placenta, and inflamed tonsils), and blocking the capture receptors P-selectin and E-selectin reduced this by >90% and 20–50%, respectively (Grober et al., 1993). Similarly, HL-60 cell (a neutrophil-like leukaemic cell line) adhesion to frozen sections of RA synovium was significantly reduced following treatment with an anti-E-selectin function-blocking antibody or the TNFα inhibitor certolizumab pegol (Shu et al., 2012). Thus demonstrating a pivotal role TNFα, P- and E-selectin in supporting neutrophil and monocyte recruitment to the RA synovium. Furthermore, Salmi et al. (1997) revealed for the first time mucosal lymphocytes bind to VAP-1 expressed by RA synovial vessels, further supporting the concept that gut-specific trafficking address-codes for lymphocytes are hijacked by the rheumatoid joint. Indeed, the mucosal microbiome is now believed to play a crucial role in lymphocyte trafficking outside the inflamed joint, and is highly likely to influence the phenotype of the cells recruited to the joint (reviewed by Buckley and McGettrick, 2018; Manasson et al., 2020; Xu et al., 2020). This functional analysis of tissue sections allowed for the first time mechanistic studies on the proportion of leukocytes binding with or without interventions to be analyzed. Further studies using tissues from other inflammatory arthritides and at different phases of disease are now required to distinct shared and unique features across arthritides, and how these evolve with disease progression.



DISSECTING THE MOLECULAR MECHANISMS SUPPORTING ABERRANT LEUKOCYTE TRAFFICKING – THE CREATION OF IN VITRO JOINT CONSTRUCTS

The vast majority of our understanding on the dynamics of leukocyte recruitment has been discovered by visualizing cell–cell interactions in vitro using assays that incorporate purified proteins or different tissue-resident cells (e.g., blood vascular endothelial cells or fibroblasts) in either 2-D or 3-D formats, and in some cases that also mimic blood flow (Butler et al., 2009; Mcgettrick et al., 2017). These in vitro static or flow-based adhesion/migration assays enable the real-time imaging of leukocyte behavior as they interact with the substrate, including their motility (Figures 2E,F). As such they have been a vital tool in aiding our understanding of the molecular processes governing disease onset and perpetuation in many arthritides, especially when patient cells or pharmacological agents have been assessed.


2-Dimensional Models

Surprisingly few studies have visualized each step of the adhesion cascade using leukocytes isolated from patients with inflammatory arthritis and models mimicking the joint that incorporate endothelial cells alone or with relevant stromal components (Figures 2E,F). For example, more T-cells adhered and migrated through inflamed endothelium in vitro when they were isolated from RA (Taylor et al., 2000) or PsA (Dunky et al., 1997) patients compared cells from the control group – this was thought to be mediated by αLβ2-integrin. Interestingly, the adhesive capability of T-cells appeared to be unaffected by whether a patient exhibits active or inactive RA, with similar numbers of fluorescently labeled T-cells observed binding to either resting or IL-1β stimulated endothelial cells over a 6-h timeframe (Mertens et al., 1994). Similarly, greater numbers of effector memory CD4+ T-cells from RA patients migrated further into collagen gels over 48 h following in vitro anti-CD3+ CD28-induced activation compared to cells isolated from healthy controls (Shen et al., 2017). Combining these data with IHC and metabolite quantification revealed that T-cells from these clinically active RA patients had reduced glycolytic flux that resulted in the overexpression of TSK5, a podosome scaffolding protein found at the leading edge of the cells causing enhanced migratory capacity in vitro (Shen et al., 2017). This was one of the first studies to highlight the importance of disease-induced metabolic changes in leukocytes on their adhesive and migratory potential. Similar observations have been linked to genes associated with increased risk of developing RA – for example, super-resolution studies revealed that the expression of the PTPN22 variant (PTPN22W) increased αLβ2-integrin clustering in T-cells resulting in them being more sticky (Burn et al., 2016). Genetic risk factors and abnormal cellular metabolism promote the adhesive and migratory properties of T-cells in patients with RA (Weyand et al., 2020), and potentially other inflammatory arthritides by altering the expression levels or cellular localization of αLβ2-integrin. Whilst directly targeting αLβ2-integrin is not a viable treatment option [see review on leukocyte adhesion deficiency (Harlan, 1993; Kuijpers et al., 1997)], targeting the processes regulating its expression and distribution may provide alternative treatment options for arthritides.

TNFα signaling, itself, can induce leukocytes to shed β2-integrins (Gjelstrup et al., 2010), resulting in increased plasma soluble β2-integrin (sCD18) concentrations that bind to ICAM-1 on the endothelium to reduce the availability of this molecule to leukocytes, thus reducing adhesive interactions (Kragstrup et al., 2014). However, this homeostatic regulatory pathway is lost in patients with RA and spondyloarthritis (SpA) (Kragstrup et al., 2014), where patients with high disease activity scores have lower plasma sCD18 compared to OA, and thus the potential for elevated levels of leukocyte trafficking (Gjelstrup et al., 2010). Furthermore, B-cells from patients with RA have lost their ability to respond to the adipokine, adiponectin, and therefore their ability to release the peptide hormone, PEPITEM, which acts to limit T-cell migration into inflamed tissues (Chimen et al., 2015). So in addition to lymphocytes acquiring pro-migratory traits, there is also a loss of tonic regulators that normally act to limit tissue infiltration in patients with RA and SpA.

Considering other leukocyte subtypes, patients with RA have higher levels of “reverse migrated” neutrophils in their circulation, suggesting that these cells have sampled the tissue microenvironment and re-entered the circulation across the blood vascular endothelial cells rather than through the lymphatics (Buckley et al., 2006). Moreover, expression of RA susceptibility gene, PTPN22W, enhanced neutrophil migration across TNFα-activated endothelium in vitro (Bayley et al., 2015) and may account for the rapid transit of neutrophils through the rheumatoid joint into the synovial fluid. RA neutrophil chemotaxis toward the synovial fluid rich CXCL8 (IL-8) was blocked with the Janus kinase inhibitors (JAKi) (Mitchell et al., 2017), along with reduced neutrophil and T-cell numbers observed in the joints of RA patients treated with barictinib (Tanaka et al., 2018) – suggesting JAKi have potential therapeutic benefit by limiting leukocyte migration in arthritic patients. The higher expression the αM subunit of the αMβ2-integrin on monocytes from RA patients contributed to their enhanced adhesion to resting (uninflamed) and IL-1β stimulated endothelium in vitro when compared to the levels observed for monocytes from normal controls (Lioté et al., 1996). By contrast, fewer fluorescently labeled monocytes migrated through TNFα activated human dermal microvascular endothelial cells when they were isolated from PsA patients, compared to monocytes from patients with osteoarthritis, fibromyalgia or type-2-diabetes (as controls) – most likely due to a reduction in surface expression of the αMβ2-integrin required for stable/firm adhesion, explaining the reduced number of monocytes in the psoriatic joint, compared to RA (Neumüller et al., 2001). Akin to lymphocytes, pathological alterations in the expression of the β2-integrins by neutrophils and monocytes contribute to the synovial leukocyte composition in these inflammatory arthritides.

Synovial blood vascular endothelial cells (sEC) act as the gatekeepers to the joint. Crucially, Abbot et al. (1999) demonstrated that sEC from RA patients are imprinted with a disease-specific tissue memory and are in a pre-primed state that is maintained in culture. This pathogenic phenotype enables TNFα-stimulated rheumatoid sEC to support greater levels of neutrophil and T-cell capture from flow and induced stable adhesion (Abbot et al., 1999). Further research examining the phenotype of sEC through the evolution of inflammatory arthritides, across diseases and its impact on the inflammatory infiltrate is urgently required. Similarly, synovial fibroblasts from inflammatory arthritides are epigenetically imprinted with a pathogenic phenotype (Parsonage et al., 2005). For example, RA synovial fibroblasts support elevated levels of B-cell (Shimaoka et al., 1998; Burger et al., 2001) and T-cell (Bradfield et al., 2003) pseudoemperipolesis (sub-fibroblast migration) in a CXCL12 dependent manner compared to dermal fibroblasts. Further to this, peripheral blood CD4+ T-cells from RA patients exhibit higher expression of the α6 integrin subunit and were more efficiently captured from flow to the extracellular matrix components, laminin and fibronectin, than control cells (Haworth et al., 2008). These interactions are likely to be responsible for localizing CD4+ T-cells in the laminin bordered perivascular cuff in the rheumatoid joint (Haworth et al., 2008) – as observed by confocal microscopy on tissue sections. Whilst neutrophils from healthy controls and clinically active RA bind at similar levels to fibronectin in vitro, significantly fewer cells adhered when they were isolated from patients in clinical remission – these observations were linked to reductions in the expression of L-selectin and αL-integrin on neutrophils following anti-TNFα therapy (Dominical et al., 2011). These studies start to elucidate the molecular mechanisms responsible for leukocyte interactions in the subendothelial space, and how these are altered by drug-induced clinical remission.

The combination of altered adhesive and migratory properties of leukocytes and endothelial cells in patients with RA further amplifies the aberrant trafficking of inflammatory cells during disease – the critical question of which cell type becomes dysregulated first remains to be answered.



3-Dimensional Models

Over the last 20 years, considerable effort has been made to address the limitations of 2-D culture systems in an attempt to generate a more representative 3-D model of the tissue (McGettrick et al., 2012; Buckley and McGettrick, 2018), in which leukocyte trafficking under static and physiological flow conditions can be observed (Munir et al., 2015; Mcgettrick et al., 2017) (Figure 2F). As a result, it is clear that tissue-resident stromal cells communicate with the neighboring endothelial cells to generate “stromal address codes” for tissue-specific and disease-specific regulation of leukocyte trafficking (Parsonage et al., 2005). Crucially the absence of these signals results in lymphocyte migration being frustrated, such that they shuttle back and forth across the inflamed endothelial barrier, with few cells penetrating a 400 μm deep collagen gel (McGettrick et al., 2008; Jeffery et al., 2013). A series of studies using phase-contrast microscopy has revealed that primary synovial fibroblasts from patients with acutely resolving synovitis or primary dermal fibroblasts from patients with RA undergoing joint replacement surgery limit the ability of endothelial cells to recruit lymphocytes from flow - in effect acting in an anti-inflammatory manner (McGettrick et al., 2009; Filer et al., 2017). By contrast, synovial fibroblasts from patients with RA undergoing joint replacement surgery were able to stimulate the endothelium, such that they were able to recruit neutrophils and lymphocytes in the absence of any other exogenous cytokines - thus exerting a pro-inflammatory action (Rainger et al., 2001; Lally et al., 2005; Smith et al., 2008; McGettrick et al., 2009; Filer et al., 2017). In particular, this response was due to the trafficking and presentation of fibroblast-derived chemokines (CXCL5 and CXCL12) on the endothelial surface, and enhanced leukocyte capture mediated through P-selectin (neutrophils) and α4β1-integrin-VCAM-1 interactions (lymphocytes) (Lally et al., 2005; McGettrick et al., 2009). Interestingly the synovial fibroblasts from patients at the earliest phase of RA communicate with the endothelium in a manner that is distinct from fibroblasts isolated from resolving synovitis (i.e., they do not suppress cytokine-induced lymphocyte recruitment), and also from fibroblasts from patients with RA undergoing joint replacement surgery [i.e., they are unable to activate the endothelium to recruit leukocytes in the absence of cytokines (Filer et al., 2017)] – this crucially reveals that the cross-talk, and therefore the patterns of leukocyte trafficking in RA, evolve as the disease progresses and suggest that therapies targeting these processes should also change as the disease evolves. Furthermore, blocking either hydrocortisone or IL-6 was able to reverse the pro-inflammatory effects of fibroblasts from patients with RA who had to undergo joint replacement surgery (Lally et al., 2005; Smith et al., 2008; McGettrick et al., 2009), adding further evidence to the mode of action of glucocorticoid or tocilizumab therapy in these patients. Of note, all these studies focused on the interaction of fibroblasts from patients with inflammatory arthritis with endothelial cells isolated from healthy donors. Additional studies are now required to expand this further by incorporating patient-derived sEC’s that exhibit disease-specific phenotypes (as highlighted above) and to elucidate the impact this has on the ability of fibroblasts to regulate leukocyte trafficking. Furthermore, there is also a need to broaden the inflammatory arthritides from which cells are isolated to reveal those features of arthritis that are shared across a range of arthritides and those that are unique.



IMAGING LEUKOCYTE TRAFFICKING IN VIVO – OBSERVATIONAL STUDIES

The regulation of leukocyte trafficking is multifactorial – involving blood flow; endothelial and stromal responses. Similarly, inflammatory arthritides can be systemic diseases, affecting multiple joints and other organ systems. The only way to truly understand how arthritic pathology influences the kinetics, spatial location and molecular mechanisms of leukocyte migration into, through and away from the joint is through in vivo analysis – either preclinical murine models of disease or imaging of patients joints. However, these approaches are significantly more complicated than those we have discussed above, due to the intricate nature of joints (Gompels et al., 2010). As a result, most studies to date have focused on mapping cellular movement, with few conducting mechanistic investigations.

Initial efforts to observe infiltration of human leukocytes movement in real-time began by metal-tagging purified leukocytes subsets and re-injecting them back into the subject, allowing the small gamma particles released by the tagged cells to be detected and tracked (Uno et al., 1986; Dudhia et al., 2015). Tagging human leukocytes with indium-111 (111In) revealed the accumulation of tagged cells in the joints of human patients with swelling and active RA, which were not observed in patients where swelling and pain were not present (Uno et al., 1986) or those with inactive disease (Uno et al., 1992). Moreover, anti-TNFα therapy reduced 111In-labeled granulocyte trafficking into patient joints over 22 h (Taylor et al., 2000). Techniques subsequently progressed to enable tagging of specific cell types, such as anti-T-cell (CD3) technetium-99m (99mTc) tagged antibodies, which were observed accumulating in the moderately or severely painful joints in RA and PsA patients, but not in those joints where pain levels were low or absent (Marcus et al., 1994). Indeed, clinically active and inactive joints have also been identified using radiolabeled E-selectin in patients with RA (Chapman et al., 1994; Chapman et al., 1996; Jamar et al., 2002). Once again, anti-TNF-α therapy (adalimumab) decreased 99mTc-labeled leukocyte accumulation into the joints of RA patients 2 weeks after the treatment onset, which subsequent studies suggested that this was due to increased 99mTc monocyte/macrophage egress from the joint as numbers of monocytes entering remained unaffected by adalimumab treatment (Thurlings et al., 2009; Herenius et al., 2011). Similarly, metal tagged antibodies against E-selectin have also revealed its up-regulation in porcine arthritic joints but not control joints (Chapman et al., 1994). Thus linking the active movement of T-cells into the joint and changes in capture receptor expression with swelling, pain and disease activity experienced by the patients. Similarly, blood neutrophils tagged with technetium-99m hexametazime were observed ingressing into the rheumatoid joint over 22 h by gamma camera imaging, a response that was blocked by glucocorticoid therapy (methylprednisolone) (Youssef et al., 1996). By contrast, when synovial fluid neutrophils tagged with 111In were injected intra-articularly their egress from the synovial space into the periphery was unaffected by methylprednisolone treatment (Youssef et al., 1996). Further supporting the involvement of migrating neutrophils in the RA pathology, and the beneficial action of glucocorticoid therapy on limiting their movement/effector functions.

Positron emission tomography (PET) tracers allow a non-invasive means to measure cellular accumulation (White et al., 2017; Momcilovic et al., 2018) (Figure 2H). For instance, higher levels of the PET tracer [18F]F-AraG were detected in the arthritic paws of AIA mice, whilst no tracer was observed in control paws (Franc et al., 2017). Similarly, in RA and PsA patients, the [18F]-FDG PET tracer was shown to accumulate at sites of synovitis, but not in unaffected joints (Chaudhari et al., 2016). Thus, indicating an accumulation of activated immune cells in the arthritic joint, which could result from either increased leukocyte migration or enhanced proliferation of the cells within the tissue or a combination of both. Protein specific PET tracers, such as 68Ga-Aquibeprin or 68Ga-Avebetrin that bind specifically to α5β1-integrin or αVβ3-integrin, respectively, can also be used to track the expression pattern of molecules involved in leukocyte trafficking (Notni et al., 2019). Such tracers showed increased expression of α5β1- and αVβ3-integrins in arthritic joints compared to non-arthritic joints in mice with CIA (Notni et al., 2019), suggesting arthritis increases the expression of these integrins to facilitate leukocyte accumulation. Tracer studies are currently limited to detecting global cellular activity (accumulation/proliferation) but are unable to identify individual cells or subsets or their movement.

The greatest advancement in imaging the dynamics of leukocyte trafficking in vivo has come from the development of two-photon microscopy, which allows tissues, including the joints and blood vessels, of living organisms to be imaged in real-time enabling the observer to visualize specific parts of the adhesion cascade including velocities (Chen et al., 2017; Cai et al., 2019) (Figure 2I). For example, leukocyte rolling and adhesion to arthritic joints (Veihelmann et al., 1999), or neighboring tendons [achilles and patella (Gál et al., 2005)], increased in a time-dependent manner in the initial phases of the disease, after which the number (Veihelmann et al., 1999) and velocity (Gál et al., 2005) of rolling cells steadily declined, whilst the absolute numbers of adherent cells remained elevated in both AIA and proteoglycan induced arthritis (PGIA) models relative to the control animals. Moreover, rolling velocities increased at early time points (4 h) and absolute numbers of adherent leukocytes were reduced over the first 24 h in L-selectin knockout mice with AIA - observed using intravital microscopy of the synovial post-capillary venules (Szántó et al., 2004). Similarly, more LysM-eGFP granulocytic myeloid cells were observed moving at a much slower mean migration velocity through metatarsal tissue of AIA mice using intravital microscopy compared to controls (Byrne et al., 2012). Moreover, adoptively transferred fluorescently labeled antigen-presenting cells (APC) isolated from the spleen and draining lymph nodes of PGIA mice were detected inside the ankles of severe combined immunodeficient (SCID) mice by multiphoton imaging (Angyal et al., 2010). However, when splenic T-cells were transferred they were only detected in the lymph nodes, revealing low levels of T-cell migration directly into the joint following induction of PGIA (Angyal et al., 2010). Near-infrared whole animal imaging tracked the increased infiltration of F4/80+ monocyte/macrophages into arthritic joints over the first 6 h of AIA (Hansch et al., 2004). Taking this further, biofluorescence whole animal imaging studies revealed the more effective localization of anti-TNFα drugs (certolizumab pegol, adalimumab, and infliximab) to arthritic joints than non-arthritic joints in mice with CIA (Palframan et al., 2009).

Alternative strategies employing the use of bioluminescence, commonly involving luciferase, avoid the need for excitation of the label of interest (Figure 2J). For instance, Nakajima et al. (2001) tracked the localization of type-II collagen specific GFP-luciferase CD4 T-cell hybridomas following their injection into mice with CIA using whole animal real-time live bioluminescence imaging with the in vivo imaging system (IVIS) over a 7 days period (Nakajima et al., 2001). Initially GFP-luciferase CD4 T-cells were observed accumulating in the lungs after 24 h, but subsequently moved to the arthritic joints where the intensity of GFP-luciferase signal, and therefore the accumulation of cells, increased between 3 and 5 days and was still detectable at the same level 7 days post-injection (Nakajima et al., 2001). Using this technology, the locations of specific cell types can be observed throughout an experiment, however, it does not provide detailed data outlining specific cell numbers.

Advances in photoconvertible reporter mice (e.g., Kaede) are now allowing us to gain some insights into the migratory journey of leukocytes to and from tissues. For example, in Kaede mice, cells are converted from green to red fluorescence with a UV light, allowing researchers to track the movement of cells from the tissue of photoconversion into distance sites (Porter et al., 2018; Steele et al., 2019) (Figure 2K). On a technical note, it is crucial that tissues neighboring the photoconversion site are appropriately shielded from the light source to avoid converting these cells also. Whilst there are currently no publications reporting photoconversion of an inflamed joint or the neighboring draining lymph nodes we are aware of several groups working in this area and await the outcome of these studies. That said, groups have photoconverted areas of the small intestine and colon in arthritic mice (CIA and KRN, respectively) and detected converted cells, mainly CD4+ T-cells, in the joint and the draining lymph node between 1 (Morton et al., 2014) and 4 days (Tajik et al., 2020) later by flow cytometry. Combining these data with the earlier IHC studies from the late 1990s further confirms the importance of the ability of gut-derived leukocytes to migrate into arthritic joints in the pathogenesis of the disease.

Whilst advancements in imaging technologies allow the dynamics of leukocyte trafficking patterns or the expression profile of adhesion molecules and cytokines to be observed in vivo, we are not yet in the position to fully track these processes in patients over their disease and treatment journey. Improving imaging of molecular mechanistic changes, such as alterations in receptors and ligands, that occur as leukocytes enter and exit the joint is essential to fully understanding these processes and to identify targets to limit trafficking of pathogenic leukocytes whilst promoting the movement of regulatory leukocytes necessary to resolve the inflammatory response and repair the damaged joint.



SUMMARIZING OUR CURRENT UNDERSTANDING OF THE MECHANISMS DRIVING INFLAMMATORY ARTHRITIS

It is clear that patients with inflammatory arthritides, such as RA or PsA, have defects in one or more of the security checkpoints that normally regulate leukocyte trafficking (Buckley and McGettrick, 2018) (Figure 3). Firstly synovial endothelial cells (Abbot et al., 1999) and fibroblasts (Parsonage et al., 2005) are imprinted with a pathogenic pro-inflammatory phenotype that is maintained in culture, and which causes these cells to express elevated levels of proinflammatory and pro-recruitment mediators, such as adhesion molecules, chemokines, lipids and cytokines (Parsonage et al., 2005). Moreover, synovial endothelial cells acquire tissue-specific traits associated with mucosal endothelium (VAP-1) (Salmi et al., 1997) and high endothelial venules (PNAd) (Salmi et al., 1997; Cañete et al., 2007) allowing the aberrant trafficking of gut-homing and lymph node homing leukocytes to the joints, and in some cases the formation of tertiary lymphoid structures (Morton et al., 2014; Tajik et al., 2020). Synovial fibroblasts also display positional memory for their location within a joint (Croft et al., 2019; Wei et al., 2020), and differ across joints (Frank-Bertoncelj et al., 2017) – this adds further complexity to the regulation of leukocyte migration within the synovium itself, and for which newer imaging modalities are just starting to reveal insights. Finally, the bi-directional cross-talk between endothelial cells and fibroblasts evolves as the disease progresses (Filer et al., 2017), altering the composition of leukocytes in the joint over the disease history. Thus pathogenic changes in the joint tissue microenvironment actively support the aberrant leukocyte trafficking and accumulation, and so one strategy would be to reset the tissue microenvironment to reverse pathology. Yet, leukocytes from these patients can also display pro-adhesive, pro-migratory phenotypes, linked to genetics [e.g., PTPN22W (Bayley et al., 2015; Burn et al., 2016)], altered metabolism (Pucino et al., 2019, 2020) or protein expression [adiponectin receptors (Chimen et al., 2015); TSK5 (Shen et al., 2017)], which tend to lead to enhanced or prolonged αLβ2-integrin expression (Yokota et al., 1995; Burn et al., 2016) facilitating their entry and retention within the inflamed joint. However, this raises the “chicken and egg” question of whether changes in the tissue or changes in leukocytes are the first to happen. Of note, we know much more about the molecular mechanism governing these processes in the context of RA, than other inflammatory arthritides.


[image: image]

FIGURE 3. The multi-step adhesion cascade in chronically inflamed joints. The etiology of most inflammatory arthritides remains unknown. At some point during the initial phases of disease, the endothelial cells up-regulate the expression of the typical adhesion molecules (E and P selectin, VCAM), as well as other molecules usually found in HEV venules (PNAd) or the gut (VAP-1). Furthermore, fibroblasts switch from homeostatically anti-inflammatory, to actively pro-inflammatory with the production of chemokines (CXCL5 and CXCL12) that are shuttled to the endothelium. Leukocytes from arthritic patients exhibit higher expression of integrins, such as αLβ2-, αMβ2-, and α6-, and are recruited to the endothelium via P-selectin (neutrophils) and α4β1-integrin-VCAM-1 interactions (lymphocytes). Increased expression of α5β1, αvβ3, and α6 integrins on leukocytes aids their migration through the basement membrane and tissue, whilst fibroblast interactions with T and B cells increases pseudoemperipolesis. Molecules are colored according to cell type: leukocytes = blue and endothelial cells = red, and highlighted bold to denote major contributors to infiltration during inflammatory arthritis, but not in response to infection or damage. PNAd, peripheral node addressin; VAP-1, vascular adhesion protein 1; VCAM-1, vascular adhesion protein 1. Created with BioRender.com.


Many imaging studies using a wide range of technologies have demonstrated the significant role TNFα plays in the initiation and propagation of inflammation in the joints of humans with RA (Barrera et al., 2001) and mice (Williams et al., 1992; Sudoł-Szopińska et al., 2013). Of relevance here is the reduction in leukocyte accumulation in arthritic joints, as well as changes in the expression of adhesion molecules [e.g., E-selectin and VCAM-1 (Tak et al., 1996)] and chemokines (e.g., IL-8) (Butler et al., 1995) in response to TNFα inhibitors. Despite this, not all RA patients respond to the various on the market, which might be explained, at least in part, by the distinct synovium leukocyte pathotypes observed in tissue sections from patients (Nerviani et al., 2020). Few, if any studies have examined leukocyte numbers or expression of key molecules involved in the recruitment cascade for other chemical or biological disease-modifying anti-rheumatic drugs (DMARDs). Understanding how DMARDs impact the key components and cells of the cascade will allow the mechanism of initiation, development and resolution of inflammatory arthritides to be identified, possibly leading to personalized medicine depending on disease stage.



THE FUTURE OF THE IN VITRO JOINT

Technologies to make more in vivo-like constructs are continuing to vastly improve: ranging from 3-D self-organizing tissue culture organoids; through to microfluidic channels and building up to 3-D cell cultures incorporating microfluidic technology to create organs-on-chips, and finally the fabrication of tissue-like structures. All of these techniques have improved tremendously over the past 10 years, but their use in studies of leukocyte trafficking in the context of inflammatory arthritides remains limited (reviewed by Damerau and Gaber, 2020).

Given inflammatory arthritides are driven by multiple cell–cell interactions, 3-D organoids offer an excellent way of interrogating these communication pathways in more detail. Unfortunately, the 3-D nature of these constructs currently restricts the possibility of real-time live imaging, so these models are commonly analyzed upon sectioning as seen for whole tissue. For example, TNFα induced the self-organization and proliferation of a 3-D micromass of fibroblast-like synoviocytes from RA patients into the two distinct layers found in the joint (a lining and sublining layer), implying fibroblasts maintain positional memory in culture enabling them to organize themselves as seen in the joint (Calvo et al., 2017). Building upon this, organoids consisting of fibroblasts and endothelial cells suspended in a matrigel droplet revealed that up-regulation of NOTCH3 ligands on the vasculature help to drive the spatial organization of fibroblasts into lining and sublining layers, where deletion of NOTCH3 reduced the clinical score and inflammatory infiltrated observed by H&E in mice with STIA (Wei et al., 2020). Crucially a subpopulation of synovial fibroblast (fibroblast activation protein α+; FAPα+) is responsible for driving leukocyte infiltration in STIA mice, where deleting FAPα+ fibroblasts reduced leukocyte numbers in the arthritic joint (Croft et al., 2019). Collectively these studies highlight the importance of fibroblast subtypes in regulating leukocyte trafficking and the ability of endothelial cells to influence the phenotype of the neighboring stroma, but crucially they demonstrate the possibility of modeling the human diseased joint using fibroblast-endothelial cell 3-D organoids in vitro. Of note, tumor and mural organoid models incorporating mesodermal progenitor cells were able to form a hierarchical structure of blood vessels (Wörsdörfer et al., 2019), suggesting the same could be done and used to model the vasculature in inflammatory arthritides.

Advances in 3-D printing are driving forward the field of microfluidic modeling of leukocyte recruitment in a disease context (Sackmann et al., 2012; Venugopal Menon et al., 2018), where incorporating precious, but limited, patient material into high-throughput mechanistic screening studies is becoming a reality. Such systems have effectively mimicked the disturbed flow patterns seen in vessel bifurcations, highlighting these as areas where endothelial cells can support the recruitment of the monocyte cell line, THP-1 – as seen in atherosclerosis (Khan and Sefton, 2011). Hence microfluidic channels may help to elucidate the disparities seen in the vascular patterns in patients with PsA and RA (Kennedy et al., 2010). Addition of collagen scaffolds; tuneable chemical gradients (Wu et al., 2017) and stromal cells, to the microfluidic channels are paving the way for the development of personalized “organs-on-a-chip” which present the possibility of precision medicine (Van Den Berg et al., 2019). In the context of inflammatory arthritis, microfluidic systems have been used to track the migration of the cadherin-11 expressing synovial cell line (SW982) toward an activated osteoclast cell line (RAW264.7), where the co-culture construct enhanced SW982 migration and osteoclast activity compared to the monocultures (Ma et al., 2018). Moreover, 3-D “synovium-on-a-chip” with an integrated time-resolved light scatter biosensor has been generated that allows the visualization of TNFα induced fibroblast organization into lining and sublining layers over 2 days (Rothbauer et al., 2020) (e.g., Figure 2G). Incorporating endothelial cells and leukocytes into such models would enable in vivo like analysis of recruitment and it is most likely only a matter of time before these are generated. Furthermore, other in vivo like constructs are being formed, such as the living vascular tissue fabricated by direct culture of collagen, smooth muscle cells and endothelial cells, presenting another way to move away from in vivo models, whilst accessing leukocyte infiltration (Meghezi et al., 2015). These studies highlight how rapidly microfluidic and in vivo models are improving, providing the opportunity to access multiple cell:cell interactions, whilst also mimicking physiological aspects such as blood flow. This is crucial in understanding inflammatory diseases such as RA, PsA and IA, which are known to be driven by uncontrolled leukocyte recruitment, but exactly how and why this occurs is yet to be elucidated.

The era of precision medicine for inflammatory arthritis is fast approaching (reviewed by Aletaha, 2020; Miyagawa and Tanaka, 2020) with “big data” providing insights into different patient populations and further subgrouping patients according to their underlying process driven pathology – yet imaging remains crucial for initial discoveries and confirming outputs of omics analysis (e.g., Lewis et al., 2019). Indeed, the use of synovial tissue signatures improves the prediction that a patient will require biological therapy 12 months after diagnosis (Lliso-Ribera et al., 2019). Furthermore, advances in spatial transcriptomics now enables mapping of gene expression profiles onto images of tissues, providing for the first-time spatial context to gene expression data (Burgess, 2019). Such technology has revealed that central memory T-cells were dominant in RA synovial tissue sections, whilst in SpA tissues effector memory T-cells were most prominent (Carlberg et al., 2019), and thus will enable more targeted therapies to be delivered to these patients in the future. Advances in imaging technologies, in particular the “synovium-on-a-chip” described above, incorporating patient synovial material provides the opportunity to pre-screen possible treatment options based on identified “patient specific signatures,” ultimately offering the realistic hope of achieving precision medicine for all patients based on their cellular and molecular processes driving their disease pathology.



CONCLUSION

Significant advances in imaging modalities over the last 60 years have vastly improved our understanding of leukocyte infiltrates in the inflamed joints in numerous inflammatory arthritides in patients as well as in vitro/in vivo models. It is evidently clear that the local microenvironment of an inflamed joint dictates the spatiotemporal dynamics of leukocyte entry and egress, and it is highly likely this differs in different regions of a given joint, between patients, as the disease evolves and in response to treatments. Despite our advances, there is still much we do not fully understand particularly in the context of human disease, and for that further advances are needed to image these processes directly in patients but more realistically to enable the imaging of complex in vitro constructs of a patient’s joint microenvironment. Only then will we be able to truly map the spatiotemporal dynamics and molecular mechanisms for a patient at a given time point in their disease history. Ultimately the aim would be to develop drug combinations that can limit the trafficking of pathogenic effector leukocytes whilst promoting the function and presence of regulatory leukocytes to switch off the inflammatory response and induce clinical remission/cure the disease.
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Leukocyte transendothelial migration is crucial for innate immunity and inflammation. Upon tissue damage or infection, leukocytes exit blood vessels by adhering to and probing vascular endothelial cells (VECs), breaching endothelial cell-cell junctions, and transmigrating across the endothelium. Transendothelial migration is a critical rate-limiting step in this process. Thus, leukocytes must quickly identify the most efficient route through VEC monolayers to facilitate a prompt innate immune response. Biomechanics play a decisive role in transendothelial migration, which involves intimate physical contact and force transmission between the leukocytes and the VECs. While quantifying these forces is still challenging, recent advances in imaging, microfabrication, and computation now make it possible to study how cellular forces regulate VEC monolayer integrity, enable efficient pathfinding, and drive leukocyte transmigration. Here we review these recent advances, paying particular attention to leukocyte adhesion to the VEC monolayer, leukocyte probing of endothelial barrier gaps, and transmigration itself. To offer a practical perspective, we will discuss the current views on how biomechanics govern these processes and the force microscopy technologies that have enabled their quantitative analysis, thus contributing to an improved understanding of leukocyte migration in inflammatory diseases.
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INTRODUCTION

Leukocytes encompass a diverse group of white blood cells in the immune system, including lymphocytes, monocytes, dendritic cells, and neutrophils, which exhibit a versatile and broad range of migratory abilities. Leukocyte migration from the bloodstream to sites of injury or infection is a primary component of the innate immune and inflammatory responses. Functioning as first responders, leukocytes can efficiently overcome biophysical barriers in their response to pro-inflammatory stimuli, including the vascular wall and dense three-dimensional (3-D) extravascular spaces. This efficient pathfinding is essential for leukocyte trafficking and provides potential therapeutic targets for immune-related and inflammatory diseases.

The scope and speed of the innate immune response are primarily dictated by transendothelial migration (TEM). The endothelium is formed by a monolayer of vascular endothelial cells (VECs) lining the vessel walls and functions as a physical barrier between the circulation and the underlying interstitial tissue. During TEM, leukocytes adhere to the VECs, transmigrate across the endothelium, and cross the vascular basement membrane to the extravascular space (Ley et al., 2007; Muller, 2014; Nourshargh and Alon, 2014; Vestweber, 2015; Figure 1). Pro-inflammatory stimuli such as TNF-α and IL-8 can activate both leukocytes and VECs to initiate TEM at the affected site (Middleton et al., 1997; Chandrasekharan et al., 2007). Circulating leukocytes bind to selectin molecules on the VECs via counter glycoprotein ligands, beginning a rolling and adhesion process (Kansas, 1996). Immobilized IL-8 chemokines on inflamed endothelial surfaces switch the leukocytes’ integrins LFA-1 and VLA-4 to high-affinity states, triggering the transition from rolling to firm adhesion and lateral migration, followed by direct TEM. The concomitance of high-affinity states in leukocyte integrins and increased expressions of ICAM-1 and VCAM-1 on inflamed VECs promotes cellular contractile forces, which regulate junctional integrity, endothelial permeability, and ultimately leukocyte trafficking (Cook-Mills and Deem, 2005; Stroka and Aranda-Espinoza, 2010). TEM occurs via one of two routes: at endothelial adherens junctions (paracellular migration) or through the VEC itself (transcellular migration). Although the factors governing route selection are not fully understood, both in-vitro and in-vivo experiments have demonstrated that the paracellular route is preferred, accounting for 90% of TEM events (Muller, 2003; Schulte et al., 2011; Woodfin et al., 2011). It remains unclear whether and how leukocytes probe the endothelium to find permissive sites for TEM and how leukocytes coordinate the force generation with VECs to facilitate their passage across the monolayer.
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FIGURE 1. (A) Leukocyte extravasation: through the presence of inflamed VECs, circulating leukocytes localize themselves in the proximity of affected tissues. Once in range, leukocytes use carbohydrate ligands to tether themselves to VECs that express specific selectins. Once tethered, the leukocyte is then able to roll along the endothelium by creating and breaking bonds between the selectins and carbohydrate ligands. Upon the activation of integrins into a high affinity state, triggered by chemokines binding to leukocyte’s chemokine receptors, the leukocyte can transition into a firm adhesion state that stops the rolling and allows the leukocyte to spread out. The leukocyte then crawls and probes the vessel wall in search of VEC hotspots through which it is then able to transmigrate. This maneuver allows for leukocytes to breach the endothelium and basement membrane, thus permitting them to reach the affected tissue area. (B) Crawling/probing: leukocyte-VEC interactions, through high affinity integrins coupled with their respective CAMs, allow the leukocyte to migrate laterally, with the CAMs dictating the migration pattern of the leukocyte along the vascular wall. Furthermore, the leukocyte can convert focal adhesions to invadosome/podosomes like protrusive (ILP) structures, which are sensory organelles that they then utilize to search for TEM hotspots. (C) The transmigratory docking structure: once a hotspot is identified, a cluster of ICAM-1 creates a cup formation to hold on to the transmigrating leukocyte. This docking structure allows the leukocyte to transition from lateral migration to TEM. (D) TEM (paracellular): once in position at the sides of the VEC junction, leukocytes can increase VEC contractility, disrupting the local monolayer tension and creating strong downward pushing forces, which allow for a junctional gap to form and increase in size, and for invasion of the basement membrane. This widened gap allows for the leucocyte to push through the junction and break cellular bonds between VECs.


TEM involves several physical interaction cascades between leukocytes and VECs, characterized by the sequences of motions happening at the interfaces between the two cell types. Receptor-ligand interactions govern leukocyte TEM by modulating cellular functions, as mentioned above. For example, the activation of cell surface proteins triggers cytoskeletal rearrangements leading to increased cellular contractility and force transmission between the leukocytes, VECs, and the substrate. In this regard, TEM can be viewed as a biomechanically regulated process with contributions from both leukocytes and VECs. Recent advances in microfabrication, microscopy, and quantitative analysis allowed researchers to measure the mechanical forces involved in leukocyte-VEC interactions, contributing to delineating their roles in deciding the TEM route and driving cell motion. This review primarily focuses on two phases that play a determinant role in leukocyte trafficking: (1) adhesion and probing, and (2) direct TEM. Furthermore, we discuss current advances in force microscopy techniques for each phase and applications of force measurements in elucidating biomechanical mechanisms of leukocyte TEM. For additional background information on the biology of leukocyte TEM, we recommend previous reviews on this topic (Ley et al., 2007; Muller, 2014; Nourshargh and Alon, 2014; Vestweber, 2015).



BIOMECHANICS OF LEUKOCYTE ENDOTHELIAL ADHESION AND PROBING

Almost immediately in response to pro-inflammatory signals, circulating leukocytes roll on the endothelial monolayer and then attach firmly to it (Figure 1A). Subsequently, they crawl over the endothelium using integrin-dependent adhesions. These interactions allow leukocytes and VECs to communicate by well-regulated surface receptors and their counter ligands on the opposing cell membrane. For example, the rolling step is mediated by rapid interaction between leukocyte selectin and P-selectin glycoprotein ligand-1 and endothelial P- and E-selectins (Alon et al., 1995; Lawrence et al., 1997; da Costa Martins et al., 2007; Hidalgo et al., 2007). Chemokine-induced integrin activation facilitates firm adhesion, spreading, crawling, and TEM by strengthening the leukocyte-VEC bond via leukocyte integrins (CD11/CD18, VLA-4) and their counter ligands, i.e., the adhesion molecules on VECs (e.g., ICAM-1, VCAM-1). This cascade of interactions has been characterized using specific blocking antibodies, pharmacological manipulations, and genetic perturbations to demonstrate each molecule’s role and downstream signaling effects in vitro and in vivo (Berlin et al., 1995; Huo et al., 2000; Singbartl et al., 2001; Chesnutt et al., 2006). This interaction cascade is also highly mechanically regulated. For example, during leukocyte rolling, the tensile forces on selectin catch-bonds have been shown to activate leukocyte integrins and facilitate leukocyte firm adhesion under shear stresses (Morikis et al., 2017).

In addition to regulating biochemical receptor-ligand interactions, leukocytes rely on mechanical forces to identify endothelial sites with decreased barrier function and to burrow through the endothelium. TEM does not occur with equal probability at all locations within the endothelium. Rather, it happens more often across the junctions between adjacent VECs than across the cytoplasm of single VECs. Moreover, it is observed more frequently at the confluence of three VECs (tricellular junctions) (Lampi et al., 2017) and between junctions loosened by inflammatory mediators (Schaefer and Hordijk, 2015). Following rolling and firm attachment to the endothelium, leukocytes spread out and initiate the protrusion and retraction of podosome-like structures that indent on endothelial membranes (Figure 1B). These structures are speculated to continually probe the underlying monolayer and play a decisive role in determining the leukocyte TEM route (Burns et al., 1997; Martinelli et al., 2014; Schaefer and Hordijk, 2015).

Podosomes are integrin-mediated adhesion structures observed in cells originating from myeloid tissue such as leukocytes and osteoclasts (Calle et al., 2006). These cells, especially leukocytes, migrate on comparatively soft substrates like endothelial or epithelial cells and their underlying interstitial tissues (Zen and Parkos, 2003; Sabri et al., 2006; Carman et al., 2007; Hidalgo and Frenette, 2007; Cougoule et al., 2010; Dehring et al., 2011). They develop their focal adhesions into specialized podosomes and invadosome/podosome-like protrusions (ILPs), all similar and highly specialized subcellular structures, when interacting with extracellular matrices and endothelial membranes, respectively (Martinelli et al., 2014). High-resolution microscopy revealed that the podosome supramolecular organization consists of a central F-actin core surrounded by a ring of integrins and focal adhesion molecules, including talin, vinculin, and paxillin (Pfaff and Jurdic, 2001; Vijayakumar et al., 2015; Foxall et al., 2019). The core and ring structures are interconnected by F-actin networks containing non-muscle myosin IIA (Pfaff and Jurdic, 2001; van den Dries et al., 2013, 2014). F-actin polymerization in the podosome core creates pushing forces, which are counterbalanced by the lateral pulling forces generated through actomyosin contractility in the cable-like structures connecting the core to adhesion sites (Labernadie et al., 2014). This actomyosin apparatus confers upon podosomes a highly dynamic behavior, including fast turnover times of a few minutes (Destaing et al., 2003; Evans et al., 2003) and the control over podosome growth, stiffness, and protrusive force generation (Labernadie et al., 2010, 2014; Bouissou et al., 2017).

These results have raised the fundamental question of how leukocytes utilize podosomes and ILPs to mechanosense their microenvironment. Podosomes generate forces via their actomyosin apparatus and sense their extracellular environments via the integrin-based ring substructures in association with mechanosensitive proteins, which activate downstream mechanotransduction pathways to control various cell functions. This process can be utilized to probe substrate topographies, trigger extracellular matrix degradation, and sense the stiffness of the surrounding matrix or underlying endothelium.

Studies on leukocyte adhesion to microfabricated substrates have found that leukocyte podosomes align themselves along substrate microgrooves (van den Dries et al., 2012). Because conforming to 3-D microgroove topographies alters leukocyte membrane curvature, this finding suggests that membrane curvature could play a critical role in regulating both the dynamics and spatial organization of podosomes. Given that the microtopographic features of tricellular VEC junctions can promote membrane curvature, specific subsets of protein and lipids associating with membrane curvatures (e.g., the BAR domain) might be involved in the podosome response to substrate topographies during the leukocyte TEM process.

Super-resolution microscopy has revealed that the F-actin podosome core is connected to a ventral F-actin module bound by vinculin and a dorsal module, crosslinked by myosin IIA and linked to other podosomes. Substrate stiffness influences the balance between these two modules allowing mesoscale podosome connections to collectively switch between the explorative, degradative behavior and the protrusive, non-degradative behavior (van den Dries et al., 2019). This stiffness sensing behavior is crucial for podosomes to explore spots compliant to protrusion. Moreover, clustered podosome force oscillations have been associated with expansion and retraction of the cell’s leading edge, demonstrating the exploratory role of podosomes during leukocyte migration (Kronenberg et al., 2017). The generation of vertical protrusive forces from cancer cell invadopodia has also been linked to cancer cell protease activity to degrade extracellular matrices (Aung et al., 2014; Dalaka et al., 2020). However, local disruption of integrin tensions in fibroblast podosomes had no effect on distal podosomes (Glazier et al., 2019), implying that collective podosome mechanosensing may be cell-type dependent and/or more complex than currently understood.

Given that integrins are a primary structural component of the podosome ring, chemokines play an essential role in podosome formation by promoting the high-affinity state of leukocyte integrins (Carman et al., 2007; Shulman et al., 2009). Immobilized or soluble chemokines bind to their receptors on leukocyte surfaces to regulate both actin polymerization at the core and integrin activation at the ring and promote the initiation of specific podosome architectures (Hoshino et al., 2013). However, there is no clear evidence showing any chemokine receptors exist on the podosome structures, and the detailed interplay between chemokine receptors and integrins will be needed for further investigations.

Vascular endothelial cells can modulate ILP activities by providing different ICAM-1 dependent ligand patterns (Andersen et al., 2016), which could influence how leukocytes select and migrate toward TEM hotspots. Conversely, ILPs have also been implicated in sensing VEC junctional integrity and cytoskeletal stiffness, and modulation of these factors has been shown to affect the TEM route (Martinelli et al., 2014). However, the precise nature of these biomechanical interactions is far from understood (Vestweber, 2015). Leukocyte ILPs are not just a sensory organelle and may, in fact, have additional functions. VECs regulate endogenous tension to maintain monolayer integrity and it is highly suspected that adhering leukocytes can alter this tensional balance (Yeh et al., 2018). For example, transcellular electron microscopy imaging suggests that ILPs may distort and bend underlying actin filaments inside of VECs by pushing directly on them (Martinelli et al., 2014).

In addition, ILPs display different characteristics from podosomes. In particular, ILPs on VECs have shorter lifetime than podosomes on extracellular matrices (seconds to mins vs. seconds to ten of mins) (Carman, 2009). Furthermore, leukocytes employ ILPs to probe the underlying VEC cytoskeleton and preferentially migrate toward compliant areas with low F-actin densities or loose junctions (Martinelli et al., 2014; Schaefer and Hordijk, 2015). Also, while leukocyte migration has been shown to vary with substrate compliance in substrates of uniform stiffness (Stroka and Aranda-Espinoza, 2009), there is a lack of data regarding leukocyte migration on substrates with stiffness gradients. Existing data on other cell types, however, suggest that integrin-mediated mechanosensing promotes durotaxis (i.e., migration toward stiffness gradient) rather than tenertaxis (Choquet et al., 1997; Lo et al., 2000; Vincent et al., 2013). Thus, there are still crucial outstanding questions regarding mechanosensing by trafficking leukocytes and the role of ILPs in this important cell function.



BIOMECHANICS OF DIRECT TEM

After locating a hotspot on the endothelium, leukocytes shift from 2-D crawling to 3-D transmigration. Paracellular TEM is the most common route through the monolayer, mediated by the rapid disassembly of endothelial adherens junctions in response to an adherent leukocyte. The biomechanical interactions between leukocytes and VECs govern three crucial steps in this process. Specifically, mechanical forces contribute to opening endothelial gaps by destabilizing the junctions, help pull the leukocyte across the monolayer, and mediate the closure of the junctional gaps after TEM. This section discusses the currently recognized mechanisms and outlines open questions related to these three TEM steps.


The Initiation of TEM: The Transmigratory Docking Structure

It has long been believed that VECs may play an active role in facilitating leukocyte TEM. VECs protrude microvilli-like projections perpendicular to the endothelium to form a specific “transmigratory docking structure” shaped like a cup, which can surround and hold an adherent leukocyte (Carman et al., 2003; Carman and Springer, 2004; Yang et al., 2005; Gerard et al., 2009; Teijeira et al., 2013). These structures are ICAM-1 or VCAM-1 enriched after actively binding to leukocyte integrin LFA-1 and VLA-4 (Barreiro et al., 2002; Carman and Springer, 2004; van Buul et al., 2007). Initially speculated to inhibit TEM (Carman et al., 2003), the docking structure is now understood to play an essential role in guiding leukocytes through the initial stages of transmigration (Carman and Springer, 2004). High-resolution time-lapse 3-D imaging has shown that ICAM-1 clusters appearing at docking structures during early TEM remain detectable surrounding the transmigrating leukocyte through the late stages of TEM (Carman and Springer, 2004). Disruption of these structures correlates with a reduction in TEM events (Carman and Springer, 2004). Of note, this imaging data revealed that ICAM-1 protrusions and docking structures align perpendicular to the endothelium (i.e., parallel to the direction of TEM). This spatial organization could help orient leukocyte integrins so that leukocytes can shift from 2-D lateral crawling and probing to an invasive 3-D migratory behavior.

The anchoring and embracing functions of VEC docking structures are regulated by mechanosensitive ICAM-1-triggered signaling, including recruitment of actin-binding proteins, an increase in F-actin assemblies, and activation of Rho-ROCK pathways, all of which result in increased actomyosin contractility (Yang et al., 2006; Heemskerk et al., 2014; Figure 1C). F-actin forms two types of assemblies with distinct functions in docking structures: (1) F-actin filaments extending ventrally from the apical side of endothelial membranes control VEC membrane protrusions while (2) F-actin rich cable-like structures confine transmigrating leukocytes at the basolateral side of VECs. In the early stages of TEM, vertically protruding F-actin filaments and VEC membrane fingers mediated by Myosin X activity secure adherent leukocytes (Franz et al., 2016; Kroon et al., 2018). The formation of these protrusions in inflamed VECs is regulated by the ICAM-1 cluster-mediated Cdc42-myosin-PAK4-F-actin signaling pathway, which generates mechanical forces to hold the leukocyte in place and subsequently pull it toward the VECs (Kroon et al., 2018). As TEM progresses, endothelial pores form to accommodate transmigrating leukocytes. Pore generation is regulated by the F-actin-rich cable-like structures (Heemskerk et al., 2016), which exert contractile forces against transmigrating leukocytes in order to maintain endothelial barrier functions throughout the entire TEM process and assist gap closure after it is complete (Mooren et al., 2014). Investigators employed inert beads coated with ICAM-1 antibodies to mimic adherent leukocytes, engage endothelial ICAM-1 clustering, and demonstrate the active role of VECs in TEM. These beads triggered a VEC process reminiscent of phagocytosis, in which VEC membrane extensions protruded to dock and embrace the beads (Carman et al., 2003; van Buul et al., 2010; Kroon et al., 2018). In addition, the functionalized beads were sufficient to induce strong localized VEC cellular traction forces (Liu et al., 2010; Yeh et al., 2018). The mechanical stresses created during docking structure formation and those observed during phagocytosis share common features, suggesting similarities between phagocytosis and leukocyte TEM (Vorselen et al., 2020a).



The Crux of TEM: Junctional Gap Formation

Because leukocyte sizes can be more than 20 times greater than the size of endothelial cell-cell junctions (∼10 μm vs. ∼0.5 μm), transmigration must involve precise biomechanical coordination between leukocytes and VECs. VECs actively respond to the leukocyte’s presence by forming gaps to accommodate paracellular TEM. The activation of endothelial ICAM-1 through leukocyte binding can trigger a downstream signaling pathway that promotes cytosolic calcium-mediated myosin activity, resulting in increased endothelial contractility. The resulting increase in the tensile force supported by the F-actin cytoskeleton (i.e., endothelial tension, Figure 1D) is transmitted to VE-Cadherin, which connects F-actin to the VEC adherens junctional complex (Arif et al., 2021). This process causes the endothelial gap to enlarge for accommodating the transmigrating leukocyte (Shaw et al., 2001; Alcaide et al., 2008; Wee et al., 2009; Heemskerk et al., 2014). There is ample evidence that endothelial tension regulates paracellular TEM. Manipulating endothelial contractility by soluble inflammatory or anti-inflammatory agents such as thrombin and angiotensin I, biophysical cues such as stiff or soft subendothelial substrates, or by activating or inhibiting the RhoA GTPase all respectively increased or decreased the rates of leukocyte TEM (Hixenbaugh et al., 1997; Saito et al., 1998, 2002; Adamson et al., 1999; Carman et al., 2003; Yeh et al., 2018).

Apart from this VE-Cadherin-mediated junctional gap formation mechanism, the homophilic interaction between leukocyte PECAM-1 and VEC junctional PECAM-1 also plays a crucial role in leukocyte TEM by recruiting the lateral border recycling compartment (LBRC) to the site of TEM (Muller, 2003). LBRCs are networks of dynamic VEC vesicle-like membrane invaginations at cell-cell borders transported to TEM sites by kinesin motors along microtubules (Mamdouh et al., 2008). The primary molecule of LBRCs is endothelial PECAM-1, although they also contain other junctional molecules such as JAM-A and CD99 (Mamdouh et al., 2009). The LBRC surrounds the leukocyte, clears junctional VEC-Cadherin to open junctional gaps, and enlarges these gaps by contributing additional membrane material, all of which facilitates the transmigration process (Muller, 2014). Pharmacological perturbations inhibiting the formation or recruitment of LBRCs prevent TEM.

To complete the picture provided by the above studies, one must consider that leukocytes are mechanosensitive cells that exert forces during migration and invasion (Huse, 2017; Figure 1D). Recent 3-D traction force microscopy (TFM) studies have shown that leukocytes exert large burrowing stresses (∼1 KPa) to invade Matrigel substrates (Yeh et al., 2018). Simultaneous quantification of cell shape changes, position, and 3-D force exertion during leukocyte TEM revealed that burrowing vertical forces increase significantly during TEM events (Yeh et al., 2018). The tangential forces also become stronger and display a vector pattern directed inward toward VEC junctions, which lowers VEC monolayer tension (Yeh et al., 2018). In contrast, VEC monolayer tension raises when endothelial gaps form in response to mechanically inert anti-ICAM-1-coated beads. Moreover, gap formation mediated by these beads is significantly slower (∼120 min) than leukocyte TEM (∼10 min) (Yeh et al., 2018). Consistent with these findings, high-resolution correlative microscopy imaging of VEC cytoskeletal remodeling during TEM suggests that junctional gaps can be actively generated by leukocytes squeezing between adjacent VECs (Barzilai et al., 2017). In particular, the stiff leukocyte nucleus has been suggested to act as battering ram that displaces nearby VEC F-actin stress fibers to initiate and sustain junctional gaps (Barzilai et al., 2017).

Altogether, these studies show that junctional gap generation for TEM requires highly orchestrated biomechanical contributions from both leukocytes and VECs. Future studies are required to provide additional insight on exactly how these forces work together to promote leukocyte TEM.



The Resolution of TEM: Junctional Gap

Preservation of endothelial barrier function requires that VEC junctional gaps be sealed once TEM concludes. The highly dynamic VEC F-actin cytoskeleton plays a crucial role in this process by continually polymerizing to form lamellipodial protrusions that make contact with neighboring VECs to signal gap closure (Mooren et al., 2014). Intact VECs exist under isometric tensions with contractile forces balanced by the cell-matrix and cell-cell adhesions (Charras and Yap, 2018). Gap formation during TEM is thought to disturb monolayer tension, triggering the formation of the F-actin lamellipodial structures that mediate gap closure (Phillipson et al., 2008; Martinelli et al., 2013). Concomitantly, Rho GEF Ect2- and LARG-activated RhoA signaling promotes actomyosin contractility in the F-actin-rich cable-like structures surrounding the leukocyte, similar to a purse string closure (Heemskerk et al., 2016). Inhibition of RhoA activity in vitro and in vivo did not affect the rate of leukocyte TEM events but caused leukocyte-induced vascular leaks. Moreover, a recent in vivo study found another Tie-2 receptor/Cdc42 GEF FGD5-stimulated mechanism responsible for preventing plasma leakage during leukocyte TEM. This study identified that platelets recruited to endothelial VWF activate the Tie-2 receptor by releasing Angiopoietin-1, reinforcing cable-like F-actin to close the endothelial pore (Braun et al., 2020). Further supporting the contribution of a purse string mechanism to maintaining barrier integrity during late TEM, the tangential traction stress patterns during gap closure are consistent with the presence of increased hoop tension (Yeh et al., 2018). Overall, these results indicate that F-actin-mediated signaling is essential for regulating gap closure, although there are not yet any direct measurements of endothelial monolayer tension during this process.



QUANTIFYING THE MECHANICS OF LEUKOCYTE ENDOTHELIAL CRAWLING AND TRANSMIGRATION

The trans-well assay has been widely used to quantify leukocyte TEM for over two decades, unveiling several mechanisms crucial to this process. For example, leukocytes can actively respond to the exogeneous chemotactic gradient applied across the VEC monolayers such C5a or fMLP (Cooper et al., 1995). Without the application of exogeneous chemokines, the activation of VECs by TNF-α or IL-8 can induce expression and secretion of chemokines resulting in leukocyte integrin activation and the subsequent firm adhesion, crawling and transmigration (Adams and Lloyd, 1997). The trans-well device can easily create a chemotactic gradient via a micropore-based membrane separating the device’s upper and the lower chambers. However, this assay is not ideally suited to quantify the mechanics of TEM because it is not compatible with high magnification microscope objectives, customized substrates, and real-time imaging of most force microscopy methods.

The most common current method to quantify cell-generated forces is TFM (Tan et al., 2003; Wang and Lin, 2007; Fu et al., 2010; Hall et al., 2013; Style et al., 2014; Polacheck and Chen, 2016; Figures 2A–C). This technique relies on measuring the cell-induced deformations in a continuous elastic substrate (e.g., a hydrogel) or an array of discrete elastic elements (e.g., microposts) of known mechanical properties. Using these data as inputs, a mathematical inverse problem is solved to recover traction forces (Style et al., 2014; Polacheck and Chen, 2016). TFM experiments have revealed that, similar to other cell types (Hur et al., 2009; Legant et al., 2013; Alvarez-Gonzalez et al., 2015), neutrophils and macrophages in an adherent state exert pulling forces around the cell edge and an unstructured bulk pushing force under the main cell body (Kronenberg et al., 2017; Yeh et al., 2018). The observation of subtle variations in the bulk pushing force has been attributed to the force from podosomes (Kronenberg et al., 2017). The joint requirements of fine spatial resolution and high temporal sensitivity to measure such minute forces make it challenging to quantify podosome exerted forces by TFM. Thus, specialized methods based on atomic force microscopy (AFM) and molecular sensors have been developed for this application. Finally, VEC contractility contributes to building tissue-level mechanical tension in monolayers, which is modulated in response to external stimuli such as flow shear stresses or the presence of an adhering leukocyte (Hur et al., 2012; Yeh et al., 2018). Motivated by reports showing that monolayer tension is known to regulate junctional integrity and endothelial barrier function (Tornavaca et al., 2015; Andresen Eguiluz et al., 2017), monolayer stress microscopy (MSM) techniques have been developed to measure this tension. Below, we discuss techniques developed to quantify the mechanics of leukocyte TEM. These techniques are illustrated in Figure 2 and their specific applications, strengths, and limitations are summarized in Table 1.
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FIGURE 2. (A,B) 2-D TFM: cells are seeded on top of a hydrogel substrate containing fluorescent beads (A) or elastic micropillars (B). Traction Forces can be measured through the imaging of the beads’ displacements or deflections of micropillars. (C) 3-D TFM (top) and 3-D MSM (bottom): 3-D TFM takes vertical direction displacement into account by comparing 3-D interrogate boxes between the deformed and undeformed state of substrates. 3-D MSM is derived from 3-D TFM and takes bending effects on cellular tensions into account. (D) AFM: A cantilever beam with a probing tip at one end applies a force onto the cell. (E) PFM: cells are seeded onto a formvar substrate, which is then stretched over a mesh grid. This formvar membrane is place upside, allowing for accurate topological information about the podosomes to be recorded through AFM. With the use of mathematical modeling, forces exerted by the podosomes can be calculated. (F) ERISM: thin transparent gold films are placed on top of and below an ultra-soft siloxane-based elastomer. The top gold film is protein coated to allow for cell adhesion. Local deformation caused by the cell to the elastomer form resonance fringes that are captured using established imaging modalities. (G) MT-FILM: surface functionalization of SLB with FRET-based DNA tension probe. When the integrin force applied is greater than F1/2, the rated force the probe can handle, the linker arms come together and open, causing the florescence of the probe increases. (H) microsphere-based TFM: Microspheres with fluorescent beads embedded are placed within multilayer of cells. After a few days, the cells exert compressive forces that deform the microspheres.



TABLE 1. Summary of cellular force measurement techniques.
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Quantifying Subcellular Forces

Early efforts to assess the dynamics and physical properties of podosomes combined the application of AFM, micropatterned substrates, and correlative fluorescent microscopy (Labernadie et al., 2010; Figure 2D). Macrophages were plated on a glass coverslip patterned with arrays of fibrinogen squares, encouraging podosome formation in the protein spots in order to restrict the size of the analysis field. AFM, in which a cantilever applies a known force to the substrate in order to determine its stiffness, was then used to identify the location of membrane bumps corresponding to fluorescently labeled F-actin rich structures (Henderson et al., 1992; Lu et al., 2008). Time series of AFM topological images enabled accurate measurement of podosome height (mean 578 ± 209 nm) while force-distance mapping provided a wealth of information on podosome stiffness. Not only was the mean Young’s modulus of podosomes found to be approximately five times higher than surrounding regions, but rapidly acquired force-distance curves reproducibly demonstrated periodic oscillations in podosome stiffness (Labernadie et al., 2010). This targeted application of AFM permitted a refined analysis of podosome structure and function. However, it also highlighted several key limitations of standard AFM to quantify the biomechanics of podosomes. Specifically, the impossibility of probing the basal tip of the podosome which is in contact with the substrate, the difficulty of localizing podosomes from profiles of apical cell height, and, most notably, the impossibility of measuring podosome protrusive forces.

In order to address these limitations, protrusion force microscopy (PFM) was developed as an extension of standard AFM to measure indentations made by cells seeded on a specially fabricated, compliant formvar substrate (Labernadie et al., 2014; Figure 2E). The formvar membrane, stretched over a square mesh grid, was seeded with cells before being mounted upside down in the microscope so that AFM could be performed directly on the membrane bumps caused by podosomes. The force generated by each podosome was calculated by fitting the height and radius of each protrusion to a mathematical model of a clamped membrane subject to a point force (Labernadie et al., 2014). By increasing the thickness of the formvar sheet and thus the substrate stiffness sensed by cells, PFM results demonstrated that leukocyte podosomes increase their protrusive forces in response to stiffer substrates, suggesting that podosomes have a mechanosensing function (Labernadie et al., 2014). Periodic oscillations in podosome protrusive forces concomitant with the aforementioned periodic stiffness oscillations were uncovered using time-lapse PFM, which functions by keeping the AFM cantilever tip at a constant force in contact with the top of a protrusion as it moves in real-time (Labernadie et al., 2014). The similarities between periods of podosome protrusive forces (40 ± 14s), core stiffness (37 ± 20s) as measured by PFM, and F-actin intensities at the podosome core (44 ± 11s) as measured by total internal reflection fluorescent imaging indicate a correlation between the generation of oscillating protrusion forces and the stiffness and F-actin content of the podosome core. This correlation was validated by pharmacological perturbations, demonstrating that both F-actin polymerization and actomyosin contractility regulate periodic protrusion forces.

While PFM provides invaluable information about the biomechanics of podosomes, it is a highly specialized technique. For instance, it is not straightforward to integrate PFM measurements of protrusive forces with long-term, whole-cell measurements of tangential traction stresses and motility. The emergence of elastic resonator interference stress microscopy (ERISM, Figure 2F) now allows for quantifying whole-scale lateral and protrusive cell-substrate forces, with enough resolution to detect the minute forces exerted by podosomes and over extended periods of time. ERISM implements interferometric detection of cell-induced deformations in an elastic microcavity, allowing for high sensitivity to weak forces in a non-destructive manner such that cells can be retained on the substrate after imaging for subsequent measurements and assays (Kronenberg et al., 2017; Liehm et al., 2018). ERISM measurements could in principle be analyzed to recover collective cellular stresses such as endothelial monolayer tension. Thus, although it cannot currently be applied to 3-D physiologically relevant environments like, (e.g., Matrigel or collagen matrices), ERISM constitutes a promising technique to quantify the biomechanics of leukocyte TEM.

Pursuant to these developments, specialized microscopic methods were developed to investigate the contributions of specific proteins to podosome force generation. Specifically, DNA-based subcellular tools were developed to explore the role of integrin tensile forces in podosome formation and illustrate the mechanical link between integrin tension at the podosome ring and actin protrusion at the podosome core (Glazier et al., 2019; Figure 2G). Molecular Tension-Fluorescence Lifetime Imaging Microscopy (MT-FLIM) allows for precise, piconewton (pN) resolution measurement of integrin tensile forces. MT-FLIM relies on the surface functionalization of a laterally fluid, self-assembling phospholipid membrane on glass (supported lipid bilayer, or SLB) with FRET-based DNA tension probes (Wang and Ha, 2013; Blakely et al., 2014; Zhang et al., 2014; Brockman et al., 2018; Glazier et al., 2019). The probes consist of a binary DNA hairpin with an internal loop structure and two linker arms hybridized to include (1) a Cy3/BHQ FRET pair, which is brought into proximity when a force greater than the tunable F1/2 threshold is applied to the probe, opening the hairpin and (2) cyclic Arg-Gly-Asp-D-Phe-Lys (cRGD), which is localized on the upper arm and whose depletion is a proxy for podosome protrusive forces as measured by percentage decrease in fluorescence. Application of a force greater than or equal to F1/2 will open the probe, increasing both fluorescence intensity and lifetime (Glazier et al., 2019). Using tunable F1/2 DNA probes, MT-FLIM enabled the identification of a narrow range of integrin mediated forces and used time-course imaging to establish a picture of the spatiotemporal evolution of podosome force generations at a subcellular level.



Quantifying Single Cell Forces

Two-dimensional (2-D) TFM, which measures the lateral traction forces parallel to the surface of cell attachment, was first applied by Dembo and Wang to fibroblasts migrating on flat substrates (Dembo and Wang, 1999). This technique has been widely used to quantify the biomechanics of leukocyte adhesion and crawling on substrates of varying stiffness of 0.05–8 kPa, providing traction stress maps with a lateral resolution of 1–5 μm (Rabodzey et al., 2008; Liu et al., 2010; Yeh et al., 2018). The experimental assay used in this type of experiments has been refined over the years and consists of a protein-coated gel (e.g., polyacrylamide) containing fluorescent microspheres near its surface (Figure 2A). Substrate deformations are quantified from the movement of the fluorescent beads by image correlation techniques, using reference images obtained after treating the cells (e.g., by trypsin) to detach from the substrate or after the cells move away from the region of interest. The partial differential equation of elastic equilibrium for the substrate (i.e., the elastostatic equation) can be solved to determine the traction stresses from the measured deformations using a variety of inversion and regularization procedures (Schwarz et al., 2002; Sabass et al., 2008). Notably, the computationally efficient Fourier analysis of the elastostatic equation proposed by Butler et al. (2002) makes it possible to calculate traction stresses from raw microscopy images virtually in real time.

In micropost-based TFM, protein-coated arrays of microscopic pillars made from the deformable elastomer polydimethylsiloxane (PDMS) serve as a substrate (Figure 2B). Cells attached to these arrays induce pillar deflections that can be converted into force vectors using the known height, width, and material properties of the pillars (Tan et al., 2003; Fu et al., 2010; Polacheck and Chen, 2016). In principle, micropost-based TFM does not require a reference image since the undeflected positions of the pillars are known theoretically (Lemmon et al., 2009), which is advantageous. On the other hand, microfabrication and imaging constraints limit the spatial resolution of this technique (Amato et al., 2012). Furthermore, the highly particular substrate topography created by the micropost arrays differs from physiologically relevant scenarios and can affect cell adhesion. Pioneering micropost-TFM studies of leukocyte endothelial crawling showed that VECs exert increased tangential forces in response to a firmly adherent leukocyte, uncovering that biomechanical interactions between VECs and adherent leukocytes and play a role in TEM (Rabodzey et al., 2008; Liu et al., 2010).

The 2-D TFM is relatively straightforward on standard fluorescent microscopes, has excellent resolution, and can be adapted to a wide variety of applications (Style et al., 2014; Polacheck and Chen, 2016). However, leukocyte TEM is an inherently 3-D process involving significant forces in the vertical direction of invasion. TFM measurement of these vertical forces requires more involved imaging setups and careful postprocessing to balance resolution with phototoxic effects. Motivated by the fact that cells generate both lateral and vertical traction forces while adhering to and migrating over planar substrates (Hur et al., 2009; Maskarinec et al., 2009), TFM methods to measure these 3-D forces have been developed (Hur et al., 2009; Maskarinec et al., 2009). These techniques are loosely referred to as 2.5-D TFM because they provide 3-D traction forces in the 2-D plane of cell attachment, differentiating them from volumetric TFM experiments where cells are fully embedded inside 3-D matrices (Legant et al., 2010). In 2.5-D TFM experiments the substrate is the same as in 2-D TFM, but confocal imaging is required to record 3-D substrate deformations. To minimize the phototoxicity generated by laser radiation when acquiring a z-stack of confocal images, del Alamo et al. developed a methodology that inputs the 3-D deformation at the top plane of the substrate into the solution of the 3-D elastostatic equation (del Alamo et al., 2013), thus requiring only ∼10-slice z-stacks (or approximately 10 μm in depth). By adding deformation data from additional planes, this methodology can be extended to substrates of unknown mechanical properties or used to detect substrate degradation (Aung et al., 2014; Alvarez-Gonzalez et al., 2017). Overall, 2.5-D TFM constitutes a powerful tool to study the biomechanics of TEM and delineate the distinct roles of VEC and leukocyte forces in coordinating this process.



Quantifying Tissue-Level Cell Forces

In order to maintain homeostatic barrier function, VECs must regulate their monolayer tension to balance the biomechanical stability of cell-cell junctions and cell-substrate adhesions. This balance prevents cell adhesion forces from tearing the endothelium apart or detaching it from the substrate (Charras and Yap, 2018). During inflammatory responses, both the magnitude and fluctuations of VEC monolayer tension tend to increase, leading to inherently unstable junctions (Yeh et al., 2018). Measurements of endothelial monolayer tensions over time suggest that the rate of leukocyte TEM correlates with tension fluctuations, which can be actively induced by leukocytes at TEM sites (Yeh et al., 2018). Recent mathematical models also support the idea that monolayer tension fluctuations play a crucial role in monolayer integrity and leukocyte TEM (Escribano et al., 2019). However, joint quantitative measurements of endothelial traction forces, monolayer tensions, and the forces exerted by leukocytes on the endothelium are still scarce.

In comparison to AFM or TFM, the development of experimental, image analysis, and computational tools to quantify collective cellular forces has been recent. A salient technique is MSM, an extension of TFM that quantifies the collective distribution of intracellular stresses in thin confluent cell layers (Trepat et al., 2009). Of note, MSM can measure monolayer tension, which is the tensile intracellular stress. Most MSM methods calculate intracellular stresses in the monolayer from 2-D measurements of in-plane traction stresses by applying Newton’s third law in differential (Trepat et al., 2009) or integral (Hur et al., 2012) form after averaging across monolayer thickness. The differential formulation provides significantly better lateral spatial resolution than the integral one, although it relies on a number of simplifying assumptions such as linearly elastic material behavior, constant elastic moduli, and known Poisson ratio. For the most part, these assumptions do not seem to severely affect the recovered intracellular stresses (Trepat et al., 2009; Tambe et al., 2013). Furthermore, they can be relaxed using particle dynamics simulations (Zimmermann et al., 2014) or Bayesian inference analyses (Nier et al., 2016). However, these 2-D approaches do not consider that cell monolayers respond to not only in-plane tangential stresses, but also out-of-plane stresses that induce monolayer bending. Confluent VECs adhering to soft substrates can generate strong out-of-plane traction stresses that bend the monolayer, particularly near the monolayer edges (Serrano et al., 2019). The invasive forces exerted by leukocytes during TEM also cause monolayer bending, leading to significant perturbations in intracellular tension (Yeh et al., 2018). To overcome the limitations of 2-D MSM, Serrano et al. recently developed a new MSM method (Serrano et al., 2019) that uses 2.5-D TFM measurements to calculate the contributions of lateral and bending deformations to monolayer tension (Figure 2C).

An inherent difficulty in quantifying the biomechanics of TEM is to tease out the forces exerted by the leukocytes from those exerted by the VECs. To this end, ICAM-1 antibody-coated polystyrene beads mimicking firmly adherent leukocytes have been used in combination with TFM and MSM methods (Liu et al., 2010; Yeh et al., 2018; Serrano et al., 2019). Given that the microbeads are mechanically inert, these experiments provide useful information about how VECs regulate monolayer tension during TEM. However, polystyrene beads are rigid, which makes it impossible to quantify the forces that VECs exert on the beads, and the recent development of methods to quantify mechanical forces in vivo via deformable hydrogel microspheres could overcome this limitation. Inspired by the seminal use of functionalized oil droplets to measure anisotropic stresses within 3-D cell aggregates (Campas et al., 2014), emerging microfabrication methods can now produce deformable hydrogel-based spherical force sensors, with sizes ranging from a few μm up to hundreds of microns (Girardo et al., 2018; Mohagheghian et al., 2018; Kaytanli et al., 2020; Vorselen et al., 2020b; Figure 2H). These elastic microspheres can be employed to study cellular forces induced by specific ligand-receptor interactions, known as microsphere-based TFM. Comparisons between the deformed and the stress-free state of microspheres allows force measurements to be performed using analysis methods similar to those employed in TFM. These techniques are anticipated to generate novel quantitative insights about the mechanical progression of VEC docking structure formation during the initial TEM process.

Finally, it is important to note that, although shear stress is an important regulator in inducing leukocyte TEM (Cinamon et al., 2001), most existing force microscopy studies of leukocyte TEM have not considered shear flow conditions so far. While it requires a more complicated experimental setting, it is not unfeasible to consider shear flow in force microscopy assays and, in fact, there are established TFM and FRET imaging assays that include shear flow (Hur et al., 2012; Perrault et al., 2015; Heemskerk et al., 2016). Future efforts shall exploit these tools to study how shear affects the mechanics of leukocyte TEM by directly measure the forces involved in the process.



CONCLUDING REMARKS

Leukocyte recruitment is a hallmark of all acute and chronic inflammatory disorders. Understanding leukocyte TEM to inflammation sites could help identify therapeutic targets to boost immune defense and minimize inflammatory tissue damage. Currently, medical treatments of chronic inflammation employ general immune suppressors, which have numerous adverse side effects. This lack of success is attributed to the complexity of and the multitude of redundancies and interdependencies in the molecular pathways involved. Although many molecules, some of which are discussed above, have been implicated in TEM, their specific roles remain elusive. In particular, we still know little about how VECs and leukocytes orchestrate pathfinding and localized endothelial barrier modulation. These processes can depend on direct receptor-ligand biomechanical interactions and more intricate, collective mechanosensitive pathways. Their understanding requires advanced experimental techniques to detect subcellular, single-cell, and tissue-level deformations during leukocyte TEM, along with the corresponding development of computational models to analyze data streams of increasing complexity and size.

During the past ten years, the progress in the development of soft materials have brought in vitro assays close to reproducing physiological microenvironments under controlled conditions. In parallel, advances in 3-D imaging and force quantification have opened a window to data of unprecedented richness and quality. Indeed, these methodologies have significantly extended our current understanding of leukocyte trafficking. The current technological frontier is methods to allow investigation of these biomechanical events in vivo. Of note, emerging microscopy techniques such as two-photon, light sheet, and super-resolution microscopy will most likely play a transformative role in bridging the gap going from in vitro conditions to more realistic animal models. Heavy interdisciplinary efforts involving engineers, physicists, and mathematicians will certainly be required to overcome these formidable challenges.
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Inhibitors targeting cyclic nucleotide phosphodiesterases (PDEs) expressed in leukocytes have entered clinical practice to treat inflammatory disorders, with three PDE4 inhibitors currently in clinical use as therapeutics for psoriasis, psoriatic arthritis, atopic dermatitis and chronic obstructive pulmonary disease. In contrast, the PDE8 family that is upregulated in pro-inflammatory T cells is a largely unexplored therapeutic target. It was shown that PDE8A plays a major role in controlling T cell and breast cancer cell motility, including adhesion to endothelial cells under physiological shear stress and chemotaxis. This is a unique function of PDE8 not shared by PDE4, another cAMP specific PDE, employed, as noted, as an anti-inflammatory therapeutic. Additionally, a regulatory role was shown for the PDE8A-rapidly accelerated fibrosarcoma (Raf)-1 kinase signaling complex in myelin antigen reactive CD4+ effector T cell adhesion and locomotion by a mechanism differing from that of PDE4. The PDE8A-Raf-1 kinase signaling complex affects T cell motility, at least in part, via regulating the LFA-1 integrin mediated adhesion to ICAM-1. The findings that PDE8A and its isoforms are expressed at higher levels in naive and myelin oligodendrocyte glycoprotein (MOG)35–55 activated effector T (Teff) cells compared to regulatory T (Treg) cells and that PDE8 inhibition specifically affects MOG35–55 activated Teff cell adhesion, indicates that PDE8A could represent a new beneficial target expressed in pathogenic Teff cells in CNS inflammation. The implications of this work for targeting PDE8 in inflammation will be discussed in this review.
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INTRODUCTION

With over 800 members identified in humans, G protein coupled receptors (GPCRs) constitute a large group of signaling molecules expressed on many cells. Together with their other associated signaling molecules, they are the targets for nearly 35% of approved therapeutics (Sriram and Insel, 2018). The majority of therapeutically targeted GPCRs affect the cAMP signaling pathway which is also a major target of potent anti-inflammatory drugs (Schett et al., 2010; Rabe, 2011; Tenor et al., 2011; De Souza et al., 2012; Milara et al., 2012; Schafer, 2012; Wittmann and Helliwell, 2013; Victoni et al., 2014; Dong et al., 2016; Jarnagin et al., 2016; Tom et al., 2016; Zane et al., 2016a, b; Sriram and Insel, 2018; Blokland et al., 2019). cAMP is involved in many physiological functions and a well-established key regulator of chemotaxis and inflammation (Bourne et al., 1974; Amarandi et al., 2016). Binding of extracellular ligands such as chemokines to Gs-coupled GPCRs leads to cAMP synthesis via activation of adenylyl cyclase and conversion of ATP to cAMP (Weis and Kobilka, 2018). Additionally, T cell activation leads to a temporary upregulation of cAMP which is then degraded by cyclic nucleotide phosphodiesterase (PDE) enzymes (Wang et al., 1978). PDEs constitute the sole group of molecules known to hydrolyze cAMP and hence maintain spatial and temporal control over cAMP gradients within a cell (Baillie, 2009). PDEs are grouped into 11 different gene families considering their action on cAMP or cGMP, structural similarity and mode of regulation (Lerner and Epstein, 2006). While PDEs had been considered early as good targets for anti-inflammatory drugs, bringing specific PDE inhibitors into clinical use has faced decades of challenges (Francis et al., 2011), mostly because of off target effects including emesis (Giembycz, 2000; Beavo et al., 2007). The approval of small molecule inhibitors of PDE4 to treat major immunologic conditions demonstrates a tremendous progress over the last 7 years with indications expanding at an almost yearly pace (Maurice et al., 2014; Baillie et al., 2019). Current clinical practice includes several small molecule compounds that target PDE4 for the therapy of lung disease (COPD) (Hatzelmann et al., 2010; Weis and Kobilka, 2018), psoriatic arthritis and plaque psoriasis (Schett et al., 2012) and topically for atopic dermatitis (Callender et al., 2019). Hence PDE inhibitors are proving to be of great clinical benefit in inflammatory disorders (Ahmad et al., 2015). This review will focus on the selective and shared roles of PDE isoforms during the regulation of T cell motility with emphasis on novel insights of PDE8 functions.



PDE EXPRESSION IN IMMUNE CELLS

As shown in Table 1 [adapted from Lerner and Epstein (2006)], PDEs are encoded by twenty one genes and are by convention organized into 11 gene families based on their key properties. These include overlap in sequence, specificity for cAMP or cGMP as substrate and their mode of regulation. With alternative splicing as well as the existence of multiple transcription initiation sites, at least 100 different forms of PDE have been cloned and many are expressed in a cell and tissue selective manner. Among the 11 PDE gene families, PDE4, PDE7, and PDE8 selectively hydrolyze cAMP as substrate and degrade it into 5′-AMP, PDE5, PDE6, and PDE9 selectively hydrolyze cGMP as substrate, and PDE1, PDE2, PDE3, PDE10, and PDE11 hydrolyze both cAMP and cGMP as substrate. Of note, the affinity of PDE8 for cAMP is greater than that of any of the other PDE gene families (Fisher et al., 1998a; Hayashi et al., 1998; Soderling et al., 1998a; Gamanuma et al., 2003; Bender and Beavo, 2006).


TABLE 1. Pde gene families.
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PDE4

Early studies showed PDE4 to be the predominant form of PDE expressed in the cytosolic fraction of human lymphocytes (Epstein and Hachisu, 1984), with PDE4A, 4B, and 4D, but not 4C being expressed (Jiang et al., 1998). PDE4 has long been known to play a key role in regulating T cell activation and functions (Michie et al., 1996; Ekholm et al., 1997; Erdogan and Houslay, 1997; Gantner et al., 1997a, b; Sommer et al., 1997; Barnette et al., 1998; Jin et al., 1998, 2010; Bielekova et al., 2000; Hatzelmann and Schudt, 2001; Kanda and Watanabe, 2001; Arp et al., 2003; Abrahamsen et al., 2004; Asirvatham et al., 2004; Claveau et al., 2004; Jimenez et al., 2004; Bjorgo and Tasken, 2006; Peter et al., 2007; Bjorgo et al., 2010, 2011; Vang et al., 2016). A key mechanism appears to be the modulation of signal transduction through the T cell receptor (TCR). Activation of the TCR leads to cAMP production localized in lipid rafts, activation of cAMP dependent protein kinase A (PKA) and subsequent inhibition of the TCR signal (Abrahamsen et al., 2004; Bjorgo and Tasken, 2006; Wehbi and Tasken, 2016; Figure 1). However, engagement of the co-stimulatory receptor CD28 leads to the recruitment of beta-arrestin and PDE4 to lipid rafts and the decrease of the local cAMP pool and PKA activity. PDE4 inhibitors downregulate the TCR signal by increasing local cAMP concentrations and PKA activity and counteract the CD28-induced recruitment of PDE4. Thus, localized activities of cAMP, PKA, and PDE4 regulate the upstream TCR signal necessary for T cell activation and the subsequent initiation of effector functions.


[image: image]

FIGURE 1. PDE8 regulates Teff cell adhesion. The complex formed between PDE8A and Raf-1 controls adhesion of activated Teff cells through the establishment of tethers between integrin LFA-1 and ICAM-1. PKA becomes activated through the cAMP signaling pathway in response to ligand binding to GPCRs or the Tell receptor. PKA phosphorylates Raf-1 at S259 (P) which inhibits its function to promote adhesion. PDE8A in complex with Raf-1 protects Raf-1 from inhibitory PKA phosphorylation by locally degrading cAMP. PDE8 inhibition or complex disruption leads to an increase of cAMP-dependent PKA activation and Raf-1 phosphorylation at the inhibitory site S259 (P). Action of the PDE8 selective inhibitor PF-04957325 (PDE8i) or disruption of the PDE8A-Raf-1 complex by a signaling disruptor promotes Raf-1 phosphorylation and subsequently inhibits T cell adhesion. This significantly changes Raf-1 activity in T cells. Inhibiting PDE8 targets the tethers formed between LFA-1 and ICAM-1, thereby altering adhesion, spreading and migration of T cells when tested under shear stress conditions. In contrast, PDE4 inhibition (PDE4i) leads to an increase of a pool of cAMP and the activation of PKA signaling localized in signaling complexes that inhibit T cell receptor (TCR) signaling and subsequent T cell activation, cytokine production and proliferation.




PDE3

PDE3 was found to be the predominant form expressed in particulate fractions of human lymphocytes, solely as PDE3B (Tenor et al., 1995; Ekholm et al., 1997; Sheth et al., 1997). In contrast, PDE3B expression is low in regulatory T(reg) cells, and it appears that the low catalytic activity of PDE3B is critical for the regulation of Treg cell-specific gene expression (Gavin et al., 2007). When PDE expression profiles of human T and B lymphocytes were compared, it is of note that in contrast to T cells, which expressed high amounts of PDE3, B cells expressed little or no PDE3 (Gantner et al., 1998).



PDE7

PDE7, primarily PDE7A, was also found to be expressed in human lymphocytes, to a lesser extent than PDE3 and PDE4, with PDE7A1 primarily cytosolic and PDE7A2 mainly associated with a particulate fraction (Bloom and Beavo, 1996; Giembycz et al., 1996; Bender and Beavo, 2006). Subsequent studies also showed that PDE1B, PDE7A, and PDE8A were all induced following activation of human lymphocytes (Epstein et al., 1980, 1987; Jiang et al., 1998; Glavas et al., 2001; Kanda and Watanabe, 2001). A critical role of the induction of PDE7 for a full T cell activation has been reported (Li et al., 1999; Guo et al., 2009; Szczypka, 2020). Inhibition studies using PDE7 selective inhibitors have yielded divergent results and seem to point to a context and other PDE isoform dependent role of PDE7 in T cell functions and T cell mediated inflammation (Li et al., 1999; Nakata et al., 2002; Yang et al., 2003; Nueda et al., 2006; Goto et al., 2009; Guo et al., 2009; Kadoshima-Yamaoka et al., 2009; Redondo et al., 2012; Gonzalez-Garcia et al., 2013; Xu et al., 2016; Martin-Alvarez et al., 2017; Szczypka, 2020).



PDE8

The expression of PDE8 in immune cells is listed in Table 2. The function of PDE8 in T cells and cancer cells is discussed in detail below.


TABLE 2. PDE8A expression and function in immune cells.
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Additionally, very low levels of PDE1, PDE2, and PDE5 activity were also detected in CD4+ and CD8+ human T cells (Tenor et al., 1995).



Regulatory T(reg) Cells

As mentioned, PDE3 expression was found to be diminished in Treg cells as compared to CD4+ T cells (Gavin et al., 2007). Subsequently it was found that gene expression of Pde1B, Pde2A, Pde3B, Pde4B, Pde5A, Pde7A, and Pde8A and protein expression of PDE3B, PDE4B2, and PDE8Awere all reduced in Treg cells as compared to CD4+ Teff cells (Bopp et al., 2007, 2009; Vang et al., 2010, 2013; Vaeth et al., 2011; Basole et al., 2017). The low expression levels of PDEs in Treg cells and high level of cAMP have been linked to the mechanism by which Treg cells suppress the function of effector T(eff) cells through the direct cell-to-cell transfer of cAMP (Bopp et al., 2007).




PDE8A BUT NOT PDE4 IS CONTROLLING ACTIVATED T CELL MOTILITY

Inhibition of PDEs regulates T cell proliferation, cytokine production and motility (Sommer et al., 1997; Pette et al., 1999; Bielekova et al., 2000; Vang et al., 2010, 2016; Bjorgo et al., 2011; Mosenden and Tasken, 2011; Wehbi and Tasken, 2016; Basole et al., 2017; Figure 1). Only a small number of PDEs are currently targeted by approved therapeutics, and there is a significant knowledge gap about the specific and potentially therapeutic role of other PDE isoforms. This led to the development of novel PDE inhibitors, including those for therapy of inflammatory conditions. Recently, there have been numerous studies on PDE8A and PDE8B, a family of cAMP specific PDEs (Fisher et al., 1998a; Hayashi et al., 1998; Soderling et al., 1998a; Glavas et al., 2001; Kobayashi et al., 2003; Dong et al., 2006, 2010, 2015; Chen et al., 2009; Vang et al., 2010, 2016; DeNinno et al., 2011; Tsai and Beavo, 2012; Brown et al., 2013; Demirbas et al., 2013; Maurice, 2013; Shimizu-Albergine et al., 2016; Basole et al., 2017; Johnstone et al., 2017; Kelly, 2018). PDE8A and B are expressed widely in human tissue (Wang et al., 2008) with functions identified in testosterone and corticosteroid production (Tsai et al., 2010; Demirbas et al., 2013), myocyte contraction (Patrucco et al., 2010), lymphocyte adhesion and chemotaxis (Dong et al., 2006, 2015; Vang et al., 2010, 2013; Basole et al., 2017), memory and coordination (Tsai et al., 2012), human airway smooth muscle regulation (Johnstone et al., 2017), strong association with immune protection against intracellular pathogens (Blanco et al., 2017), brain disorders associated with inflammation (Chimienti et al., 2019) and T cells in systemic lupus erythematosus (SLE) (Orlowski et al., 2008). In a recent study, single nucleotide polymorphisms in the PDE8 region were found to be associated with Sjögren’s Syndrome (Taylor et al., 2017). T cell activation induces PDE8A1 (Glavas et al., 2001), a PDE isoform with a cAMP affinity up to 100 times higher than PDE4 isoforms (Fisher et al., 1998a; Hayashi et al., 1998; Soderling et al., 1998a; Gamanuma et al., 2003; Bender and Beavo, 2006). This property of the PDE8 family suggests that they may regulate changes of baseline cAMP gradients around cell signaling complexes. The availability of PDE8 inhibitors and disruptors (Table 3) greatly enhanced the ability to conduct studies on the function of PDE8 in vitro and in vivo.


TABLE 3. Broad and selective PDE8 inhibitors.
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It was shown that PDE8A regulates motility of lymphocytes and breast cancer cells, including adhesion to endothelial cells under physiological shear stress and chemotaxis (Dong et al., 2006, 2015; Vang et al., 2010, 2013; Basole et al., 2017). This seems to be a unique feature of PDE8 that is distinct from PDE4 activity (Vang et al., 2016). The therapeutic potency of biologics and compounds interacting with molecular targets on pathogenic T cells has been shown in vitro and in vivo (Yednock et al., 1992; Brocke et al., 1999; Steinman, 2005; Healy and Antel, 2016). Current observations demonstrate PDE8 to be one of those targets for blocking Teff cell motility and potentially inflammation (Dong et al., 2006, 2015; Vang et al., 2010, 2013, 2016; Basole et al., 2017). The potential role of PDE8 in models of inflammation and cancer is summarized in Table 4.


TABLE 4. PDE8 in models of inflammation and cancer.
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DIFFERENTIAL ROLES OF PDES IN T CELL ADHESION

Previous studies on the role of PDE8 were done using the prototypic chemokine CXCL12 which is known to induce migration of leukocytes, including murine splenocytes (Cinamon et al., 2001). As measured in a transwell assay system CXCL12 stimulates equally the migration of mouse splenocytes, both unstimulated and stimulated with the mitogen concanavalin A (Con A). Interestingly, when probing the cAMP signaling pathway in CXCL12-induced chemotaxis, differential effects were observed on directed leukocyte migration between exposure of cells to a cell permeable cAMP analog vs. stimulation of adenylyl cyclase or inhibition of PDE. While CXCL12 dependent chemotaxis of both naïve and mitogen activated splenocytes was inhibited by direct exposure to dibutyryl cAMP, activated cells were resistant to indirect cAMP regulation through stimulation of adenylyl cyclase or PDE inhibition (Dong et al., 2006). Activation of adenylyl cyclase through Forskolin (Fsk) or PDE inhibition through the broad PDE enzymatic inhibitor IBMX, significantly reduced CXCL12-induced migration of naive but not activated splenocytes. Additionally, chemotaxis of mitogen-activated splenocytes was not inhibited by PDE3-, PDE4-, and PDE7-selective inhibitors. It is important to note that IBMX is a pan-cAMP specific PDE inhibitor that inhibits all known cAMP PDEs with the exception of PDE8 (Soderling et al., 1998a; Soderling and Beavo, 2000). In contrast, dipyridamole (DP), a broad PDE inhibitor that also targets PDE8 (Soderling et al., 1998a), was found to inhibit migration of naïve and activated splenocytes in response to CXCL12 (Dong et al., 2006). Addition of Fsk in combination with DP increased inhibition of chemotaxis of both naïve and activated splenocytes.

Of note, Rp-cAMPS, an inhibitor of PKA, reversed the DP mediated inhibition of splenocyte migration when exposed to CXCL12. DP is also known to inhibit nucleoside transporters, thereby increasing extracellular adenosine which causes increased levels of cAMP in T cells (Wang et al., 2013a). However, in these assays the action of DP on motility was unaffected by extracellular adenosine deaminase, suggesting that the effect of DP is independent of a possible increase in extracellular adenosine. Expression studies of splenocyte and T cell mRNA demonstrated upregulation of PDE4B2, PDE7A1 and A3, and PDE8A1 in response to T cell activation (Glavas et al., 2001; Dong et al., 2006; Vang et al., 2010). The results indicate that PDE8A1 may have a critical function in regulating cAMP pools that control T cell motility (Dong et al., 2006).



PDE8A EXPRESSION IN EFFECTOR T (Teff) CELLS IN VIVO

PDE8 expression was not only seen in unactivated and polyclonally stimulated splenocytes and CD4+ T cells in vitro, but also in highly purified CD4+ T cell populations in vivo. In a widely used TCR transgenic mouse model to investigate highly purified T cell populations in vivo in the absence of other leukocytes (Ben-Sasson et al., 2009, 2013), it was shown that antigenic activation resulted in PDE3, 4, and 8 expression in the transgenic T cell subset. Expression levels of the PDE8A gene in activated CD4+ T cells were up to fifty percent of those of the PDE3B and PDE4B genes (Vang et al., 2010).



SELECTIVE INHIBITION OF PDE8 BLOCKS SPLENOCYTE ADHESION

Integrins including αL or α4 chains have been shown to promote firm adhesion to endothelial cell ligands. cAMP is known to regulate expression and activation of integrin molecules on lymphocytes and other leukocyte populations.

As mentioned, DP was found to inhibit PDE8 and leukocyte migration. Incubation with DP led to a significant reduction of the proportion of αLhi and α4hi Teff cells.

In contrast, IBMX did not significantly reduce integrin surface expression. Similarly, DP reduced the proportion of activated splenocytes to endothelial cells while IBMX did not have the same effect (Vang et al., 2010). Of note, the potent PDE4 inhibitor piclamilast (PICL) and the PDE3 inhibitor motapizone also did not suppress adhesion. Further, no significant effect of the canonical PDE4 inhibitor rolipram was reported when the interactions between activated T cells and immobilized VCAM-1 or endothelial cells were tested. The specific role of PDE8 action in T cell adhesion could be confirmed using PF-4957325, a selective PDE inhibitor with IC50 for PDE8A = 0.0007 μM and IC50 for PDE8B < 0.0003 μM, and with IC50 for all other PDEs > 1.5 μM (Vang et al., 2010; DeNinno et al., 2011; DeNinno, 2012; Tables 1, 3). As with DP, PF-4957325 significantly suppressed T cell blast adhesion to endothelial cells. Interestingly, when tested in T cell proliferation in response to anti-CD3 stimulation, PICL was significantly more potent at inhibiting T cell proliferation in comparison to PF-4957325 at identical concentrations. These data suggest a specific role for PDE8 in regulating Teff cell adhesion to endothelial cells. Subsequently, it was shown that cAMP signaling controls adhesion in these assays which could account for the effect of PDE8 inhibition.

One of the mechanisms by which cAMP regulates T cell adhesion is through the action of PKA which regulates cell surface expression and affinity of integrin molecules and phosphorylates α4 integrin involved in cellular adhesion (Goldfinger et al., 2003; Lim et al., 2007; Chilcoat et al., 2008). Thus, dibutyryl-cAMP, acting through PKA, inhibits T cell adhesion to endothelial cell ligands. The effect of increased cAMP levels on cell adhesion was not reversed by CXCL12 (Vang et al., 2010).



ENDOTHELIAL CELLS ALSO EXPRESS PDE8A

Cells of the murine brain endothelium-derived cell line bEnd.3, a polyoma virus middle T oncogene expressing endothelioma cell line (Montesano et al., 1990; Takeuchi and Baichwal, 1995) used for in vitro adhesion studies (Vang et al., 2010, 2016; Basole et al., 2017), have been shown to express PDE1, 2, 3, 4, 5, and 7 (Ashikaga et al., 1997; Netherton and Maurice, 2005). Additionally, bEnd.3 cells express PDE8A at levels that are about 25 percent of PDE4B, which is comparable to expression of PDE2A, a functionally critical isoform in endothelial cells (Vang et al., 2010). DP did not induce PDE8A in bEnd.3 or T cells. These results are in contrast to PDE4B which was significantly upregulated in both of these cell populations in response to the increase in intracellular cAMP. These differential responses of PDEs to cAMP signaling further point to different and non-overlapping roles of PDE8 and other PDE isoforms within the same cell populations (Vang et al., 2010).



PDE8A GENE EXPRESSION IN CD4+ CD25+ REGULATORY T (Treg) CELLS

It is well established that Teff cells and Treg cells express significantly different levels of PDEs. The transcription factor forkhead box P3 (Foxp3) expressed in Treg cells has been shown to selectively repress genes, including PDE genes, leading to elevated levels of intracellular cAMP (Bopp et al., 2007, 2009; Vaeth et al., 2011).

Remarkably, the Treg cell subsets show significantly lower expression for Pde1a, Pde1b, Pde2a, Pde 3b, Pde 4b, Pde5a, Pde7a, and Pde8a genes compared to naive Teff cell subsets. In addition to lower expression of PDE3B and PDE4B2, T reg cells express significantly lower levels of PDE8A in comparison to Teff cells (Vang et al., 2013). Consistent with these findings, it was shown that Foxp3 represses PDE3B, while reduced PDE3B expression through genetic means permits normal Treg cell homeostasis and Treg cell-specific gene expression (Gavin et al., 2007). In contrast, Treg and Teff cells express comparable levels of PDE4B3, PDE4D, and PDE7A (Vang et al., 2013). While the regulation of select PDE isoforms including PDE8 through Foxp3 in Treg cells is well established, the exact role of PDE isoforms regulating Treg cell function remains to be elucidated.



CD4+ T CELLS SELECTIVELY EXPRESS PDE8A IN INFLAMMATORY DISEASE

PDE8A but not PDE8B has been shown to be expressed in T cells (Hayashi et al., 1998, 2002; Dong et al., 2006, 2010).

To test the potential of PDE8 as a target to treat inflammation in vivo, the expression of PDE8 was determined in draining lymph nodes of mice that were immunized with ovalbumin (OVA) in an allergic airway disease (AAD) model (Vang et al., 2016).

In this mouse model of AAD, clinical and pathologic resolution occurs with long-term exposure to OVA aerosol. T cells accumulate in hilar and inguinal lymph nodes that drain the exposed lung tissue. The expression of PDE8A protein was determined by Western immunoblot in the CD4+ T cell population that was isolated from the lymph nodes at various time points after the induction of AAD. It was found that PDE8A was significantly higher in the CD4+ population as compared to the CD4– lymph node populations. Importantly, the increased PDE8A expression was only seen in in vivo activated CD4+ T cell populations, i.e., after antigen exposure, but not in CD4+ T cells from naïve lymph nodes.

Taken together, these results demonstrate that PDE8A expression is higher in the hilar CD4+ lymph node cell population than in the hilar CD4– lymph node cell population at various stages of AAD. Additionally, expression levels of the Pde8a gene were higher during the acute AAD phase than at the late stage tolerance stage of the disease model (Vang et al., 2016).



PDE8 AND PDE4 INHIBITION SHOW DIFFERENTIAL EFFECTS ON THE IN VITRO ADHESION OF T CELLS TO ENDOTHELIAL CELLS

Studies including a combination of selective and broad PDE inhibitors established overlapping and distinct effects of PDEs in T cell adhesion. Specifically, only the use of PDE inhibitors that target PDE8, including the broad PDE8 inhibitor DP and the highly PDE8-selective inhibitor PF-04957325 (Vang et al., 2010), demonstrated significant inhibition of splenocyte and T cell adhesion. Of note, the PDE inhibitor IBMX, which inhibits all known PDEs that hydrolyze cAMP with the exception of PDE8, shows little inhibitory effect when tested in assays measuring T cell adhesion to endothelial cells. Surprisingly, the potent PDE4 inhibitor PICL showed opposite effects both when used alone or in combination with a PDE8 inhibitor by enhancing adhesion of T cells to endothelial cells. Taken together, these studies show that PDE4 and PDE8 inhibitors exert opposite effects on T cell–endothelial cell interactions in adhesion assays (Vang et al., 2016).



OPPOSING EFFECTS OF PDE8 AND PDE4 INHIBITORS ON PROLIFERATION OF ANTIGEN OR ANTI-CD3 STIMULATED T CELLS

In contrast to the observations in adhesion assays, T cell proliferation could be significantly inhibited by the PDE4 inhibitor PICL while the PDE8 inhibitor PF-04957325 showed little effect on proliferation in these studies (Vang et al., 2016). This indicates an action of PDE8 inhibitors on T cell adhesion that is independent of the well-documented inhibition of mitogen-activated protein kinase (MAP) kinase signaling by PDE inhibitors (Giembycz et al., 1996; Essayan et al., 1997; Bjorgo et al., 2011). T cells that were stimulated by specific antigen or anti-CD3 in vitro responded significantly lower in proliferation assays when exposed to PICL in comparison to exposure of equal doses of PF-04957325. Importantly, the opposing effects that were seen in adhesion assays were not seen in proliferation assays since combining PICL and PF-04957325 led to a small increase in suppression of proliferation (Vang et al., 2016). These results clearly demonstrate differential actions of PDE4 and PDE8 in regulating key T cell functions.



REGULATION OF VASCULAR ADHESION OF Teff CELLS VS. Treg CELLS THROUGH INHIBITION OF PDE8 UNDER PHYSIOLOGIC SHEAR STRESS

It was found that Treg cells form significantly stronger tethers to endothelial cells compared to Teff cells (Maganto-Garcia et al., 2011). It was also established that PDE8A expression in Teff cells differed significantly from that in Treg cells (Vang et al., 2013). Based on these observations adhesion and migration of Teff and Treg cells were investigated for the effects of PDE8 inhibition on these processes (Basole et al., 2017). This question was addressed in a mouse model of autoimmune disease using encephalitogenic Teff cell populations mediating experimental autoimmune encephalomyelitis (EAE). T cells were isolated from draining lymph nodes of mice immunized with a myelin derived peptide, myelin oligodendrocyte glycoprotein (MOG)35–55, an antigen that is used to induce EAE in susceptible strains of mice (Brocke et al., 1996; Biton et al., 2011). PDE8A1 and PDE8A2 expression at the protein level was compared in the fraction of CD4+CD25– Teff cells and CD4+CD25+ Treg cells, and it was shown that there was significantly higher expression of these PDE8 isoforms in Teff cells than in Treg cells (Vang et al., 2013). However, expression of rapidly accelerated fibrosarcoma (Raf)-1 in Teff cells was not significantly different from that in Treg cells (Basole et al., 2017).

Previous studies demonstrated that Raf-1 profoundly regulates cell motility (Juliano et al., 2004). A study addressing the role of PDE8 in this process used T cells that were derived from Foxp3gfp.KI mice (Basole et al., 2017). In these mice, expression of FoxP3, a known regulator of the development of functional Treg cell populations, is tagged with green fluorescent protein (GFP). Using Teff and Treg cell populations from these mice immunized with the myelin derived peptide facilitated separate measurements of inhibitor effects on each cell population under identical conditions. A flow chamber model using physiologic shear stress to measure various categories of tethers of T cell populations to bEnd.3 cells was employed. PDE8 inhibition using PF-04957325 significantly reduced firm tethers of CD4+Foxp+GFP– Teff cells. In contrast, no significant effect of PDE8 inhibition was observed in adhesion assays of CD4+Foxp+GFP+ Treg cells. It is conceivable that the different sensitivity of Teff and Treg cells to PDE8 inhibition when forming firm adhesive tethers is related to the different expression levels of PDE8A in both cell populations (Basole et al., 2017).



ADHESION OF Teff CELLS TO ENDOTHELIAL CELLS IS REGULATED BY A PDE8A-RAF-1 KINASE SIGNALING COMPLEX

The studies on PDE8 inhibition were followed by mechanistic investigations testing the role of the signaling complex formed by PDE8A and Raf-1 kinase in regulating adhesion of Teff and Treg cells to endothelial cells (Basole et al., 2017). Both molecules assemble in the cytoplasm whereby PDE8A protects RAF-1 kinase from PKA mediated inhibitory phosphorylation (Brown et al., 2013; Maurice, 2013). Vascular adhesion of T cells has been shown to be regulated by members of the Ras family of signaling molecules (Brown et al., 2014). Disruption of the PDE8A-Raf-1 complex by a cell permeable peptide specifically engineered to disrupt this complex (Brown et al., 2013) was tested for its effect on CD4+ T cell adhesion and migration under shear stress conditions. Adhesion of CD4+GFP–Foxp3– Teff cells to vascular endothelial cells was significantly decreased by the disruptor peptide in experiments employing CD4+ T cells isolated from the draining lymph nodes of Foxp3gfp.KI mice immunized with MOG35–55, whereas a scrambled control peptide was without effect. Disruption of the PDE8A-Raf-1 complex by the peptide similarly decreased adhesion, spreading and locomotion of Teff cells to isolated ICAM-1 molecules. In contrast, the use of PF-04957325 which targets the enzymatic site of PDE8, did not show comparable effects (Basole et al., 2017). In further comparing the disruptor peptide with the PDE8 enzymatic inhibitor, PF-04957325, it was found that adhesion of CD4+ Teff or Treg cells via LFA-1 integrin to ICAM-1 was not markedly altered through the exposure to PF-04957325. In contrast the PDE8A-Raf-1 disruptor peptide significantly reduced cell adherence, spreading and locomotion of CD4+GFP–Foxp3– Teff cells. The disruptor peptide also reduced transient Treg cell adhesion to ICAM-1, while having no effect on firm tether formation and detachment of these cells. Taken together, this indicates the tether formation between LFA-1 and ICAM-1 on T cells and vascular targets is in part regulated by a signaling complex that is formed between PDE8A and Raf-1. The regulation appears to be LFA-1 integrin specific in that no significant effects were observed when the VLA-4–VCAM-1 interactions were examined using the comparable assay systems and cells (Basole et al., 2017).



INHIBITION OF PDE8 CATALYTIC ACTIVITY SIGNIFICANTLY SUPPRESSES EXTRACELLULAR SIGNAL-REGULATED KINASE (ERK) PHOSPHORYLATION IN ACTIVATED CD4+ T CELLS

Inhibition of PDE8 catalytic activity and disruption of the complex of PDE8A-Raf-1 were both investigated for their potential to affect Raf-1 or ERK signaling by analyzing Raf-1 phosphorylation at residue S259 that inhibits its activity (Brown et al., 2013; Maurice, 2013) by PKA and the phosphorylation sites known to activate ERK1/2 in CD4+ T cells that were treated with PF-04957325 or disruptor peptide and polyclonally activated (Basole et al., 2017). Inhibitory Raf-1 phosphorylation at S259 and activating ERK1/2 phosphorylation at residues Thr202/Tyr204 were determined by Western immunoblot. Inhibitor treatment did not affect phosphorylation of Raf-1, but a significant decrease of the phosphorylation of ERK1/2 was seen after inhibitor treatment of Teff cells. These observations demonstrate an effect of PDE8 on the ERK1/2 signaling pathway as has been seen with PDE4 in T cells (Baillie and Houslay, 2005). Of note, the abundance of PDE8A increased in response to PDE8 inhibition. Similar results were reported for PDE7A, PDE3B, PDE4B, and PDE4D which were increased when cAMP was elevated in cells (Jiang et al., 1998; Lee et al., 2002; Moon et al., 2002), and this upregulation apparently occurs with PDE8A as well.



PDE8A-RAF-1 COMPLEX DISRUPTION WITHIN ACTIVATED Teff CELLS LEADS TO RAF-1 AND ERK1/2 PHOSPHORYLATION WITH OPPOSING EFFECTS

Treatment of CD4+ T cells with the complex disruptor peptide increases phosphorylation of Raf-1 at the inhibitory site at S259 while phosphorylation of ERK1/2 increases at activating sites at Thr202/Tyr204 (Basole et al., 2017). Based on these observations, it is conceivable that the PDE8A-Raf-1 complex regulates motility of T cells through Raf-1 and not through the canonical ERK-MAPK pathway. The exact mechanism underlying these experimental results needs to be elucidated since the reported increase in the phosphorylation of ERK within activated Teff cells can be the result of actions of many effectors interacting in this process (Kortum et al., 2013).



PDE8A AND BREAST CANCER CELL MOTILITY

It has been observed that stimulation of cAMP signaling, in many cases through inhibition of PDEs, inhibits migration and motility of some types of cells, including fibroblasts (Fleming et al., 2004), epithelial cells (Lyle et al., 2008), endothelial cells (Netherton and Maurice, 2005), melanoma cells (Dua and Gude, 2008), colon cancer cells (Murata et al., 2000), pancreatic cancer cells (Burdyga et al., 2013; Zimmerman et al., 2015), bladder cancer cells (Ou et al., 2014), cervical cancer cells (Lee et al., 2014), and breast cancer cells (Dong et al., 2015). In the breast cancer study a complete analysis of the expression of PDE genes at the mRNA and protein level in established estrogen receptor positive and negative breast cancer cell lines and in patients’ primary breast cancer biopsies by microarray analysis, qPCR, Western blot analysis, immunofluorescence and immunohistochemistry was performed (Dong et al., 2015). Although a wide range of PDE genes were seen to be expressed in some of these breast cancers by these methods, the PDE8A gene was prominently expressed at the mRNA level in all the breast cancer cells as well as all the breast cancer tissues examined. In addition to its prominent expression in breast cancer cells, expression of PDE8A in the form of an AKAP13-PDE8A fusion transcript has been reported to be highly recurrent in colon cancer cells as well (Nome et al., 2013). Breast cancer cell migration was analyzed both by transwell migration and wound healing assays, and was found to be inhibited by several agonistic cAMP analogs, Fsk, and several PDE inhibitors, in particular DP and the PDE8 selective inhibitor, PF-04957325. Therefore, consistent with our observation of PDE8A being important in the regulation of lymphocyte chemotaxis, it may also be an important regulator, and thus an important target for control of breast cancer cell migration as well.



CONCLUSION

Numerous studies demonstrate that T cell adhesion and migration under shear stress conditions are regulated by the enzymatic activity of PDE8 proteins. Additionally, the PDE8A-Raf-1 kinase signaling complex has been identified as a functional site for PDE8A controlling T cell motility (Figure 1). Inasmuch as treatment with the peptide designed to disrupt the PDE8A-Raf-1 complex led to phosphorylation of Raf-1 at an inhibitory site but phosphorylation of ERK1/2 at activating sites, it suggests that PDE8 displacement from the complex exerts a Raf-1 dependent but ERK independent effect on T cell motility. Thus, it is conceivable that the effect of PDE8 inhibition on the formation of tethers and directed migration by T cells is mediated by Raf-1 but not ERK. This model is supported by reports demonstrating regulation of cell motility by Raf-1 and B-Raf through Rho GTPases regulating the actin cytoskeleton and focal adhesions (Ehrenreiter et al., 2005; Klein et al., 2008). The studies on PDE8 identify a novel signaling complex of PDE8-RAF regulating CD4+ T cell motility. Upon T cell activation through the TCR, Raf-1 links Ras activation to MAPK signaling (Kortum et al., 2013). Of note, B-Raf most strongly interacts with Ras (Marais et al., 1997; Weber et al., 2000) and activates ERK (Pritchard et al., 1995, 2004; Wojnowski et al., 2000) while cell proliferation and ERK activation are independent of Raf-1. In contrast, Raf-1 is capable of activating Rho and inducing subsequent downstream events in migrating cells without MAPK activity (Ehrenreiter et al., 2005). Thus, MAPKs have been known to act independently in specific signaling pathways. Activation of ERK independent of Ras/Raf-1 can also occur through activation of T cells through the TCR (Kortum et al., 2013). An effect on T cell function that is independent of ERK is also suggested by the finding that PDE8 inhibition does not affect T cell proliferation (Vang et al., 2010, 2016). PDE4 inhibition has been shown to suppress T cell proliferation and ERK1 signaling (Norambuena et al., 2009), but T cell motility is little affected (Lerner and Epstein, 2006; Vang et al., 2016). Collectively, reports over the last few years suggest that PDE8 and the PDE8A-Raf-1 signaling complex selectively regulate the motility of T cells but not T cell proliferation and support the notion that PDE8A exerts its action primarily on Raf-1 kinase and not on MAPK signaling.
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Gene Forward primer (5'-3') Reverse primer (5’-3’)

name

Rplp0 GGCCCTGCACTCTCGCTTTC ~ TGCCAGGACGCGCTTGT

Scleal  GCAGTTCGGCTATAACACTGG GCGGTGGTTCCATGTTTGATTG

Pfkib3  GATCTGGGTGCCCGTCGATC  CAGTTGAGGTAGCGAGTCAGCTTC
ACCG

Hk1 AACGGCCTCCGTCAAGATG GCCGAGATCCAGTGCAATG

Pkm2 AGGATGCCGTGCTGAATG TAGAAGAGGGGCTCCAGAGG

Idha CCAAAGACTACTGTGTAACT TGGACTGTACTTGACAATGTTGG
GCGA

Enot TGCGTCCACTGGCATCTAC CAGAGCAGGCGCAATAGTTTTA

Gpi CTCAAGCTGCGCGAACTTTTT  GGTTCTTGGAGTAGTCCACCAG

Cd36 TGCTGGAGCTGTTATTGGTG ~ TCTTTGATGTGCAAAACCCA

Cptla  GTCGCTTCTTCAAGGTCTGG  AAGAAAGCAGCACGTTCGAT

Fabp4  AAGAAGTGGGAGTGGGCTTT  TCGACTTTCCATCCCACTTC
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Bigh, good
contrast

Amost o leakage

Leakage

Crosses placental
barrer

Non-blocking

Specific.

Good signal
intensity

Good signal

Alows.
differentiating
‘maternal and fetal
vessels

Good visualization
of fetal circulation
and organs

Allows visualization
of pltelets.

Disadvantage

Photoreactivity
limits appiication as
regular
plasma-marker

Vessel constriction,
thrombus induction

Expensive

Expensive

Expensive, not
specific; depletion
)

Expensive,
depletion (2),
blocking (7)

Unspecific

Unspecific

Specific for
neutrophils

Complex breeding
schemes for fetal
vs. maternal
labeling; depending
onmouse line.
unspecific
HC-expression
Unspecific

Unspecific

Unspecific

Expected consequences Considerations

Phototoxic

Prototoxicty leads to

Labeling of plasma and passive
visualization of
fluorescence-negative blood
cells

Observation of plasma staining
and time-dependent increase in
perivascular fuorescence
intensity

Labeling of leukocytes and
endothelial cells

Labeling of platelets and
megakaryocytes

Labeling of platelets and
endothelial cells

Labeling of neutrophis and
other leukocyte populations

Phototoxic

Transient
expression in

Labeling of neutrophis

Observation of leukocytes

Labeling of multple
monocytic/macrophage
populations and progeniors
Labeling of neutrophis Homozygous
‘animals have been
descrbbed as.
Ly6G-deficient
Labeling of endotheiial cels in

either maternal vessels, etal

vessels or both, depending on

breeding scheme.

Labeling of progenitor cells and
endothelial cels.

Labeling of platelets,
‘megakaryocytes and various
progenitor cells

Labeling of patelets,

megakaryocytes and progentor
colls

Citations

Margraf et al,, 2017

Honkura etal.,
2018

Leeetal., 2018

Sperandio et al.,
2013

Margraf et al., 2017

Gappenberg et a
2019

Volmering etal.,
2016

Wang et al 2012;
Yipp and Kubes,
2013; Cuninetal.,
2019

Sperandio et al.,
2013

Stremmel et al.,
201820
Hasenberg et al.,
2015

Payne et al, 2018

Maetal, 2002a,b

Ferkowicz et

Calaminus et al
2012
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Step

Searching for the right
microscopic image

Microinjection

Microinjection

Microinjection

Microinjection

Imaging

Thrombus induction

Imaging

Problem

The vessels are not
satisfactory/too small/too
big/none in the field of view.
The vessel gets ruptured/it is
difficult to get into the tissue.
It is impossible to get the
substance out of the glass
capillary.

| have a backflow into the glass
capillary.

After injection and occlusion,
tissue gets pulled out and the
yolk-sac ruptures.

Using multiphoton microscopy,
the resulting stacks are not
showing the complete vessel in
time lapse recordings.

Mechanical vessel occlusion is
not successful using local
pressure application.

Image quality is not satisfactory
in the liver region.

Possible reason

Placement of animal,
constricted blood circulation.

Diameter of glass capillary is
too big, not well grinded.
Diameter too small, blood
clotting at the tip.

Pressure too low.

The cauterization device is
sticking to the site of
heat-occlusion.

The z-shift moves the vessel
out of the focus.
Shadow-effects by large
amounts of erythrocytes
contribute to poor penetration
depth inside the vessel.

The stimulus is insufficient for
studying thrombus formation.

Penetration depth is not
sufficient.

Solution

Place the mother animal on the abdomen and thus turn the
whole preparation upside down, gaining access to other
vessels within the yolk sac.

Try to choose a smaller diameter and make sure you check the
grinded tip again before injection.

Grind the capillary to a larger diameter, try to apply pressure
before the injection onto paper tissue to see if you can
successfully inject, do not re-use used glass capillaries, as
smallest amounts of blood can lead to closure of the tip.

Adjust pressure to a higher level, making sure you keep a
baseline level throughout puncturing and injection.

Try to use only the tip of the cauterization device to occlude the
vessel. Make sure you do it quick and precise. The bigger the
area of heat-application, the more likely the yolk-sac will rupture.
Increasing the z-stack size to levels sufficiently above and
below the vessel of observation will prevent it from shifting out
of the field of observation.

Try to use a 8-0 suture in order to ligate the vessel locally. Keep
the ligation for a longer time to increase flow restriction and
vessel damage.

Remove the surrounding tissue and liver capsule. Try to either
ligate one of the ribs and pull it with a suture to the cranial
direction, gaining access to the liver, or to carefully dissect part
of the forming rib.
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Anesthesia

Ketamine/Xylazine

Duration: Start
anesthesia 20 to 30
minutes prior to
preparation

Fetal yolk-sac
preparation and
microinjection

Duration: Approx. 35
minutes

Imaging

Platelet imaging: Up

to 1 hour
Leukocyte imaging:
Approx. 30 minutes
Organ imaging:
Approx. 30 minutes

[
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Florescent probes/dye

Leukocytes

* Rhodamine 6G (Razavi et .,
2004; Kreisel et al., 2010; Roller
etal, 2013; Brown etal., 2014;
Gil etal., 2014, 2015)

Microvessels

« Fluorescein isothiocyanate
(FITC)-dextran (Tabuchi et al.,
2008; Brown et al., 2014)

« FITC-albumin (Noda et al., 2014)

* Texas Red dextran (Alves et al.,
2018)

Cell death

« Propidium iodide (P) (Gil et l.,
2014, 2015)

Florescent antibodies

Neutrophil

 Ly6G (Lien et al., 1987; Kuebler et al.,

1994; Lee et al, 2013)

* Anti-CD45 (Naumenko et al., 2018)

Monocyte/macrophages

« LyBC/F4/80 (Wynn et al., 2013)

Neutrophil Elastase (NE)

« Anti-neutrophil elastase (NE)-AF647
(Carestia et al., 2019)

Vascular endothelium

* Anti-CD31 (Yipp et al,, 2017)

Florescent reporter mice

Neutrophils
* Lysozyme M-green fluorescent protein
(LysM-GFP) mice (Fauist et al., 2000;

Orthgiess et al., 2016)

o LysM-GFP mice (Kreisel et al,, 2010)

Monocyte/macrophages

* CX3CR1-GFP mice
(Medina-Contreras et al., 2011; Garcia
etal., 2013)

Knockout Mice

iNOS~/~ mice (Razavi et al., 2004)
CD11b~/~ mice (Yipp et al., 2017)
TLR4~/~ mice (Yipp et al,, 2017)

Myd88~/~ mice (Yipp et al., 2017)
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Tissue Injury Stressed or
Hypoxia, Hyperthermia, )
e, ROE Others) => n necrofic cell
Alarmins / DAMPs
exRNA, exDNA
HMGB1
CIRP
Calprotectin

RAGE

Pattern Recognition
Receptors (TLRs)

Target (immune or vascular) cell

4

Cytokines
(TNF-a,IL-6, IL-1B, IL-8, IFN-y)

0
e

Alarmin blockade
(e.g. RNase1)

Blockade of
TLRs, RAGE

Blockade of
Cytokines,

Cytokine receptors
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CAPTURE ROLLING ARREST FIRM ADHESION / CRAWLING EMIGRATION

Leukocyte ["P-&E-Selectin | [ R,-integrins l

Yy

Blood

Quiescent Activated [ T I ! Basal lamina
endothelial cell — 2-Integrins ﬂ
o.o | Inflamed
tissue
g
[~ | "zntegrin PHAGOCYTOSIS INTERSTITIAL
MIGRATION

exRNA related reactions:

1. Shear stress-induced exRNA release

2. Endothelial cell activation, VWF release
3. Permeability increase (VEGF-dependent)
4. Leukocyte activation

5. Cell-cell adhesion

6. M1-polarization and cytokine release
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RNase1: General Antagonist
or Therapeutic Agent

Vascular
endothelium .

Ii NRP1/VEGF-R2

Basal lamina

>
B

eRNA contributes to:

Virus-induced pyroptosis > DAMP release
Vascular permeability (VEGF-R2/neuropilin-1)
Virus dissemination

Virus docking to ACE2

ACE2-shedding by ADAM17
Hyperinflammation, cytokine storm, sepsis
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Biological system, pathological
process

Influence/activity of RNase1

References

Blood coagulation, thrombosis
Vascular hyperpermeability,
vasogenic edema formation, stroke

Inflammation

Tumor growth in xenograft,
immuno-compromised model

Atherosclerosis, arterial vessel
degeneration

Cardiac ischemia-reperfusion injury,
heart failure

Experimental heart transplantation
Microbial infection

Myocardial infarction

Shear stress-mediated induction of
arteriogenesis

Destruction of exRNA as cofactor for coagulation proteases;
anti-thrombotic

Destruction of exRNA as cofactor for VEGF;
vessel-protective

Destruction of exRNA as cytokine cofactor;

anti-inflammatory

Destruction of exRNA as triggering factor for promoting tumor cell
trafficking;

anti-tumorigenic

Destruction of exBNA as multifunctional cell-damaging factor;
anti-atherogenic

Destruction of exRNA as cardiomyocyte-damaging and
cytokine-mobilizing factor;

anti-cytotoxic, cardio-protective

Prolongation of graft survival;

tissue-protective

Prevention of exRNA-mediated bacterial adherence and invasion;
anti-microbial

Reduction of cardiac edema and infarct size;

cardio-protective

Reduction of collateral vessel formation;

anti-inflammatory

Kannemeier et al., 2007

Fischer et al., 2007;

Walberer et al., 2009
Bedenbender and Schmeck, 2020

Fischer et al., 2013

Simsekyilmaz et al., 2014

Cabrera-Fuentes et al., 2014

Kleinert et al., 2016

Zakrzewicz et al., 2016

Stieger et al., 2017

Lasch et al., 2019
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Microscopic technique

Conventional epifluorescence
microscopy

Spinning disc confocal
microscopy

Conventional confocal
microscopy

Multi-Photon-Laser-Scanning-
Microscopy
(MPLSM)

Light source and detection
method

Mercury bulb; digital camera.
Laser; photomultiplier tubes

and/or digital camera.
Laser; photomultiplier tubes.

Laser; photomultiplier tubes.

Advantage

Fast

Fast with higher spatial
resolution.

High spatial resolution.

Label-free cell and tissue
detection (second- and/or
third-harmonic generation
signals); high penetration

depth; good spatial resolution.

Disadvantage

Limited penetration depth,
bleaching, and light scattering.
Does not reach penetration
depth of MPSLM imaging.
Slow

Relatively slow, risk of laser
damage depending on settings;
motion sensitivity leads to
artifacts and/or shifting of
images.

Possible application

Assessment of leukocyte
rolling, adhesion, and migration.
Assessment of slow leukocyte
rolling, adhesion, and migration.
Analysis of expression patterns,
assessment of stable structures
or slow cell movement
(migration).

Assessment of anatomical
features; analysis of deeper
organ compartments;
migration; and laser-injury.

Fetal tissue

Yolk-sac, brain.

Yolk-sac, brain, liver, and skin.

Yolk-sac, brain, and liver.

Yolk-sac, brain, liver, skin, bone
marrow, and heart.
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Phosphoinositide Effectors Biosensors (Fixable) Biosensor source

Pldns@.§P, - WASP/N-WASP PH-PLGH1 (+) Stauffer et al., 1998;
- PLC (8, & isoforms) PH-PLCH (7) Vémai and Balla,
- Dynamin 1998; Les et al,
- AP2, Epsin, CALM 2004b
(clathin-adaptor proteins)
- FCHo, FBP17, Amphiphysin
(BAR-domain proteins)
- Spectrin
- ERM proteins
- GRAF1
- PTEN
Pidns@P - OSBP and ORPs PaM (£) Hammond et .,
- CERT P4C (+) 2014; Weber and
- FAPP1/2 Hibi, 2014
- GOLPH3
- SKIP/PLEKHM2
Pdins(34,5P; - WAVE1/2/3 PH-ARNORG)BO3E (1) Gray et al, 1999;
- GRP1, ARNO, Gytohesin-1  PH-BTK (+) Vamai et al., 1999;
(Cytohesin family) PH-AKT (+) Watton and
- PLG (8, y isoforms) Downward, 1999;
- Protein Kinase B/AKT Goulden et l,, 2019
- POK1
- BTK
- SNX9/18/33 (PX-BAR domain
proteins)
- Vavi/3, Tiam1/2, P-rex1,
Dock? (RhOGEFS)
- ARHGAP12, ARHGAP2S,
and SHIBP1 (RhoGAPS)
- ARAPS, GBF1 (ArIGEF)
- Sos (RasGEF)
- TAPP1/2 OPH (+) Gray etal,, 1999;
- Protein Kinase B/AKT PH-AKT (+) Watton and
Pdns@4P, - SNX9/18/33 (PX-BAR domain Downward, 1999;
proteins) Goulden et al,, 2019
- FCHSD1/2 (F-BAR-domain
proteins)
- Lamelipodin
- RasGAP2'
- RapGAP3®
Pudins(3P - EEAT FYVE (+) Gaulier et al., 2000;
- Hrs [ESCAT-0) PX(4) Ellson et al, 2001;
- WDFY2 Kanai et al, 2001
- Rabankyrin
- SNX1/2
- DFGP1, WIPI1 (Autophagy)
- pdOphox, pA7phox (NADPH
Oxidase)
- PiKfyve

Effectors of each phosphoinositide species are listed in Column 2. To provide context
where possible, the relevant isoforms, protein family, and biological pathways are italicized
inparentheses. Please note that protein effectors may require aditional coincident signals
for their recruitment to cellular membranes and/or adcitionl co-factors in adliion to
the lsted interacting ljid. In some instances, proteins can be recruited to sub-domains
of biological membranes independently of phosphoinositides but be activated by the
lipid allosterically. Effectors reported in Dictyostelium but not yet tested in mammalian
leukocytes are mrked with an asterisk (). Selective ljpid-bindling domains are listed
in Column 3 that form the basis of phosphoinositde-specific biosensors utiized in
leukocytes and other cell types. All domains are from mammalien origin except for
PA4M and PAC, which are derived from the Legionella pneumophila effectors SiaM and
SidC, respectively. The ARNO PH domain-containing biosensor specifically encodes the
diglycine (2G) splice variant which exhibis strong selectivity for Ptdins(3,4,5)Ps over other
phosphoinositide species. Adcitionall, interactions with host Al GTPases are predicted
to be disrupted by mutation of Isoleucine at position 303. The cPH domain-containing
biosensor encodes the isolated C-terminal PH domain from TAPP1. Whether biosensor
localization is retained following chemical fixation with paraformaldehyde is indicated in
parentheses (+, localization retained; , partal disruption; 2, untested), based on the
experience in ourlaboratory. Column provides the primry reference to the development
of each biosensor, many of which have been deposited and are fresly avaiable on
Addgene (https://www.addgene.org/). PH, Pleckstrin-homology domain; BTK, Bruton’s
Tyrosine Kinase; FYVE (Fab1, YOTB, Vac1, and EEA1); PX, Phox homology domain; PLC,
phospholipase C.
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Enzyme type
N-acetylglucosaminyl- ~ GNT-V
transferase
Mannosidase
Sialyltransferase SteGall

Enzyme Function

Addition of GIcNAG to
OH-group of a-linked
mannose

Remove mannose fom
glycan

Addition of &-2,6-linked
sialic acid to terminal
N-glycans

Effect on Leukocyte adhesion and transmigration

IFNy-mediated decrease of GNT-V caused decrease of
p-1,6-linked GalNAc on integrins, resulting in
IFNy-mediated adhesion of monocytes

TNFa treatment of EC downregulates mannosidase in
turn resulting in high-mannose N-glycans on EC
High-mannose IGAM-1 selectively recruits non-classical
(CD16*) monocytes

Oscillatory shear stress increases mannose on EC

Needed for PECAM-1 presentation on EC surface

References

Yang et al., 2012

Chacko et al., 2011
McDonald et al., 2020
Scott et al., 2012

Kitazume et al., 2010
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Enzyme type

Polypeptide pPGaiNT1
N-acetylgalactosmaine
transferase

PGANT
Fucosyltransferase Fut IV

Fut Vil

Fut IX

Enzmye function

Connects glycan
to peptide

Addition of fucose
to glycan

Effect on Leukocyte Capture

Crucial in glycosylation of ligands for P-selectin
Knock down impedes leukocyte rolling,
adhesion and transmigration

Drosophila analogue of mammalian ppGaiNT,
alternative splcing alters substrate and
peptide preference

Necessary for fucosylation of PSGL-1

Knock downs decrease interaction with
selectins in vitro and in vivo under flow
Expression of Fut VIl increased in activated
Tcells so they can bind to selectins

References

Tenno et al., 2007
Block et al., 2012

May et al., 2020
Buffone et al., 2013

Chen et al., 2016
Hobbs and Nolz, 2017
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Protein name

AATM

ACTN1
AT2A2

ATPA

CN37

DHI

ENPL

MUC18

NDUSH

SACH

TRAP1

Description

Aspartate aminotransferase,
mitochondrial
Alpha-actinin-1
Sarcoplasmic/endoplasmic
reticulum calcium ATPase 2
ATP synthase subunit alpha,
mitochondrial
2’,3’-cyclic-nucleotide
3’-phosphodiesterase
Corticosteroid
11-beta-dehydrogenase
isozyme 1

Endoplasmin

Cell surface glycoprotein
MUC18

NADH-ubiquinone
oxidoreductase 75 kDa subunit,
mitochondrial
Phosphatidylinositide
phosphatase SAC1

Heat shock protein 75 kDa,
mitochondrial

Function_GO

Metabolic process

Cell adhesion
Energy metabolic process

Energy metabolic process

Cell morphogenesis

Metabolic process

Unknown

Cell adhesion

Oxidative phosphorylation

Metabolic process

Protein folding

Location_GO

Plasma membrane

Plasma membrane
Endoplasmic reticulum

Plasma membrane

Extracellular region

Endoplasmic reticulum

Unknown

Plasma membrane

Mitochondrial envelope

Endoplasmic reticulum

Mitochondrion

Pathway KEGG

Alanine aspartate and
glutamate metabolism

Focal adhesion

Calcium signaling pathway
Oxidative phosphorylation
Unknown

Steroid hormone biosynthesis
Unknown

Unknown

Oxidative phosphorylation

Unknown %

Unknown

The blue marked table frames represented the upregulated proteins, while unmarked were the downregulated proteins. Red marked the protein had both upregulation

and downregulation.
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Receptor Alternative name Main ligands Main leukocyte Main functions
expression
C3aR / C3a Neutrophils Chemotaxis of mast cells, eosinophils and
Basophils monocytes/macrophages (Daffern et al., 1995; Hartmann
Eosinophils otal, 1997; Zwimer et al, 1998)
Monocytes Induction of ROS production in neutrophils (Elsner et al.,
Meast cells 1994)
Activated No (or inhibition of) chemotaxis of neutrophils (Daffern et .,
Tlymphooytes 1995; W et al., 2013)
Tonsi-derived B- Retention of hematopoletic stem cells in the bone marrow
lymphocytes (Reca et al., 2003; Ratajozak et al., 2004)
Leukocyte recruitment to the brain (W et al., 2016; Crider
etal, 2018)
Regeneration of skeletal muscle and hepatic tissue (Strey
etal., 2008; Markiewski et al., 2004; Zhang et al., 2017)
C5aR CsaRi Csa Neutrophils Chemotaxis of neutrophis, monocytes, dendritic cells, T- and
Monocytes/macrophages B-lymphocytes (Morgan et al., 1993; Sozzani et al., 1995;
Dendritic cells Nataf et al., 1999; Ottonelio et al., 1999)
Tlymphooytes Degranulation of neutrophils (Morgan et al., 1993)
B-lymphocytes Induction of ROS production in neutrophils (Sacks et al.,
Meast cells 1978)
Cytokine production in monocytes (Morgan et al., 1998)
Meast cell histamine release (Johnson et al., 1975; Fiireder
otal, 1995)
Liver regeneration (Mastellos et al., 2001; Daveau et al.,
2004; Marshall et al., 2014)
cs2 CsaR2 Csa Immature dendritic Immune suppressing and immune activating functions due to
cells regulation of C5aR activation and signaling (Li ¢t al., 2019)
Granulocytes (Myeloid
immune cells)
T cell subsets
CR1 cD3s clq Erythrocytes Immune regulatory role (ida and Nussenzweig, 1981; Masaki
C3b/Cdb receptor cab Monocytes/macrophages et al., 1992)
cap Granulocytes Immune-complex clearance (Comacof ot al., 1983)
icab B-lymphocytes Phagocytosis (Fallman et al., 1993)
MBL CD4-+ T-ymphocytes
FDCs
Glomerular podocytes
CRig VSIGA4/BT family- cab Tissue- Complement-mediated phagocytosis (Wiesmann et al., 2006)
related protein C3c resident macrophages Immune regulatory role (Vogt et al., 2006; Munawara et al.,
2309 icab MDDCs 2019)
CR2 cp21 icab B-lymphocytes Lowering B-lymphocyte activation threshold (Carter and
Cadg FDCs. Fearon, 1992)
cad Tlymphooytes Retention of C3-opsonized antigens (Reynes et al., 1985)
gp350/220 (EBV) Epithelial cells Promotion of B-ymphocyte class switching and IgE
c23 production (Aubry et al., 1992)
Interferon-alpha EBV cell entry (Tanner et al, 1987)
CR3 Mac-1 ICAM-1 Neutrophils Leukocyte extravasation (Dustin and Springer, 1988;
CD11b/CD18 ICAM-2 Monocytes/macrophages Meerschaert and Furie, 1995; Ding et al., 1999; Philipson
Integrin ez Fibrinogen Dendritic cells otal., 2006)
icab NK cells Phagocytosis (Beler et al., 1982)
Collagen Activated lymphocytes
Factor X
NIF
CR4 150,95 ICAM-1 Neutrophils Adhesion to fibrinogen (Séndor et ., 2016)
CD11c/CD18 ICAM-2 Monocytes/macrophages Phagocytosis (Keizer et al., 1987)
Integrin axBz Fibrinogen Dendritic cells
icab NK cells
Collagen Activated lymphocytes
Factor X
NIF

EBV, Epstein-Barr virus; FDCs, folicular denditic cels; ICAM, intercellular adhesion molecule; Mac-1, macrophage-1 antigen; MBL, mannose-binding lectin; MDDCs, monocyte-derived
dendiitic cells; NIF, neutrophil inhibitory factor; NK, natural killer; ROS, reactive oxygen species; VSIG4, V-set and lg domain 4.
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Immune cell PDE gene PDE protein Results References
subpopulation expression expression
CD4™ T cells PDE8A1 PDESA1 Upregulation of PDE8BA1 after polyclonal T cell activation Glavas et al., 2001
Mitogen-activated PDESA Induction of PDE8A expression in response to stimulus ~ Dong et al., 2006; Vang
splenocytes, anti-CD3 etal., 2010
activated CD4™ T cells
Antigen exposed naive and PDESA Changes in temporal expression patterns in response to  Vang et al., 2010
memory CD4™ T cells antigen challenge
CD4* T cells PDESA PDESA Association of PDE8BA expression and accumulation of ~ Vang etal., 2016
sensitized T cells in draining lymph node of in an animal
model of allergic airway disease (AAD)
CD4~ Tcells Low PDESA Low PDE8A Control cell population in AAD Vang et al., 2016
CD4™ T cells High PDESA High PDESA Hilar lymph node in AAD Vang et al., 2016

CD4™ effector T(eff) cells

CD4+ regulatory T(reg)
cells

T cells in systemic lupus
erythematosus (SLE)
Macrophages

Increased PDESA
expression after
polyclonal activation
Low PDES8A (and all
other PDEs expressed
in T cells)

PDESA1

PDESA

Increased PDESA
expression after polyclonal
activation

Low PDES8A (and all other
PDEs expressed in T cells)

PDEB8A inhibition by enzymatic inhibitor or a PDESA-
Raf-1 kinase complex disruptor decreases Teff cell
adhesion and migration under shear stress conditions

High cAMP levels in Treg cells

Upregulation of PDE8A1 transcripts in SLE T cells vs.
normal controls

Promotes susceptibility to HIV-1 infection

Basole et al., 2017

Bopp et al., 2009; Vang
etal., 2010; Vang et al.,
2013; Basole et al., 2017

Orlowski et al., 2008

Booiman et al., 2014
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Family! Type Genes Km cAMP Km cGMP Commonly Used Inhibitors?  References
(M) (M)
PDE1 CaM-Dependent 1A 50-100 5 Vinpocetine (5-25) Wang et al., 1990; Yan et al., 1995; Loughney et al., 1996;
1B 7-24 3 8-MM-IBMX (4) Sharma and Hickie, 1996; Yu et al., 1997; Zhao et al.,
1C 1 1 1997; Kakkar et al., 1999; Goraya and Cooper, 2005
PDE2 cGMP-Stimulated 2A 30 10 EHNA (1) Martins et al., 1982; Manganiello et al., 1990b; Mery et al.,
1995; Podzuweit et al., 1995

PDE3 cGMP-Inhibited 3A/B 0.2-0.5 0.02-0.2 Cilostamide (0.005) Manganiello et al., 1990a; Komas et al., 1996; Kambayashi
Milrinone (0.3) et al., 2003

PDE4 CAMP-Specific 4A-D 14 = Rolipram (1) Epstein et al., 1982; Conti and Swinnen, 1990; Conti et al.,
RO 20-1724 (2) 1995; Houslay et al., 1998; Wallace et al., 2005; Akama
Piclamilast (0.001) et al., 2009; Man et al., 2009; Hatzelmann et al., 2010;
Roflumilast Schafer et al., 2010
(0.0002-0.0043)
Apremilast
(0.07)
Crisaborole
©.5)

PDE5 cGMP-Specific 5A - 1-5 Sildenafil (0.003) Francis et al., 1990; Kotera et al., 1998; Loughney et al.,
Zaprinast (0.3) 1998; Lin et al., 2000; Wang et al., 2001; Bischoff, 2004
Dipyridamole (0.9)

PDE6 Photoreceptor 6A-C - 20 Zaprinast (0.15) Gillespie and Beavo, 1989; Gillespie, 1990
Dipyridamole (0.4)

PDE7 CcAMP-Specific 7A/B 0.03-0.2 - Dipyridamole (42, 7A; Michaeli et al., 1993; Han et al., 1997; Gardner et al., 2000;
0.5-9, 7B) Hetman et al., 2000b; Sasaki et al., 2000; Wang et al., 2000

PDES8 CAMP-Specific 8A/B 0.04-0.15 — Dipyridamole (4-9, 8A; Fisher et al., 1998a; Hayashi et al., 1998; Soderling et al.,
23-40, 8B) 1998a; Gamanuma et al., 2003; Bender and Beavo, 2006;
PF-4957325 (0.0007, 8A; Vang et al., 2010; DeNinno et al., 2011; DeNinno, 2012
<0.0003, 8B, >1.5 all
other PDEs)

PDE9 cGMP-Specific 9A - 0.07-0.39 Zaprinast (30) Fisher et al., 1998b; Soderling et al., 1998b; Wang et al.,
SCH 51866 (2) 2003

PDE10 Dual Substrate 10A 0.05-0.26 3-9 Papaverine (0.03) Fuijishige et al., 1999a,b; Loughney et al., 1999; Soderling

etal., 1999
PDE11 Dual Substrate 1A 1-6 0.54 Tadalafil (0.07) Fawcett et al., 2000; Hetman et al., 2000a; Yuasa et al.,

Zaprinast (11-33)
Dipyridamole (0.3-1.8)

2000; Loughney et al., 2005; Weeks et al., 2005

1Shown in this table [adapted from Lerner and Epstein (2006)] are the eleven PDE gene families, the known genes within them, their affinity constants for cAMP and
cGMR, and commonly used pharmacological inhibitors for each of the families. The substrate affinity constants listed are approximate and where ranges are given, they
represent the range of different Kms reported for these family members in the references cited.
2The numbers in parentheses are the approximate reported Kis or ICsqs for inhibition of that PDE gene family, given in WM. Note: the non-specific methylxanthine inhibitor
IBMX inhibits all of the PDE families with the notable exception of the PDES and PDE9 gene families, which appear to be resistant to IBMX inhibition.
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Traction force
microscopy (TFM)
Figures 2A-C

Atomic force
microscopy (AFM)
Figure 2D

Protrusion force
microscopy (PFM)
Figure 2E

Elastic resonator
interference stress
microscopy
(ERISM)Figure 2F

Molecular tension-
fluorescence
lifetime imaging
microscopy
(MT-FLIM)

Figure 2G

Microsphere-based
traction force
microscopy

Figure 2H

Resolution (x/y/z/F/t)

Depends mostly on
substrate properties
and microscopy setup

Resolution depends on
the imaging force and
probe geometries;
Lateral resolution
1-1.5 nm; Vertical
resolution 0.1 nm;
Force resolution 100
pN

The same as AFM;
Vertical resolution 10
nm; Line rate on order
of 1 Hz; Force
resolution to the order
of nN

Displacement
resolution 2nm (limited
by surface); Temporal
resolution <0.5s;
Lateral resolution
~1.6 pm;

Force threshold Fy 2 is
a measure of the
applied force at which
50% of probes are
open, estimating
applied force ranges;
Force resolution to the
order of pN exerted by
individual integrins

Force resolution to the
order of NN

Cell substrate

Hydrogel, PDMS,
elastomers, fibrillar
matrices (e.g.,
collagen); Arrays of
elastic micropillars

Mica, glass, or glass
slides modified with
Silane to enhance cell
adhesions

Compliant formvar
membranes

Elastic optical
micro-cavity comprized
of a layer of ultra-soft
siloxane-based
elastomer sandwiched
between
semi-transparent gold
layers

Supported lipid bilayer
(SLB) — phospholipid
membranes; Confined
in the Z-direction but
are laterally fluid

Hydrogel-based
microspheres;
Fabricated by water-oil
emulsions

System requirements

Standard fluorescent
microscope; Confocal
microscopy for out of
plane bead tracking
and 3-D tractions

Piezoelectric scanner
for mounting samples;
Proper probes attached
to pliable silicon or
silicon nitride cantilever;
Laser
beam/photodiode
setup for measuring
cantilever deflection

AFM system and
fluorescence
microscopy

Conventional wide-field
phase contrast or
fluorescent microscopy
with a tunable light
source capable of
providing
monochromatic
illumination

Inverted microscopes
with perfect focus
capabilities and
appropriate lasers for
excitation; Specific
software required;

Standard fluorescent
microscope; Confocal
microscopy for tracking
3-D shape
deformations

Post-processing

Single particle tracking,
correlation tracking,
and/or particle image
velocimetry;
Theoretical/
computational solid
mechanics analysis

Cantilever deflection as
a function of vertical
displacements;
Conversion a
force-versus-separation
distance curve

The same as AFM, plus
mathematical model to
infer podosomes forces
from formvar

membrane deformation

Each light fringe ~

200 nm = > count
fringes to determine
size of deformations;
Conversion of forces by
utilizing substrate
mechanical properties

Matlab Bioformats
Toolbox and
semiautomated custom
scripts; FIJI plugins,
including
MultiKkymograph and
TrackMate

Comparison between
deformed and
undeformed states
from 3-D shape
reconstructions

Advantages

Cell substrate can be
physiologically realistic
(except micropillar
arrays); Image based —
highly versatile; Simple
experimental setup and
high throughput; Can
be extended to provide
collective cellular force
measurements (e.g.,
monolayer stress
microscopy)

Probes for molecular
interactions,
physiochemical
properties, surface
stiffnesses, and
macromolecular
elasticities

Measures protrusive
forces applied
perpendicularly to the
substrate at a single
podosome level; High
spatiotemporal
resolution

Unlike many TFM
methods, no zero-force
state required; No
phototoxic effects;
Versatile, and
compatible with other
microscopy methods;
Excellent vertical and
lateral force sensitivities

Highly specific
observations of integrin
behavior and force
generation as it relates
to podosome formation
and mechanosensing

Suitable for studying
forces in environments
with complex
mechanical properties,
where TFM and ESRIM
would be challenging

Disadvantages

Requires zero force
state (except micropillar
arrays) and calibrating
substrate elastic
properties; Limited
sensitivity to vertical
orces; Fluorescence
microscopy over long
periods can cause
phototoxic effects

Requires careful
sample preparation and
data collection;
Requires physical
contact between the
AFM probe and the
sample — cannot probe
basal structures (e.g.,
podosomes tips)
Localizing specific cell
structures (e.g.,
podosomes) by AFM
alone is challenging
The same as AFM,
except for localizing
podosomes; Narrow
range of applications.

Experimental setup and
fabrication of ERISM
cavities are relatively
involved; 2D soft
substrate may not be
physiologically realistic
for some applications

Highly technical in the
development and
implementation of
molecular tension
probes, and in
microscopy set-up
isses forces
ransmitted via
non-specific
interactions
ntensive image
processing
requirements
Resolution is limited by
spatial distribution of
microspheres in sample

References

Tan et al., 2003; Wang
and Lin, 2007; Fu et al.,
2010; del Alamo et al.,
2013; Hall et al., 2013;
Style et al., 2014;
Polacheck and Chen,
2016; Serrano et al.,
2019

Labernadie et al., 2010

Labernadie et al., 2014;
Bouissou et al., 2017

Kronenberg et al.,
2017; Liehm et al.,
2018

Wang and Ha, 2013;
Blakely et al., 2014;
Zhang et al., 2014;
Brockman et al., 2018;
Glazier et al., 2019

Girardo et al., 2018;

Mohagheghian et al.,
2018; Kaytanli et al.,

2020; Vorselen et al.,
2020b
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4 recruitment of macrophages in retinas of
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STZ-induced diabetic mice

1 adhesion of monocyte to adipocytes in the
subcutaneous adipose tissue of patients with
T2DM and obesity (Human study)

4 recruitment of macrophages in white adipose tissue
of HFD-induced obese mice

1 levels of F4/80 and CD11c mRNA expression in
adipose tissue of HFD fed mice

1 expression of F4/80 in adipose tissue of HFD fed
mice

| RPMs in db/db mice

4 Increased M2 polarization
In vitro |, adhesion and phagocytosis capacity of
RPMs from in db/db mice

| monocyte/macrophages in lung tissue of diabetic
DPP4H/M mice following infection by MERS-CoV

1 CD11cN9"F4/80°" DCs in mice visceral adipose
tissue in HFD-induced obese mice

4 CD11cTCD1ct cDCs in obese human
subcutaneous adipose tissue (Human study)

4 CD11c* ¢DCs numbers in the adipose tissue of
HFD-fed mice

4 trafficking of neutrophil into mice visceral adipose
tissue after 3 days on HFD

4 recruitment of neutrophils into the adipose tissue of
HFD-fed mice after 3 days on HFD (sustained
infiltration for up to 90 days on HFD)

4 infiltrated CD8™ effector T-cells in visceral adipose
tissue in HFD-fed mice

| lower numbers of CD8* T-cells in their brains in
ab/db mice following infection with West Nile virus

| CD4 + Tcells in lung tissue of diabetic DPP4H/M
mice following infection by MERS-CoV

| regulatory T-cells in visceral adipose tissue of
HFD-fed mice

| CD4* Tregs HFD-fed mice

4 number of B-cells in the bone marrow of HFD-fed
mice

| number of B-cells in the bone marrow of HFD-fed
mice

J granulocytes in the alveolar airspace of stz-induced
diabetic mice following infection by Klebsiella
pneumoniae

Potential mechanisms

CCL2-CCR2 axis
CCL2-CCR2 axis

4 CX3CL1 expression in adipose tissue

1 CCRS5 expression in white adipose tissue

4 Adipose tissue expression of ICAM-1, VCAM-1,
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1 Adipose tissue expression of mMRNA for ICAM-1
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cavity in db/db mice
abnormal microenvironment in db/db mouse

| lung tissue expression of Ccl2 and Cxcl10
Not described
Not described
Not described
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4 expression and activity of neutrophil-secreted
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localized in the adipose tissue
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Not described
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Influence factors Chemokines/ Migration route Immunological References
chemokines functions
receptor
Inhibition Tumor TGF-B, VEGF, LXR CCR7- Inhibiting DCs to Inhibition of CD8* T-cell ~ Soudja et al. (2011);
microenvironment ligands, CCL19/CCL21; migrate from the tumor response. Bottcher et al. (2018)
anti-inflammatory CCR5 and environment to the T
factors or PGE2 XCR1/XCLA cell cortex in
tumor-draining lymph
nodes.
Hypoxia CCR7- Inhibiting DCs to Imbalance of Th1/Th2 Qu et al. (2005),
CCL19/CCL21 migrate toward draining  immune response. Liu et al. (2019)
and adenosine lymph nodes (dLNs).
receptor A2b
Others Inc-Dpf3 gene CCR7 Inhibiting late-stage of Inhibition of Liu et al. (2019)
DCs migration toward inflammation
dLNs. responses.
Promotion Inflammatory cytokines TNF-a, IL-6, and IL-18 CCR7- Promoting DCs to Regulation the Cumberbatch et al.
family CCL19/CCL21; migrate from peripheral Th1/Th17 response. (2002); Johnson and
CX3CL1 and tissues to dLNs. Jackson (2013),
CXCL12 Gianello et al. (2019)
By up-regulate IL-12 or CCR7 Promoting DCs to Damage the collagen Chen et al. (2012),
Laser or Radiation MHC-1, CD80 migrate toward dLNs. fibers and cell matrix. Yu et al. (2018)
Vaccines By up-regulate TNF-a, CCR7- Promoting DCs to Activation of CD4+/8% Qu et al. (2005); Xigin
(M-COSA/OVA/pDNA IFN-y, IL-6, IL-12p70 or ~ CCL19/CCL21 migrate toward dLNs or T response. etal. (2018)
vaccine/NDV-VLPs MHC-I, IFN-y spleen.

vaccine)
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DC subsets Migration routes Chemokines/ Immunological functions References
chemokines
receptor
cDC1s Dermis: human Spontaneously migrate CXCL13 Antigen presentation and Klechevsky et al. (2008);
CD14*CD1a HLA-DR*cDC1 from skin explants activation of naive T cells; Chu et al. (2012)
(mouse CD11bTCD64%) cultured ex vivo. production of IL-10, IL-6,
MCP-1.
Dermis: human From the dermis to the CCR7 Cross-presentation den Haan and Bevan
CD141+CD1¢c~XCR1+cDC1 skin draining lymph self-antigen; induction of (2002); Crozat et al. (2010),
(mouse nodes via afferent CD8™ effector T cells or Igyarté et al. (2011);
CD103+CD207+/CD8TXCR1T) lymphatics. Th1 cells; production of Tamoutounour et al. (2013)
TNF-a.
Intestine: human/mouse From Lamina propria to CCR7 Cross-presentation Laffont et al. (2010);
CD103*CD11b~ CD8a* mesenteric lymph nodes self-antigen; induction of Cerovic et al. (2015),
XCR1*SIRPa~cDC1 via afferent lymphatics. CD8™ effector T/Th1/Treg Esterhazy et al. (2016)
cell responses.
Lung: human/mouse From lung interstitium to CCR7, CCR2 Cross-presentation del Rio et al. (2007);
CD103*CD11b~CD207+ mediastinal lymph nodes self-antigen; induction of GeurtsvanKessel et al.
XCR1* ¢DCH via afferent lymphatics. CD8* effector T cells; (2008), Rose et al. (2010);
airway tolerance. Fossum et al. (2015),
Sharma et al. (2020)
cDC2s CD11b*cDC2 Migrate to the lymph CCR7; CXCR5, Cross-presentation Rose et al. (2010); Gatto
nodes and spleen CXCL13 self-antigen; induction of etal. (2011), Leon et al.
dependent on EBI2. CD4* T/Th2 cell (2012); Gatto et al. (2013)
responses.
Skin: human CD1a*CD14~ From the dermis to the CCR7 Antigen presentation and Klechevsky et al. (2008);
HLA-DR*¢cDC2 (mouse skin draining lymph activation of naive T cells or Kitajima and Ziegler (2013),
CD11bTCD207~XCR17) nodes via afferent Th2 cell; production of Tamoutounour et al. (2013)
lymphatics. IL-15, IL-8.
Intestine: human/mouse From lamina propria to CCR7; Induction of Th1/Th17 cells; Farache et al. (2013); Gao
CD103*CD11b*XCR1~ mesenteric lymph nodes CCR9/CCL25 induction of Treg cells; et al. (2021)
SIRPatcDC2 via afferent lymphatics. production of
pro-inflammatory cytokines
IL-6, IL-23 and so on.
Lung: human/mouse From lung interstitium to CCR7; CCR1, Induction of inflammatory Lukens et al. (2009); Pang
CD103-CD11b* cDC2 mediastinal lymph nodes CCR5 response; induction of et al. (2013), Sharma et al.
via afferent lymphatics. protective mucosal immune (2020)
responses; expression of
IL-18, IL-1, or IL-1R.
pDCs Skin: human Migrate into inflamed CCR6, CCR10 Cross-presentation Sisirak et al. (2011)
CD11¢c~CD123"BDCA-2™ epithelia of mucosae or self-antigen, induction of
BDCA-4TpDCs (mouse B220+ skin. CD4+ effector T cells;
PDCA1* LYBCY) production of [FN-y.
Intestine: human CD11c™ Homing to the small CCR9, CCR7 Imbalance of Th1/Th2 Wendland et al. (2007)
CD123*BDCA-2TBDCA- intestine via high effects; production of
4+pDCs (mouse CD11c™d endothelial venules. TNF-a.
B220TPDCA1+ LYBCT)
Viral infection sites: pDCs Migrate into the CXCR83; CCR5 Induction of CD8™ effector Brewitz et al. (2017)

subcapsular sinus area or
CD8™ T cell priming site.

T cells; antiviral immunity.
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" Myelin oligodendrocyte glycoprotein (MOG) peptide MOGss_ss is a myelin autoantigen used to induce experimental autoimmune encephalomyelitis (EAE) in vivo and is

Model and Function

Temporal changes of PDE8A expression in CD4* T cell specific for a cytochrome C
peptide/I-EX antigen complex transferred into wildtype (non-transgenic) mice, activated
with antigen in vivo.

CD4™ and CD4~ T cell populations in a model of ovalbumin-induced allergic airway
disease in mice

T cells responding to myelin oligodendrocyte glycoprotein (MOG)peptide MOGgs_ss5'
In vivo MOGgs_ss5 activated CD4+CD25~ effector and CD4+CD25* regulatory cells’
In vivo MOGgs_ss5 activated CD4+CD25 effector and CD4+CD25+ regulatory T cells’

Treatment of experimental autoimmune encephalomyelitis®

Treatment of human malignant MM415 melanoma cell line in vitro and a MM415
melanoma xenograft mouse model in vivo with cell-penetrating PDESA-C-Raf complex
disruptor peptide agent (PPL-008) leads to reduced phospho-ERK signaling and
growth inhibition

Human breast adenocarcinoma estrogen receptor-positive MCF-7 and T-47D cell lines
Human breast adenocarcinoma estrogen receptor-negative MDA-MB-123 MB-231 and
MDA-MB-435 cell lines

Human breast cancer patient biopsies and tissue arrays

Inhibition of MDA-MB-231 breast cancer cell migration and wound healing

Prevention of triple-negative breast-cancer progression in a mouse model

Delay of breast cancer lesion onset, tumor progression and suppression of lung
metastasis in a mouse model

recognized by T and B cells in multiple sclerosis (MS).
2 Experimental autoimmune encephalomyelitis (EAE) is an autoimmune disease model for muitiple sclerosis (MS).
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