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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 o'V 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 a4p7 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
a4p7-mediated cell adhesion on MAdCAM-1 under shear flow by imitating the negative charges of
the extracellular microenvironment, suggesting the negative charges facilitate a4f7-MAdCAM-1
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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 Igbal 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
Montafno-Rendon 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. cCAMP-specific PDE4 and PDES 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 RNasel 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)-la 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).
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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 Rabla 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 (M) are key components
of the innate immune system and actively participate in the
development of many autoimmune diseases. The infiltration
of Mo and Mg 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/M¢ 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 M¢ 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
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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/M¢ 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 a4p7 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-7g, 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
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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.
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TILRR has been identified as an important modulator of inflammatory responses. It is
associated with NF-kB 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 (o < 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.

Keywords: TILRR, pro-inflammatory cytokines/chemokines, cervical epithelial cell culture supernatants, THP-1,
MOLT-4, Transwell assay, microfluidic device

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-«kB 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
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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 FREMI1 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-
1B/CCL4 and RANTES/CCLS5 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, 1P-10/CXCL10, MCP-1/CCL2, MIP-1a/CCL3, MIP-
18/CCL4, MIP-30/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
Eagles 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 x 10° 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 pg/well of TILRR-plasmid (vector + TILRR)
(GeneCopoeia, Catalog# EX-12135-68) 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 pg/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 pl/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
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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 x 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 (IFNy), interleukin (IL)-18, IL-6,
IL-8/CXCL8, IL-10, IL-17A, IFN-y inducible protein (IP)-
10/CXCL10, macrophage chemo-attractant protein (MCP)-
1/CCL-2, monocyte inflammatory protein (MIP)-1a, MIP-16,
regulated upon activation, normal T cell expressed and secreted
(RANTES)/CCL5, and tumor necrosis factor alpha (TNF-a)
(Supplementary Table 1). Briefly, the assay was conducted
according to the Bio-Plex Pro™ 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 Pro™ reagent kit, Bio-Rad, Catalog# 171-304070M).
Fifty microliter of diluted beads was added into each well of
96-well Bio-Plex Pro™ Flat bottom plate (Bio-Rad, Catalog#
171025001). After 2x washes with Bio-Plex wash buffer (BioRad,
Catalog# 171-304070M), 50 pl 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 pl
of detection antibody (1 pg/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 pl of assay buffer was added into each well, shaken
for 10 s and then run by Bio-Plex™ 200 System (Luminex
XxMAP 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 ul 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 x 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 x 10°cells/100p1/assay was used,
whereas 1 x 10* cells/10 pl/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)-1a/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 pwm pore size (Corning, catalog#
CLS3421) (Supplementary Figure 1). In the bottom chamber
of Transwell plate, 600 pl 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 x 10° cells) in RPMI 1640 migration media was
added to the upper chamber (Transwell insert), and incubated
for 24 h at 37°C with 5% CO,. 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 pl 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
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remaining ~550 pl 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 pm
high) forms the cell docking structure to trap cells inside the cell
loading channels; while the second layer (~40 pm 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 ng/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.

a-a’ cross-section

b-b’ cross-section

Glass slide

Cell Loading
Channel

Gradient
Channel

Micropillar Support

FIGURE 1 | lllustration 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. 11 and 12: 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.

v
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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 profilee. 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 Image] 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
Image] (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 ¢-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-1a/CXCL12. One
hundred microliter of 5 x 10° 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.

Similarly, the optimal concentration of SDF-1a/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-1a/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-1a/CXCLI12 by counting with automated
cell counter. Because MOLT-4 T-cell significantly migrated at
100 ng/ml of SDF-1a/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 SDEF-
1a/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/CXCLS8, IP-10/CXCL10,
RANTES/CCL5 and MCP-1/CCL2 following 24h of incubation
in the absence or presence of IL-1f stimulation compared to that
of controls (Supplementary Figure 2). Thus, overexpression

Frontiers in Cell and Developmental Biology | www.frontiersin.org

July 2020 | Volume 8 | Article 563


https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles

Kashem et al.

TILRR Promotes Immune Cell Migration

>

* CCL2/MCP-1(THP-1)- Hemocytomer
= CCL2/MCP-1(THP-1)- Countess

& CCL2/MCP-1 (THP-1)- Flow cytometry

E Sty

© * *

(&) -

o100

=

o

£ 80-

o

-

c e

S 60

-

i

o 404

€

_g 20+

e

©

)

e T & =

S~ - 7o) o 8
—

Concentration (ng/ml)

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-1a/CXCL12, respectively. Chemo-attractants were
diluted in DMEM without FBS and antibiotic-antimycotic. Approximately 5.0 x 10° cells were used as input cells on upper chamber (insert) of Corning 24-well plate
with 5.0 um pore size polycarbonated membrane and incubated for 24 h. The line graph represents three independent experiments (mean + SEM) compared to the
DMEM base control (O 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% ClI, 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-1a/CXCL12.
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of TILLR in HeLa cells potentiates the production of soluble
inflammatory mediators.

The Culture Supernatants of
TILRR-Transfected HelLa 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. 3632 £ 590%, p = 0.0328) HeLa cell supernatants,
or DMEM controls (49.39 4+ 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.

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
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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% Cl, 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.
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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. 895 + 2.94%, p = 0.0022) cells, or
DMEM control (PRM: 27.63 + 3.57% vs. 895 + 1.78%,
p = 0.0013) (hemocytometer counting method) (Figure 4B).
Similar trend of MOLT-4 cell migration was observed
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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 x 10° MOLT-4 lymphocytes cells were used, and 600 ! of culture media or positive control
chemo-attractant slowly dispensed into the Transwell plate (bottom chamber) as described in materials and methods section. SDF-1a/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% Cl, 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.
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by automated cell counter and flow cytometry analysis

where the PRM was observed approximately 14-18%
and 12-14% higher in TILRR-overexpressed HelLa 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.

The Culture Supernatants of
TILRR-Transfected HelLa 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 pm, p = 0.0180), non-transfected HeLa
cells (52.00 £ 52.00 vs. 28.00 + 29.00 pm, p < 0.0001),
or DMEM control (52.00 + 52.00 vs. 19.00 £ 23.00 pm,
p < 0.0001) (Figure 5E). Thus, the TILRR-transfected HeLa
cell supernatants promoted migration of THP-1 monocytes in
microfluidic device assay.

The Culture Supernatants of
TILRR-Transfected HelLa 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 pum, p < 0.0001), non-transfected
(25.00 £ 10.00 vs. 20.00 £+ 13.00 pm, p = 0.0025) HelLa
cells, or DMEM control (25.00 = 10.00 vs. 14.00 & 3.00 pum,
p < 0.0001) (Figure 6E). Thus, TILRR-transfected HeLa cell
supernatants also promoted MOLT-4 T-lymphocytes migration
with microfluidic device assay.

DISCUSSION

Our previous study showed that TILRR regulates the
expression of many inflammation-responsive genes in NF-
kB 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
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(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% Cl,
all p < 0.05 were reported and indicated using asterisks’ *p < 0.05, “*p < 0.01, and **p < 0.001.
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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 12: 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% Cl, all
p < 0.05 were reported and indicated using asterisks’ *p < 0.05, **p < 0.01, and **p < 0.001.
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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-
1a/CCL3, and MIP-18/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
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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-1a 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-1a 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-1a targeted cellular plasma membrane, endoplasmic reticulum
and mitochondrial envelope and triggered eleven common proteins to persistently
regulate. During the early phase, IL-1a 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-1a on promoting
bactericidal activity of transendothelial neutrophils and the findings of IL-1a triggered
proteins provide the potentially important targets on the regulation of innate immunity.

Keywords: endothelial-derived interleukin-1a, transendothelial neutrophils, lipopolysaccharide, Escherichia coli
infection, iTRAQ

Abbreviations: E. coli, Escherichia coli; IL-1a, Interleukin-1a; LPS, Lipopolysaccharide; RIMVECs, rat intestinal mucosa
microvascular endothelial cells; iTRAQ, isobaric tags for relative and absolute quantification.
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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-
la (IL-la) can induce neutrophil extracellular traps (NETs)
to activity endothelial cell (Folco et al, 2018). As similar
as our previous research illustrated that endothelial IL-la
enhanced the bacterial killing of transendothelial neutrophils
(Liu et al, 2016). In addition, IL-1a 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-la regulate
the killing ability of transendothelial neutrophils remain
unknown. Thus, we hypothesized that endothelial IL-la
modulated endothelial cells to impact bacterial killing of
transendothelial neutrophils.

In this work, we aimed to investigate how endothelial-derived
IL-1a 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-1a 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 10° colony-forming units (CFUs) of E. coli (serotype
055:B5) orally. To simulate the situation of stress-induced LPS
accumulation. We set up the group of additional LPS by adding
1 pg/g of LPS (from E. coli serotype O55:B5, Sigma-Aldrich)

mixed with E. coli suspension. After 24 h infection, IL-1a, IL-
1B, IL-6, intercellular adhesion molecule-1 (ICAM-1) and Tumor
Necrosis Factor (TNF-a) 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-1a (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 x 10* cells/well) were seeded in a 96-well plate
and treated with a final concentrations of 1 pug/mL LPS for
different time points (0.5, 1, 2, 4, 8, 12, and 24 h) at 37°C
in a 5% CO, atmosphere. After treatment, the cytotoxicity of
RIMVECs was detected by 10 wL 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 pg/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.
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FIGURE 1 | IL-1a 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-1a, IL-18,
IL-6, IL-8, ICAM-1, and TNF-a were detected by ELISA. Rats were infected by E. coli (109 CFU/g) with or without LPS (1 jg/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-1a increase the survival of
LPS-induced rat death. A total of 10° CFU/g E. coli were infected with rats for 24 h. LPS (1 ng/g) or IL-1a (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-1a treated with E. coli infected rats. (D) IL-1a 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-1a increased the transendothelial neutrophils
killing. E. coli infected in bottom chambers treated for different time points (2, 4, and 8 h) and IL-1a (10 ng per well) was also treated in the upper chambers. Both the
extracellular and intracellular bacteria in neutrophils (5 x 108 cells) were used to count the E. coli CFUs. The red lines represented E. coli infection and green lines
showed the IL-1a treatment of E. coli infection. Values represent the mean + SD (**P < 0.001, n = 6).

Detection and analysis of necrosis were used BD FACSAria™
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 x 10* cells/well) were seeded onto the 5.0 pum
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%
CO; 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-la or LPS were added in

the co-culture medium at the final concentration of 1 pg/mL
or 10 ng/mL, respectively. Lastly, both the extracellular and
intracellular E. coli (neutrophils, 5 x 108 cells) were collected to
calculate using the colony count technique (CFUs) according to
previous study (Liu et al., 2016).

Western Blot

RIMVECs were collected from the transwell system. RIMVECs
were lysed in 1 mL of RIPA lysis buffer with 10 pL
phenylmethanesulfonyl fluoride (PMSE, 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-
la 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-1a (a dilution of 1: 1000, Invitrogen) was incubated with
membranes at 4°C overnight and secondary antibody of goat
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FIGURE 2 | LPS damaged endothelial cells and neutrophils to suppress IL-1a. (A) LPS induced RIMVECs necrosis. Different concentrations of LPS (0-100 pg/mL)
were treated RIMVECs for 4 h. Then cells were labeled by Pl 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 wg/mL) treated RIMVECs for different time points (0.5-24 h). Then the survival of RIMVECs were determined by WST-1 assay. Pl
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 wg/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-1a in co-culture system was decreased in a time dependent manner. (E) LPS
suppressed the release of IL-1a. IL-1a release and concentrations of LPS were detected by ELISA or LAL (Limulus Amebocyte Lysate) assay, respectively. (F) The
immunofluorescence of IL-1a 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).
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TABLE 1 | Functional analysis of common regulated proteins.

Protein name Description Function_GO Location_GO Pathway KEGG

AATM Aspartate aminotransferase, Metabolic process Plasma membrane Alanine aspartate and
mitochondrial glutamate metabolism

ACTNA1 Alpha-actinin-1 Cell adhesion Plasma membrane Focal adhesion

AT2A2 Sarcoplasmic/endoplasmic Energy metabolic process Endoplasmic reticulum Calcium signaling pathway
reticulum calcium ATPase 2

ATPA ATP synthase subunit alpha, Energy metabolic process Plasma membrane Oxidative phosphorylation
mitochondrial

CN37 2’,3’-cyclic-nucleotide Cell morphogenesis Extracellular region Unknown
3’-phosphodiesterase

DHIA Corticosteroid Metabolic process Endoplasmic reticulum Steroid hormone biosynthesis
11-beta-dehydrogenase
isozyme 1

ENPL Endoplasmin Unknown Unknown Unknown

MUC18 Cell surface glycoprotein Cell adhesion Plasma membrane Unknown
MUC18

NDUST NADH-ubiquinone Oxidative phosphorylation Mitochondrial envelope Oxidative phosphorylation
oxidoreductase 75 kDa subunit,
mitochondrial

SAC1 Phosphatidylinositide Metabolic process Endoplasmic reticulum Unknown %
phosphatase SAC1

TRAP1 Heat shock protein 75 kDa, Protein folding Mitochondrion Unknown
mitochondrial

The blue marked table frames represented the upregulated proteins, while unmarked were the downregulated proteins. Red marked the protein had both upregulation

and downregulation.

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 Image]J 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-1a (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-1a protein. Images were captured by the LAS AF Lite
software (Leica).

Protein Preparation and iTRAQ Labeling

RIMVECs were treated with IL-1a (final concentration of 10
ng/mL) at 37°C incubated in a 5% CO, 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

TripleTOF™ 5600

The iTRAQ labeled samples were run though Durashell-C18
column (4.6 mm x 250 mm, 5 um 100 AA, 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 L and the
flow rate was 0.7 mL/min. The parameters of mass spectrometry
were: Ton 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 TripleTOF™ 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
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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-1o Prevented E. coli Infection in vivo

and in vitro

To investigate whether IL-1a 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-
o, IL-6, and IL-1P in the serums of infected rats, while LPS
suppressed IL-1a, IL-8, and ICAM-1 (Figure 1B). It suggested
that LPS might damage endothelial-neutrophil interaction due
to interrupt the inflammation. Since IL-la 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-1a acted as the important role on endothelial cells
to activate the innate immunity. Next, results also confirmed
IL-1a 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-1a could prevent the LPS
induced bacterial expansion in vivo. For more clearing illustrated
the function of IL-1a 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-1a treatment decreased
both the intracellular and extracellular E. coli, suggesting that
the bacterial killing activity of transendothelial neutrophils was
enhanced by IL-1a.

Endothelial-Derived IL-1¢ 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
RIMVECsS 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 inflaimmation 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-1a
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-1a in the co-culture
system to reveal the function of each other. We found that
the expression of endothelial-derive IL-1a was inhibited by LPS
(Figure 1D). Results also indicated that the release of LPS and IL-
la in co-culture transwell system was competitive (Figure 1E)
and the addition of LPS did weaken the expression of IL-1a
(Figure 1F). Altogether, IL-1a might be the key factor that impact
bacterial killing during endothelial-neutrophil interaction.

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

For deeply exploring the modulatory function of IL-1a, 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-la is a complex regulation in
protein levels. Combating with our previous results that IL-1a
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 NDUSI upregulated responded to oxidative
phosphorylation.

Next, we deduced that oxidative phosphorylation was
required for IL-lo-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-la. It was consisted with
our previous results that LPS targeted ICAM-1 and IL-la
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times (n = 3, down-up regulated difference > 1.5-fold change). (F) IL-1a 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-1a facilitated transendothelial neutrophil killing.
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to affect the bacterial killing of transendothelial neutrophils.
As we proposed that the accumulation of IL-la is the
importance factor that activates the transendothelial neutrophils,
we found that in long time treatment of IL-la, 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-la occurred on
mitochondrial envelope (Table 1). Take it together, it revealed
that additional IL-1a 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).
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Combining with these researches, our data further revealed a
new function that IL-1a 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-la, because accumulation of IL-la release from
endothelial cells is the signaling for transendothelial migration
of neutrophils (Burzynski et al., 2015). Our previous results
also showed that IL-la activated endothelial cells to promote
neutrophil killing by improving the lysozyme activation (Liu
et al., 2016). In this paper, we also found that IL-1o promoted
bacterial killing of transendothelial neutrophils (Figure 1F).
More interesting, LPS inhibited the release of IL-1a 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-1a. Unlike other researches
show that IL-1a has the ability to induce neutrophil-endothelial
cell adhesion (Macmillan et al., 2010), these findings performed
a novel link of IL-la on the bacterial killing activity within
transendothelial migration.

IL-1a 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-la treatment. It worth to
note that IL-la have a specific time dependent function on
protein regulations of endothelial cells. In the early state, IL-1a
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-1a on bactericidal activity of transendothelial neutrophils.

CONCLUSION

We demonstrated that endothelial-derived IL-1a was critical for
neutrophil killing during endothelial-neutrophil interaction. As
illustrated in Figure 3G, bacterial LPS inhibited the release of
IL-1o from endothelial cells and further prevented the bacterial
killing ability of transendothelial neutrophils. In turn, IL-l1a
was utilized as the signaling to trigger the transendothelial
neutrophils killing. iTRAQ-based quantitative mass spectrometry
proteomic analysis illustrated that IL-1a inhibited the hydrolase
in the extracellular region, focal adhesion of plasma membrane
and calcium signaling metabolism on endoplasmic reticulum.
IL-1a 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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Non-small cell lung cancer (NSCLC) is still challenging for treatment owing to immune
tolerance and evasion. MicroBNA-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.

Keywords: non-small cell lung cancer, microRNA-138, dendritic cells, PD-1, PD-L1

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.
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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), TGEF-B, 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
CD11b"8" Tak¥ 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
CD11cP"CD11b"8"al"  regulatory DCs to inhibit T cell
response via TGF-B, 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 Tool'and
miRBase’. 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 10° 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 pg/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 x 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 x 10% 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 x 10° 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 7/6 x length x width?. Animals were sacrificed by
cervical dislocation at day 30 or with subcutaneous tumor

Thttp://blast.ncbi.nlm.nih.gov/Blast.cgi
Zhttp://www.mirbase.org/
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volumes exceeding 3,000 mm?®. 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-CD11lc 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 w M) 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% CO,.

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, CD4TT 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-Ll-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’ 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 c¢DNA 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'; mTIGF-f 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 274 2% 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-L1"7), and wild-type PD-1
(PD-1"T), 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-L1™#), and PD-1 (PD-1"%), 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
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cells were co-transfected with PD-L1"T 3/-UTR or PD-
L1™# 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-1"! 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 pg 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 x 10* 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 pl, 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 pl 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 CD3e, CD4, CDS8, CD11b, CDS0,
CD86, CD54, I-a, CD1lc conjugated to the corresponding
fluorescent dyes were purchased from eBioscience (San Diego,
CA, United States). Single-cell suspensions (1 x 10° 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 CDIllc 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 CD8FT 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
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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).

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.

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-a"8"CD11b"" (mature DCs, DC,,)
in tumor-infiltrating DCs in the microRNA-138 treatment group
was higher than those of the other groups (Figure 3A). However,
the percentage of [-al"CD11bligh (regulatory DCs, DCp) in
tumor-infiltrating DCs from microRNA-138-5p treatment mice
was lower than those of other groups (Figure 3A). The ratio of
[-a*"CD11b"8"/1-a"8"CD11b*" (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 S2EG).

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 VEGE 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 VEGE, TGF-g,
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 VEGE, TGF-8, 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 VEGE TGEF-f,
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
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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).
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FIGURE 3 | MiR-138-5p treatment changed the statues of DCs in tumor. (A) The percentage of mature DCs (DCp), regulatory DCs (DCreg) and the ratios of
regulator DCs to mature DCs (DCreg/DCppy) 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).

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).

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

and PD-1in DCs

Further, the interactions of miR-138 and the PD-LI, PD-1, eNOS,
CDC20, CCND3, Ki67, and MCM?2 genes were analyzed by
miRBase’ and Targetscan®. Besides 3 binding sites were found

3http://www.mirbase.org
“http://www.targetscan.org/

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-I 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-LI 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.

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
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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 um
(**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-gPCR (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).

cells (Figure 5E). This was similar to the effect of miR-138 on 3LL Furthermore, a dual-luciferase reporter assay was performed
cells (Supplementary Figure S8A). Moreover, PD-L1 silencing to confirm that PD-1 was targeted by miR-138-5p in 293 T
resulted in reduced expression of Ki67 in A549 cells/3LL cellsand  cells (Figures 6A,B). After lent-miR-138-5p treatment, PD-1
decreased cell proliferation (Figures 5EG and Supplementary expression levels in human/mouse DCs were lower than those
Figures S8B,C). The killing capability of DC on shRNA PD-L1  of other groups (Figure 6C). After lent-miR-138-5p treatment,
treated-A549 cells/3LL was higher than those of the no-treatment =~ PD-1 expression levels in human/mouse T cells were also lower
and NC groups (Figure 5H and Supplementary Figure S8D). compared with the other groups (Figure 6D).
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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).

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 7E,G).

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,
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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 Iuciferase 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).

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
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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 gRT-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 CD3TCD8* 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).

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-, IL-10, PGE2, eNOS,
which induce tumor-infiltrating immune cells to be tolerance
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(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 VEGE, TGF-f, 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-LI 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 S1 | MiR-138-5p treatment decreases the proliferation of 3LL tumor cells.

FIGURE S2 | MiR-138-5p treatment decreases the amounts of tumor infiltrating
DCs and T cells from 3LL bearing mice.

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.
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MicroRNA-138-5p Suppresses Non-small Cell Lung Cancer Cells by Targeting PD-L1/PD-1 to
Regulate Tumor Microenvironment

by Song, N., Li, P., Song, P., Li, Y., Zhou, S., Su, Q., et al. (2020). Front. Cell Dev. Biol. 8:540.
doi: 10.3389/fcell.2020.00540

In the published article, there were errors in affiliations 2 and 3. Instead of “Institute of Basic
Medicine, Shandong First Medical University & Shandong Academy of Medical School, Jinan,
China,” affiliation 2 should be “Institute of Basic Medicine, Shandong First Medical University &
Shandong Academy of Medical Sciences, Jinan, China.” Instead of “Shandong Cancer Hospital
and Institute, Shandong First Medical University & Shandong Academy of Medical School, Jinan,
China,” affiliation 3 should be “Department of Oncology, Shandong Cancer Hospital and Institute,
Shandong First Medical University & Shandong Academy of Medical Sciences, Jinan, China.”

The authors apologize for these errors and state that this does not change the scientific
conclusions of the article in any way. The original article has been updated.

Copyright © 2020 Song, Li, Song, Li, Zhou, Su, Li, Yu, Li, Feng, Zhang and Lin. 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.
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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.

Keywords: microRNA, let-7, cytokines, leukocyte-brain infiltration, blood brain barrier

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),
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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)!. 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

'www.nc3rs.org.uk/arrive-guidelines
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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 x 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 pm, a source voltage
of 100 kV, and a current of 100 wA. 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 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).

was

Luciferase Assay

For miR target validation, HEK 293 cells were plated at a
concentration of 8 x 10* cells/well in a 12-well plate in DMEM
with 10% FBS medium. The following day, a total amount of
0.5 ng 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.,
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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 + ZC(é)z, 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), CXCLI (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 CXCLI1
(p < 0.005; Figures 1C,F), while miR-98 attenuated the increase
in IP-10 (p < 0.05) only (Figure 1A).

miR-98 Specifically Targets IP-10 mRNA,
While Let-7g* Targets IL-8-Mouse
Homolog KC/GRO (CXCLA1)

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.

To confirm this binding affinity, we performed the dual-
luciferase assay in 293 HEK cells following a standard
transfection protocol®. 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
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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.”
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experiments (n = 4). #p < 0.05 (SCRM); *p < 0.05 (let-7g*, miR-98). ##p < 0.01 (SCRM); ns is not significant.

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

Frontiers in Cell and Developmental Biology | www.frontiersin.org

July 2020 | Volume 8 | Article 632


https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles

Bernstein and Rom

Let-7 MicroRNAs Diminish Cytokine Expression

A position 41
IP-10 & GGACCAC AG U3
ACAG GCUGCCcUC oy
_ UUG UGUU UGAUGGAG mfe: -29.7 kcal/mol
miR-98 3’ UUA GAA u?d
position 445
IP-10 % CC GGGGCCCAAAUUCUUUCAGUGGCUACCUACAU 3
GUUCC GUCACCGG _ AUGU -2 ealimol
let-7g* 3’ C AC C5
B 1.254 IP-10 3’ UTR ns c 1259 IP-10 3’UTR
ns ns ns
) Te .T. 2 T~ ofe
S 1.004 [+] - AL S 1.00q [+ it
: i M7 2 Gie M
© ©
2 0.75- jf 2 0.75-
o o
£ * K3
8 0.50 S 0.50-
-] -l
0.25 T T T I E I T T 0.25 T T T T T T
miR-98 - + - + - + let-7g* - + - 4 - +
pMir IP-10  mut IP-10 pMir IP-10  mutIP-10
D position 203
cxert s GAUC(;SGUA GGCUUAA UAU_U_U_QAU ’
fe: -17.2 kcal/mol
_ U UUAU UUGAAU_  AUGGAGU mie calmo
miR-98 3' UG G G 5
position 359
FaeLl GGAGGC UGU GULE&UAUG '
UUCCG CA CGGACAUG mfe: -23.5 kcal/mol
let-7g* 3' CG u C uc %
E 1.2594 CXCL1 3’ UTR F 1.257 CXCL13'UTR
ns
ns — > ns ns
4 4 ) A
j‘; 1004 EE _§_ oo T = £ 1.004 [F -§- 'I.
"g - 11 |+ "g * 5
[ _ Q ]
g 0.75 g 0.75 | ] ¥,
2 ks -
S 0.50 S 0.50
| -l
0.25 T T T T T T 0.25 T T T T T T
miR-98 - + - + - + let-7g* - + - + - +
pMir CXCL1  mut CXCL1 scrm CXCL1  mut CXCL1
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FIGURE 3 | let-7g* attenuates vascular damage after tMCAO. Cerebral neurovasculature following sham control or stroke was imaged with MicroCT, as detailed in
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FIGURE 4 | Schematic of stroke induced let-7 miRNAs changes and immune response.

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).

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
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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 T] 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.

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
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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 Il (ATIl) cells by staining
AECs with EpCAM, surfactant protein-C (SP-C), and T1 alpha (T1a) antibodies. AECs
were stimulated with recombinant murine (rm) CIRP and assessed for TREM-1 by flow
cytometry. ATIl 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. ATIl 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 ATl cells as they expressed EpCAM and SP-C, but not T1a
(ATl cells marker). Treatment of ATIl 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 ALl and directs a
possible therapeutic approach targeting eCIRP-TREM-1 interaction to attenuate ALI.

Keywords: eCIRP, TREM-1, type Il pneumocyte, inflammation, cytokine, chemokine

Abbreviations: AECs, alveolar epithelial cells; ALI, acute lung injury; ATII, alveolar type II; CXCL2, chemokine (C-X-C
motif) ligand 2; eCIRP, extracellular cold-inducible RNA-binding protein; EpCAM, epithelial cell adhesion molecule; IL-6,
interleukin-6; NLRP3, NLR family pyrin domain containing 3; SP-C, surfactant protein-C; TLR4-MD2, Toll-like receptor
4-myeloid differentiation factor 2; TREM-1, triggering receptor expressed on myeloid cells-1.
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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 ALIL 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
CO; 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 um
strainers (Corning Biosciences, Corning, NY). The filtrate was
centrifuged for 15 min at 160 x g and treated with erythrocyte
lysis buffer to eliminate the erythrocytes. The cell pellet was
resuspended in 500 pl DMEM and incubated with biotinylated
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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 x 10° 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 pg/ml), hydrocortisone
(0.5 pg/ml), epinephrine (0.5 pg/ml), tri-iodo-1-thyronine (6.7
ng/ml), transferrin (10 pg/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 pg/ml) (Denning et al, 2020) or the TREM-1 decoy
peptide LP17 (LQVTDSGLYRCVIYHPP; GenScript USA Inc.)
(100 pg/ml) (Gibot et al, 2004). Both groups were pre-
treated for 30 min, and then stimulated with recombinant
mouse (rm) CIRP (1 pg/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 Ni?T-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 x 10°
AECs were plated in 6-well plates and then stimulated with
PBS or rmCIRP (1 pg/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 (Tla) (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 -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 Tla, 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

Frontiers in Cell and Developmental Biology | www.frontiersin.org

August 2020 | Volume 8 | Article 579157


https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles

Tan et al.

eCIRP and Type Il Pneumocytes

Day-1

(o] SP-C and DAPI

Day-7

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 T1a (red) Abs. Nuclei were stained with DAPI (blue). Imaging was performed by fluorescent microscopy. Scale bars
are 100 wm. Experiments were repeated at least two times, which generated reproducible findings.

freshly isolated ATII cells, these cells differentiated into
type I phenotype (ATI) as determined by their increased
expression of Tla, 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.

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
pg/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 pg/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 pg/ml of rmCIRP. According to our previous studies
(Denning et al., 2020; Murao et al., 2020), we chose 1 pg/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.

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;
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FIGURE 2 | rmCIRP induces the production of IL-6 and CXCL2 in ATII cells.
A total of 2 x 108 AECs isolated from C57BL/6 mice were stimulated with
PBS or rmCIRP (1, 5, 10 pg/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 x 108 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).
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two-tailed Student’s t-test (‘o < 0.05 vs. PBS-treated group).

FIGURE 3 | rmCIRP increases the expression of TREM-1 in ATl cells. (A-D) AECs (5 x 10° cells) were isolated from C57BL/6 mice and were stimulated with PBS
or rmCIRP (1 ng/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 x 10® AECs. Data are expressed as means = SE (0 = 8 samples/group). The groups were compared by a
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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.

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-17/~ 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-17/~ 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.

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

in ATl Cells

To explore the role of TREM-1 in the activation of ATII cells,
ATITI 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 4 | TREM-1 deficiency results in decreased expression of IL-6 and CXCL2 in ATl cells. A total of 2 x 108 AECs isolated from WT or TREM-1-/~ mice were
stimulated with PBS or rmCIRP (1 png/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 x 10% AECs. Data are
expressed as means =+ SE (n = 7 samples/group). The groups were compared by one-way ANOVA and SNK method (o < 0.05 vs. PBS-treated group, *p < 0.05

vs. WT group).
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FIGURE 5 | Pharmacologic inhibition of TREM-1 attenuates IL-6 and CXCL2 expression in ATIl cells. A total of 2 x 10% AECs isolated from C57BL/6 mice were
treated with PBS, M3 (10 wg/ml), and LP17 (100 pg/ml). After 30 min of the pre-treatment the cells were then stimulated with rmCIRP at a dose of 1 wg/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 x 106 AECs. Data are expressed as means + SE (n = 7 samples/group). The
groups were compared by one-way ANOVA and SNK method (*o < 0.05 vs. PBS-treated group, *p < 0.05 vs. rmCIRP-treated group).
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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 ALL

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.
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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 ALL

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 ALl and ARDS. The mRNA
expression of TREM-1 was elevated in the lung tissue of mice
with ALL 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 SI00A8, 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 aVB5, 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 inflasnmation, cancer, and
metabolic disease.

Keywords: integrin, ligand, irisin, inflammation, cancer, metabolic disease

INTRODUCTION (INTEGRIN BIOLOGY)

Integrins represent a large family of transmembrane cell-adhesion molecules that consist of non-
covalently associated o/p heterodimers (Luo et al., 2007). Eighteen types of o chain and eight types
of B 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
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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
etal., 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 a-I domain
for aLB2 or the B-I domain for aVP5) bind cognate ligands
[e.g., intercellular adhesion molecule 1 (ICAM-1) for aLB2 or
fibronectin for aVP5] 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, a I domain-containing aLf2 (A) and a I-domain-
lacking aVp (B).

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., aLB2) 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 oV chain
are known to correlate with cancer (Brooks et al., 1994; Weis
and Cheresh, 2011). Specifically, the binding of aV 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 aV 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 B2 integrins such as
aLp2 andaMP2 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 aLp2 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 P2 integrins, aDP2, 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).

Vascular cell adhesion molecule 1 (VCAM-1; CD106) is
expressed on activated endothelium and serves as a ligand
for integrins, a4pl (very late antigen-4; VLA-4) and a4f7.
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The activation of VCAM-1 is induced by factors such
as pro-inflammatory cytokines (e.g., tumor necrosis factor-
a; TNF-a), 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 a4 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.
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TCR, T-cell receptor; pPSMAC, peripheral supramolecular activation cluster; and cSMAC, central supramolecular activation cluster.

Integrin aDP2 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 a4P1 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 a4f1 on B cells is
necessary for their localization to lymphoid germinal centers and
their subsequent differentiation (Freedman et al., 1990). Integrin
a9B1 constitutively expressed in neutrophils binds to VCAM-
1. The direct binding of a9f1 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 o4f7 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 04fl 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 aEB7 expressed on mucosal T cells.
The binding of «EP7 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, a2f1 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 aVB3 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 B2 integrin, contributing
to anti-inflammatory effects (Kurosawa et al., 2000; Fink et al,,
2013). Therefore, EPCRs on endothelial cells may be an
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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 B2 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
a5B1 and aV-classes to participate in many biological functions
(Johansson et al., 1997; Schwarzbauer and Desimone, 2011).
aV-class integrins bound to FN mediate a581 binding to FN
at different sites and a5p1 clustering, via eliciting intracellular
signaling and mechano-sensing (Bharadwaj et al., 2017). Thus,
while both integrins (aV and a5p1) 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 aV
integrins (aVB1/aVP3) 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: alp1, a2p1, al0p1,
and 111 (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, a2f1 and alIIbp3 integrins on the
surfaces of platelets become activated. The a2f1 integrin binds
to the collagen fibers and strengthens the adhesion of platelets
to sites of damage (Morton et al.,, 1995). Additionally, aIIbB3

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-y (PPAR-
y) co-activator la (PGC-la) 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
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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; Loftler et al., 2015; Fukushima
etal., 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
aV (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 a6 to integrin al (Drewlo et al., 2020). Irisin
treatment in rats was shown to improve endometrial receptivity
by inducing integrin aVB3 (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 aV classes, including aVB5 and aVP1, exhibiting
the strongest binding affinity (Kim et al., 2018). Treatment with
cyclo RGDyK, a specific aVB5 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 oV 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 aVB5 and
aVB1 were found to be involved in irisin-mediated FAK signaling
in CD817 adipocyte progenitor cells (Oguri et al., 2020). In
this study, CD81 was found to form complexes with aVB5 and
aVPB1 and mediate irisin-induced FAK signaling (Oguri et al.,
2020). Complete knockout or antibody-based blockage of either
integrin B5 or Pl abolished the effect of irisin-induced FAK

phosphorylation in adipocyte progenitor cells, suggesting that
irisin plays a role as a ligand for aVB5 and aVB1 (Oguri et al,,
2020). Moreover, irisin was proven to bind to the integrin a V5
receptor on gut epithelial cells both in vitro and in vivo (Bi et al.,
2020a). Immunofluorescence analysis showed the co-localization
of irisin and aVB5, 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 oVP5 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 aVB5-AMPK-UCP2 pathway (Bi et al., 2020a).
The same group demonstrated that irisin binding of aVp5
exerted ameliorating effects on endothelial and microvascular
damage, which was dependent on integrin-triggered signaling to
AMPK-Cdc/Racl (Bi et al., 2020b). Furthermore, irisin binding
to aVP5 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 aVp5
(and/or aVP1) 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., aLP2/ICAM-1; a4Pl/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
aLp2 or aMpP2 depending on the leukocyte subtype (Sumagin
et al., 2010). Subsequently, integrins aLB2, aMpP2, and a3pl
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.,
aLlp2) and ligand (e.g., ICAM-1) during leukocyte homing to
normal or inflamed tissues.
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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 aLB2 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 aLB32-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 aVB3 and aVB5 on myeloid
cells (macrophages and dendritic cells, respectively) boosts the
clearance of apoptotic cells, whereas a V8 induces the expansion
of regulatory T (Treg) cells in a transforming growth factor
B1 (TGF-B1)-dependent manner (Albert et al., 1998; Hanayama
et al., 2002; Paidassi et al., 2011). This occurs in tandem with the
loss of aV, 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 CD11ctCD103% DCs, which prime the expansion of Treg
cells and mitigate lung inflammation (Zhang et al., 2020). Loss
of integrin aV by these DCs results in impaired phagocytosis of
apoptotic cells, suppression of TGF-B1 production and Treg-cell
expansion, and consequently exacerbation of lung inflammation.
Although oV 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 aV integrin may
modulate localized inflammatory responses. In fact, it has been
demonstrated that fibroblast-specific deletion of aV 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 a'V on their fibroblasts. This
suggests that blockade of aV 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-B1 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 Pl has also been shown to modulate lung
inflammation, since deletion of p1 from type 2 alveolar epithelial
cells (AECs) causes emphysema and a surge of macrophages
in the lungs of adult mice. Furthermore, in younger mice,
B1-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, $1-deficient
type 2 AECs showed an increased release of NF-kB-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 a4p7 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 p7 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 B7
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 aVB3 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 aVB3, as well as CD47
and multiple ligands of aVB3 including cartilage oligomeric
matrix protein, fibronectin, and vitronectin. Genetic deletion
or pharmacological blockade of aVB3 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 B3 was shown to mitigate lung, kidney, and liver
damage and enhance survival (Chen et al., 2016, 2020). In vitro
treatment of B3-null, B3 neutralizing antibody or inhibitor pre-
exposed peritoneal macrophages with LPS significantly reduced
the secretion of TNF-a and IL-6, suggesting that integrin 83 may
regulate the production of cytokines by these innate immune
cells. Mechanistically, B3 was shown to upregulate CD14, a key
factor that enhances toll-like receptor 4 (TLR4)-LPS interactions
during the inflammatory response to sepsis. Thus, f3 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
B3 (Zhi et al, 2018). It has been shown that integrin aMp2
is essential for the adherence of neutrophils to endothelial
cells as well as for transmigration (Hahm et al, 2013). In
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models of sterile vascular and hepatic inflammations, neutrophil
myeloperoxidase was shown to downregulate the expression
of integrin aMP2 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 a3Bl, a4Pl, a5p1, a6P4,
aVP3, aVP5, aVP6, and aVP8 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 a-smooth muscle protein (a-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-f,
which is a cytokine capable of exerting immunosuppressive, anti-
inflammatory, and pro-fibrotic activities. TGF- is produced and
secreted to the extracellular space as an inactivate precursor
in which mature TGF-f is caged in latency-associated protein
(LAP), thereby confining its bioactivities (Travis and Sheppard,
2014). LAP contains an integrin-binding RGD motif, which
allows oV integrins to bind and impose a mechanical force to
open the LAP cage (Travis and Sheppard, 2014). Upon binding
to the receptor, mature TGF-f induces the downregulation of
epithelial proteins, such as E-cadherin, and the upregulation of
mesenchymal proteins such as N-cadherin. In addition, integrin
a3pB1 expression is required for TGF-f-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- leads to a down-regulation
of B4 integrin, which is a typical epithelial integrin essential for
epithelial integrity and stability, thus facilitating migration (Yang
etal., 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 p1-
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
a6p4-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 a5p1-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-«B signaling cascades (Ganguly et al.,
2013). Interaction of integrin a5B1 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 a5p1
but also integrin aVB3 has been linked to MMP activity. For
instance, integrin aVB3 expression is a major determinant of
breast cancer cell bone metastasis (Takayama et al., 2005; Ganguly
et al,, 2013). Moreover, integrin aVP3 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 mm?® in diameter and then stop;
however, when placed in an area where angiogenesis has arisen
they can grow > 2 mm?® (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: aVB3, aVB5, and
a5p1. VEGF-mediated angiogenesis occurs via aVPB5, while
FGF-mediated angiogenesis occurs via aVB3 and a581 (Foubert
and Varner, 2012; Bianconi et al., 2016). In preclinical studies,
the inhibition of angiogenesis with aVB3 antagonists suppressed
tumor progression, raising high expectations that an aVP3
blockade may represent a valuable anti-cancer strategy (Liu et al.,
2008). However, while integrin aVB3-deficient mice show normal
developmental angiogenesis, there is an increase in pathological
angiogenesis. One hypothesis to explain this disparity is that
animals lacking integrin oV develop compensatory pathways
for VEGF signaling to permit the onset of angiogenesis during
embryogenesis (Foubert and Varner, 2012). In clinical settings,
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administration of aVP3 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 aVB5 were shown
to disseminate to liver tissue containing a fibronectin-enriched
ECM, whereas those expressing high levels of a6p4 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-1a-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-1a. 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-a (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 FNDCS5 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).

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-B 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).
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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-PGC1a-FNDCS5 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 aV5 acting on osteocytes to
induce sclerostin expression and bone resorption. Moreover, irisin binding to V5 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; PGC1a, peroxisome proliferator-activated receptor coactivator 1a; FNDCS, fibronectin type Il domain-containing protein 5; FN,
fibronectin; ERK, extracellular signal-regulated kinase; and UCP1, uncoupling protein 1.

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-a 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).
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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 U20S 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 Alc,
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

Frontiers in Cell and Developmental Biology | www.frontiersin.org

October 2020 | Volume 8 | Article 588066


https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles

Park et al.

Biological Impact of Integrin-Ligand Interactions

of obesity phenotypes in mice genetically disrupted for ICAM-1
or aMp2 (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.

Keywords: palmitoylation, protein function, leukocyte function/activation, signal transduction, DHHC palmitoyl
transferases, leukocyte behaviors

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.
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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 CDS8; Src family kinases Lck and Fyn;
transmembrane adaptor proteins linker of activated T cells (LAT)
and PAG; signaling effectors Ga, Ras, and phospholipase C;
and Ca’" 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.

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 a-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 CDS), 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
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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; (€) palmitoylation stabilizes
proteins by preventing misfolding and ubiquitination-mediated degradation; (d) paimitoylation 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): (€) 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).

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
etal., 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,
Ga subunit dissociates from GBy 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 ¢ (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 Ca?* into cytoplasm. DAG and increased Ca®*
are both capable of activating PKC; (3) Phosphatidylinositol 3
kinase (PI3K) cascade, which hydrolyzes PI1(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, Ga, PLC and IP3R, require palmitoylation for their
proper localization and function. Gaq is palmitoylated at Cys9
and 10, while Gas is palmitoylated at Cys3 (Wedegaertner
et al, 1993). Gaq and Gas with mutation at these cysteine
sites exist in their soluble form in cytoplasm rather than their
primary location in lipid rafts. Palmitoylation-defective Gaq
and Gas 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 Go increases upon Go activation
and dissociation from GPy; de-palmitoylation mediates the
internalization of Ga to cytoplasm, where it is repalmitoylated
(Ross, 1995). This activation-dependent de-palmitoylation of
Ga 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,
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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 o/p 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
etal.,, 2019). The majority of DHHC:s are localized in endoplasmic
reticulum (ER; DHHCI, 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 DHHC: to cysteine residues of a protein substrate (Tabaczar
etal., 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
DHHCI13/17, Src-homology 3 domain in DHHCS) 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-kB 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
[*H] palmitate from palmitoylated Ga 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
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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).
ABHDI17s 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 [*H] 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: [*H]
palmitate labeling, immunoprecipitation proteins, SDS-PAGE,
and photofluorographic exposure (Resh, 2006b). When coupling
it with a pulse-chase approach, [*H] 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, B particles emitted by [*H] 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 ['>°T]iodohexadecanoic acid (°I-
IC16) was adapted to this method. [12°1] 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 [*H] 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 Cu!*-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 w-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
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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).

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 2-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 Racl 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
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at Cysl89 and a polybasic domain in C-terminal region.
Palmitoylation-defective Racl (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 Racl display defective spreading and migrate with less
directionality, suggesting the essential roles of palmitoylation in
regulating Racl 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 DHHCS8
(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), Fcy-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-«B.
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-kB activation, whereas the APT inhibitor
palmostatin B enhances the activation of NF-kB (Kim et al,
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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.

Fcy receptors

Neutrophils constitutively express FcyRII (CD32) and FcyRIII
(CD16) while transiently expressing FcyRI (CD64) upon
activation. Neutrophil Fcy 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, Fcy receptors serve as a
crucial link between innate immune effector cells and adaptive
immune responses. The function of FcyR and its ability to
bind to IgG complex requires FcyR partitioning into lipid rafts
(Bournazos et al., 2009). It has been shown that the lipid raft
targeting of FcyRII is regulated by palmitoylation at Cys208
in its juxtamembrane region; mutation of Cys208 results in
diminished translocation of FcyRII to lipid rafts and impaired
FcyRII 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
etal., 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 TNFa 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-kB 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 domainl/2 are cytosolic pattern
recognition receptors that recognize bacterial peptidoglycans
and promote subsequent immune responses such as NF-
kB 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 NODI1 and Cys395
and 1033 of NOD2 (Lu et al, 2019). Administration
of 2-BP greatly inhibits the recruitment of NODI1/2 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-«kB
activation in bacterial peptidoglycans-stimulated macrophages
(Luetal., 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-a/p 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 IFNARI and
the phosphorylation of STATI1. Further study reveals that
IFNARI is palmitoylated at Cys463, and mutation of Cys463
blocks the phosphorylation of STAT1 and 2 and their nuclear
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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-1f (MIP-1p). 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 DHHCS 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.

FcyR signaling

Fcy 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 FcyR 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 FcyR 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 FcyR-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 FcyR-mediated phagocytosis
(Norton et al., 2017).

TNFa-TNFR1 Signaling

TNFa is a multifunctional pro-inflammatory cytokine primarily
secreted by macrophages. Newly synthesized TNFa is a
transmembrane protein (tmTNFa). Upon stimulation, the
ectodomain of tmTNFa is cleaved by TNFa-converting enzyme
ADAM17, producing biologically active soluble TNFa (sTNFa).
The membrane-bound TNFo fragment is further cleaved
by signal peptide peptidase-like 2b (SPPL2b) to generate
the intracellular domain of TNFa (ICD-TNFa), which then
activates IL-1p promoter. Palmitoylation of TNFa has been
reported; the [*H] labeled palmitate is detected in tmTNFa
but not in sTNFa (Utsumi et al, 2001). Mutation of the
palmitoylation site of tmTNFa does not affect ADAMI17-
dependent cleavage of its ectodomain. However, palmitoylation
of tmTNFa regulates the sensitivity of TNFoa receptor 1
(TNFR1). Palmitoylation facilitates tmTNFa partitioning to
the lipid rafts, where it suppresses the activity of TNFRI1
by competing with sTNFa. Whereas, palmitoylation-defective
tmTNFo shows reduced ability to block the binding of
sTNFa to TNFRI and the transcription of TNFa target genes
(Poggi et al., 2013). Palmitoylation is also required for the
enzymatic cleavage of the membrane-bound TNFa fragment
by SPPL2b. Mutagenesis of the palmitoylation site of TNFa
results in a rapid degradation of the membrane-bound TNFa
fragment prior to SPPL2b-mediated cleavage, thus reducing ICD-
TNFa production and downstream IL-1 promoter activation
(Poggi et al., 2013).

The majority of TNFa biological function is mediated by
TNFR1, which belongs to a subgroup of death receptors.
Upon binding to TNFa, TNFRI induces two distinctive
downstream signaling pathways depending on its subcellular
localization. TNFR1 in plasma membrane signals for NF-
kB activation, while internalized TNFRI 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 TNFRI expression in plasma
membrane, reducing both NF-kB and apoptosis signaling.
Furthermore, activated TNFR1 undergoes APT2-mediated
de-palmitoylation, which promotes TNFR1 translocation to
designated signaling platforms to activate NF-kB. APT?2 inhibitor
blocks TNFR1 de-palmitoylation and its downstream NF-kB
activation but enhances TNFR1-mediated apoptosis signaling
(Zingler et al., 2019).
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Dendritic Cells

Dendritic cells (DCs), functioning as the most potent APCs,
are specialized to recognize, phagocytize, process, and present
antigens to both memory and naive 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-kB and production of IL-6 and TNFa, 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
etal., 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/CDS8 activates tyrosine kinase Lck and Fyn to phosphorylate
the TCR/CD3 ¢-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-kB, 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 PKC6 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 CD8a and CD8p. Species-specific palmitoylation
of CD8 has been reported. In mice, only CD8f, but not
CD8a, undergoes palmitoylation on Cys179 in its cytoplasmic
domain (Arcaro et al., 2001). In contrast, human CD8p contains
two palmitoylated cysteine residues, and human CD8a 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 CD8p (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)
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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
etal., 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 ¢-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
PLCyl1, 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 PLCy and Grb2 to propagate signals
(Harder and Kuhn, 2000). T cells expressing palmitoylation-
defective LAT display impaired Ca?* 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 PLCy 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 PLCy
hydrolyzes PI(4,5)P2 to produce DAG and IP3; IP3, in turn,
triggers Ca ™ 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 Ca?™ 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 Ca™ release is shared by many immune cells. In
Selk knockout mice, receptor-mediated Ca?™ 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
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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-y1
phosphorylation, and proapoptotic Ca?* 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
Ca’™ 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 AMDAL17) 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-LI 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 CDI19/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 CDS8I,
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 PLCy2 phosphorylation and Ca?™
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 Ca?* 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. [*H] palmitate labeling
reveals that HGAL is palmitoylated at the Cys43-F-Cys45 motif
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(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 Ca?* 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 Il 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
FceRII (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, Ga, 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-1f
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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 ¢
(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 DHHC?7, 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.
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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.

Keywords: intravital microscopy, neutrophil subsets/heterogeneity, neutrophil mobilization, neutrophil migration,
tissue resident neutrophils

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;
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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 mADb 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 pm 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 pm, 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 Ly6G/*"/CXCR2™/c-
Kit"/CXCR4T. Among the non-proliferative neutrophils,
Fucci~, were immature Neu (Ly6GP"/*/CXCR27/CD1017)
and mature Neu (Ly6GT/CXCR2T/CD101%), the Ilatter
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
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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). CXCLI12 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
etal., 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 ~10!! neutrophils in human
and ~10” 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 wm/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 pm/min and consequently

causing the egress of neutrophils from the BM into the blood
stream.

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
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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).

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
Gb5a 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 CDI11b expression on neutrophils and the f,
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 naive 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
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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 P, 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 CXCLI1,
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 B;-, B2-, and P3-integrin-
independent mechanism. It was found that only neutrophils
that phenotypically are ICAM-1"8" CXCR1®" were able to
reverse transmigrate. Tissue resident neutrophils are [CAM-1/%
CXCR1%" while naive circulating neutrophils are ICAM-1/°%
CXCR1"" 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
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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, CDI11b, 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 pm/s
and rarely adhere to the endothelium of the skin (Zinselmeyer
etal,, 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
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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 wm/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 pm/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 pm
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 wm, 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 pm 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 x 10!! capillaries covering an estimated 103
alveoli (Hogg and Doerschuk, 1995), with diameters spanning
from 2 to 15 pm they guaranty O,-CO; 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 m?2.
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 pm 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 pwm capillaries with a track speed of
~1.5 pm/s, while in the medium size vessels at ~100 pm/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 pm (Yipp
et al., 2017), but this increased significantly after intratracheal
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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 pm.
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administration of LPS or E. coli particles reaching a mean
velocity of ~9.68 pm/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,
AMD?3100, 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.

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, IPE 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 B, 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). DEPEPI, 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
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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 pm/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, Ly6G"$" are
mature neutrophils that scan the tissue at varied speeds from
0-2 wm/min and up to more than 10 pm/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. Ly6G™e™ediat are immature and static
neutrophils capable of undergoing emergency proliferation
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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 (Npy), 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 Npg 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 Npy; and Npy; (Puga et al, 2011). It
is still unknown whether these two populations identified
in humans are comparable to Ly6G"$" and LyeGtermediate
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,
AMD?3100 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)"8" 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 CD11b"8", CD62L"", and CXCR2".
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-1B-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.
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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 wm/min to form clusters even
from a distance of more than 70 pm 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 pm/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* CD62L"". 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 CD11b"8"/CD49d"¢", Moreover, 40% of
Ly6G* CD62LP" 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 CD62L!"
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
CD62L" and CD11b"8" 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 CXCR22Y
express constitutively high level of CD62L, while in
CXCR42N  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-a;-independent manner,
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while in the spleen half of senescent neutrophils are cleared
in a G-a;-independent manner and half in a G-o;-dependent
manner; however, the receptor involved is still not known (Furze
and Rankin, 2008b). IVM imaging of the spleen treated with
AMD?3100 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,
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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
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and the choreography of their recruitment, tissue retention, and
maturation thanks to IVM.
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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 p22P"°%), cytoplasmic subunits (p67PhX, p47Phox  and
p40P"%%) 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-985NCF1AGT cells that lack p47P"°% and do not assemble a
functional NADPH oxidase, the number of clusters remained stable during phagocytosis.
Our data suggest a role for p47Ph%* 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 bss3 (NOX2) and p22Phox i
membranes, and the cytosolic subunits (p47Ph°%, p67P°%, and p40Ph°*) and the small GTPase

Abbreviations: dSTORM, direct stochastic optical resolution microscopy; DBSCAN, density based spatial clustering of
applications with noise; EEA1, early endosome antigenl; IgG, Immunoglobulin G; PC, Pearson coefficient; ROS, reactive
oxygen species; TIREM, total internal reflection fluorescence microscopy.
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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 p22Ph°% 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 Rabl1-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; Rincén et al,
2018). First, using live imaging and the X°-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 NCF1AGT cells that lack a functional oxidase due to the
absence of p47PP°% (Wrona et al., 2017). These data suggest that
the presence of p47PP°* 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 X°-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 NCF1AGT cells lack a functional oxidase
due to deletion of a dinucleotide in the NCFI gene, encoding
p47Pho%, 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-y
(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 Francais
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 (72849, Invitrogen™) and Texas-Red-zymosan
(22843, Invitrogen™) 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 x 10° cells (5 particles per cell). For short-term live-imaging,
a Z-stack with an increment of 0.5 pm 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 ¢ during 3 min. The end of the
centrifugation was defined as Time Zero for the phagocytosis.
A Z-stack with an increment of 1 um 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 (1-5pg, 71-5300,
Thermofisher) and a mouse anti-NOX2 antibody (1:1000,
Abcam, ab80897), followed by Alexa-488 goat anti-mouse
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antibody (1:1000, A11029, Life Technologies) or Dylight 405
goat anti-rabbit (1:200, 35550, Thermofisher).

The same protocol was used for dASTORM experiments, the
only difference concerned the secondary antibody. After the
mouse anti-NOX2 antibody, a mix with Alexa-647 F(ab’), 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-Al, 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 pg/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 ] 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 Image] plugin (Bolte and
Cordelieres, 2006). A negative control was made by recalculating
the Pearson coeflicient using the NOX2 image rotated by 180°
(Dunn et al., 2011).

Direct stochastic optical resolution microscopy analysis was
performed using thunderSTORM software (Ovesny 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’), 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’),
goat anti-mouse IgG can carry up to 7 Alexa-647 molecules,
and we assumed that 2 Alexa 647 F(ab’), 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
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accumulate in the phagosomal cup, or to fusion of NOX2-
containing organelles with the phagosomes. X°-CGD PLB-985
GFP-NOX2 were used to follow GFP-NOX2 accumulation in the
phagosomal membrane. X-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 (40.18), 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.

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

2.0

Fluorescence ratio

o 14
2 3

E * % *
[

(%)

& 1.2

g 1 ns %

(7]

g 3 @

]

el

w 1.0

T T T T T T T
0 30 60 90 120150180
Time (seconds)

FIGURE 1 | Accumulation of NOX2 in the phagosomal membrane. (A) X°-CGD PLB-985 GFP-NOX2 cells were incubated with opsonized zymosan and the

phagocytosis was observed by spinning disk confocal video-microscopy. Left: rej

represents the closure of the phagosome. The images shown are single planes from a Z-stack. Scale bar = 5 pm. 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, *
time 0). (B) X°-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

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).
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presentative images of zymosan (*) phagocytosis at the indicated times. Time O
*p < 0.01 (ratio paired t-test comparing value at the indicated time with that at

Z-stack. Scale bar = 5 pm. Right: kinetics of NOX2 accumulation at the
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and neutrophils. We observed NOX2 and early endosome
antigenl (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 EEAl-positive endosomes contained
NOX2 (n = 67 cells). Similar results were obtained for the
neutrophils (Supplementary Figure 1A) and the X°-CGD PLB-
985 GFP-NOX2 cells (data not shown). We then examined
the localization of NOX2 in Rabl1-positive endosomes. Rab11
and its effectors define the endosomal recycling compartment.
Rabll 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 Rabll-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 X°-CGD PLB-985 GFP-NOX2 cells (data
not shown). Thus, part of NOX2 is localized in a fraction of early
and recycling endosomes.

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 Rabl1-
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 EEAIl or Rabll 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 X°-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
Rabl1-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.

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 NCF1AGT cells, which lack a functional
oxidase since they are deficient for p47PP% (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,
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FIGURE 2 | NOX2 is present in some EEA1-positive endosomes that localize close to the phagosome during phagocytosis. (A) EEAT (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 wm. 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 wm). Some EEA1 endosomes were observed
close to or at the phagosomes. Scale bar = 3 um. 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 um. 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 wm). Some Rab11 structures were observed close to or at
the phagosomes. Scale bar = 3 wm. Three independent experiments. (Bii)
Normalized fluorescence of Rab11 and NOX2 along the white arrow showing
some overlapping peaks at the phagosome.

after 10 min of phagocytosis, between PLB-985 NCF1AGT
cells and PLB-985 WT cells (Figure 4E). Thus, taken together,
our data indicate that the presence of p47P"°* 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 X°-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 Rabl1-positive organelles in PLB-
985 cells and also in neutrophils. It is of interest to note that
no co-localization with the lysosome marker LAMPI 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-p22PP°% 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).
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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

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

inside the endosomes. Such an endosomal ROS production this ROS production.
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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 NCF1AGT 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 NCF1AGT 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 NCF1AGT 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. *po < 0.05; ns: non-significant (Mann Whitney tests).
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Neither the number of clusters nor the degree of cell spreading
were modified between 1 and 10 min of phagocytosis in the PLB-
985 NCF1AGT cells lacking p47P"°%, Thus, p47Ph°* 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 Rabll-
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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Through the Brain Blood Vessel After
Crosstalk With Microglia During
LPS-Induced Neuroinflammation

Yu Rim Kim™2t, Young Min Kim?3t, Jaeho Lee’?, Joohyun Park'2, Jong Eun Lee'’? and
Young-Min Hyun2*

" Department of Anatomy, Yonsei University College of Medicine, Seoul, South Korea, 2 BK21 PLUS Project for Medical
Science, Yonsei University College of Medicine, Seoul, South Korea, ° Department of Medicine, Yonsei University College
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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, LysMG™/+ 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 (fTEM) 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.

Keywords: neuroinflammation, neutrophil, microglia, reverse transendothelial migration, two-photon intravital
imaging

Abbreviations: BBB, Blood-brain barrier; CNS, Central nervous system; GFP, Green fluorescent protein; LPS,
Lipopolysaccharide; rTEM, reverse Transendothelial migration; SPE, Specific pathogen-free; TEM, Transendothelial
migration; WGA, Wheat-germ agglutinin.
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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

LysMSFP/+ (Faust et al., 2000) and CX3CR19FP/+ (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 (LysMS™/* and CX;CR16FP/+
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/Ll), primers and
2xTaq PCR master mix2 10 pl (BioFACT, South Korea) were
mixed in a PCR tube, in which distilled water was added up to
20 l 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.].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 20x/1.0 water
immersion lens from Carl-Zeiss, Germany (LSM7MP) and from
IVIM Technology, South Korea (IVM-M) were used for imaging
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data generation. LysMSF?/* mice were intravenously injected
with 70-kDa Texas red dextran (2.5 mg/kg, Sigma-Aldrich,
Germany) for visualizing blood vessels. CX3 CR19T?/+ 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 x 512 pixels using steps of size 1 um to a depth of 40-50 pm
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 ] (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-CSE, sICAM-1,
IFN-y, IL-1a, IL-1f, 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-a, 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 ¢-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.

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 pm 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
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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) x 100.
Data indicate mean = SEM using Student’s t-test (****p < 0.0001, n = 7 mice per group). (B) LysMCE™/+ 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 um (see Supplementary Video 1). (C) Measurement of infiltrated neutrophils in the control and LPS groups. Data indicate mean + SEM
using Student’s t-test (o < 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 LysMS/+ mice. Scale bar, 50 um (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 wm. n = 30 cells per group, PBS or LPS-treated mice for three independent experiments.
Migration was quantitatively assessed with tracking analyses: (F) displacement (um), (G) meandering index (displacement/length), (H) velocity (xm/min), and (1)
length (wm) 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).

neuroinflammation. Therefore, it was important that the effects  suggested that neutrophils may interact with microglia; as our
of LPS injection and the ensuing inflammatory aftermaths on  aforementioned results indicate various changes in neutrophils
microglia were investigated. Specifically, it had previously been  during neuroinflammation, it is crucial to unravel any microglial
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FIGURE 2 | Numerical reduction and morphological shortening of microglia in
LPS-treated mice. CXgCR1GFP/+ 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 um. (B) Measurement of microglia numbers. Data
indicate mean + SEM using Student’s t-test (o < 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 um (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).

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 pwm?)
(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).

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.

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,
r'TEM 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.

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.
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00:10:00

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 wm (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 um. (C) A series of
representative time-lapse images showing elongation of microglial processes toward site neutrophil-microglial contact (white square). Scale bar, 40 um (see
Supplementary Video 6). (D) Direction of microglial process elongation from 0 to 50 min (yellow-dotted arrow).

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-y (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-p 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
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FIGURE 4 | Reverse-transendothelial migration of neutrophils in inflamed brain parenchyma. LysMS&/+ 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 ling). Scale bar, 50 pm (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 um. (C) Brain chemokine array results demonstrating altered expression levels of chemokines following LPS injection. Data indicate mean + SEM
using Student’s t-test (o < 0.005, ***p < 0.001). Three independent experiments were performed.
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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 By (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
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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-1a), 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., 20065
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 r'TEM, 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 GIcNAC 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
r'TEM 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 r'TEM, 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
r'TEM 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
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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.

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
r'TEM 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 3xTg-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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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 ACKRSs 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 f2-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
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(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 IEN-y (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-y 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-a alone or in combination with IFN-y 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-y, and TNF-a) (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
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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 CMKLRI1 (Zabel et al, 2008). By
this mean, CCRL2 may promote the recruitment of CMKLRI-
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).

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; Martinez-Mufioz et al., 2018). FRET analysis
revealed that CCRL2/CXCR?2 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 B2-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 CXCR?2 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 Cecrl2-
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.
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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.

Similar results were obtained in experiments performed under
flow conditions showing defective capacity of Ccrl2-deficient
neutrophils to undergo rapid B2 integrin-mediated arrest in
response to CXCL8. Taken together, these results support a role
for CCRL2 in the regulation of CXCR2-mediated inside-out p2-
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
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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 (KrasG!2P/ +/p53L”"P ) lung tumor. Similarly, Cecrl2-
deficient mice were more permissive for tumor growth following
orthotopic injection of a tumor cell line obtained from
Kras®12P/+/p53L0*P 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 CD317" 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 CMKLRIT NK cells.
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' State Key Laboratory of Cell Biology, Shanghai Institute of Biochemistry and Cell Biology, Center for Excellence in Molecular
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The homing of lymphocytes from blood to gut-associated lymphoid tissue is regulated
by interaction between integrin a4f7 with mucosal vascular addressin cell adhesion
molecule 1 (MAJCAM-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 a4p7-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 a4f7 expressing
293T cells to immobilized MAJCAM-1 in vitro. The results showed that HS on the
surface significantly promoted integrin a4p7-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 MAACAM-1. Moreover,
breaking the negative charges of the extracellular microenvironment of CHO-K1 cells
expressing MAJCAM-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 MAJCAM-1, which facilitates integrin a4p7-mediated cell adhesion. Our findings
elucidated the important role of the mucin-like domain in regulating integrin a4p7-
mediated cell adhesion, which could be applied to modulate lymphocyte homing to
lymphoid tissues or inflammatory sites.
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Mucin Supports a4p7-Mediated Cell Adhesion

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 o and f
subunits. In vertebrates, 18 a subunits and 8 § 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, a4 integrins (a4p1l and a4f7) and P2 integrins (e.g.,
aLP2 and aMP2) on lymphocytes bind to their distinct ligands on
vascular endothelial cells to mediate cell adhesion and migration.
Among these integrins, a4 integrins, especially integrin a4p7
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 47,
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 a4p7-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 «4p7 and MAJCAM-
1 need to be further illustrated. MAdACAM-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 MAACAM-1 binds directly to integrin a4p7
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 a4p7 binding (Tan et al., 1998), the function
and molecular basis of mucin-like domain on the regulation
of integrin a4f7-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 a4p7-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 a4p7 expressing 293 T
cells to immobilized MAdCAM-1 in vitro. The results showed
that HS on the surface promoted integrin a4p7-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-KI 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
a4p7-mediated cell adhesion. Our findings elucidated the
important role of the mucin-like domain in regulating integrin
a4p7-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 «4f7-Mediated Cell
Adhesion to Immobilized MAdCAM-1

To study whether negative charges of the extracellular
microenvironment affect integrin a4p7-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-GIn317) 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 Ca** + Mg?*). 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
a4P7 (293T-a4p7) on MAACAM-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/cm?, 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 a4f7 blocking antibody Act-1
did not adhere to MAACAM-1 (Figure 1B), indicating that the
adhesion is specifically integrin a4p7 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
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FIGURE 1 | HS on the surface promotes integrin a4pf7-mediated cell adhesion to immobilized MAJCAM-1. (A) Schematic diagram of the structure of MAJCAM-1,
the extracellular domain of MAJCAM-1 includes Ig-like-1, Ig-like-2 and mucin-like (serine/threonine-rich) three domains. (B-E) Adhesive behaviors of 293T-a487 cells
on immobilized HS (100 wg/mli) or MAACAM-1 (25 pg/ml) substrates in 1 mM Ca2*/Mg?+. The number of rolling and firmly adherent 293T-a4p7 cells was measured
at a wall shear stress of 1 dyn/cm?. Cells were pre-treated with murine IgG (10 g/ml) or a4p7 blocking antibody Act-1 (10 pg/ml) for 10 min at 37°C (B).
Percentage of cells firmly bound to ligand at a wall shear stress of 1 dyn/cm? (C). Average rolling velocity of 293T-a487 cells that adhered to MAACAM-1 substrates
at indicated wall shear stresses (D). Resistance of 293T-a487 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/cm? (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).

stress of 2 dyn/cm? and 4 dyn/cm? (Figure 1D). Furthermore,
we tested the effect of HS on the strength of a4f7-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 a4f7-mediated cell adhesion to immobilized
MAdCAM-1, which might be due to the negative charges of
sulfate groups in HS chains.

Mucin-Like Domain of MAdACAM-1 Is
Responsible for HS-Enhanced Integrin
a4p7-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 MAdACAM-1 (MAdCAM-1-Amucin). Fc/His tagged
extracellular domain of MAdCAM-1-Amucin (including only
Ig-like-1 and Ig-like-2, Metl-His225) (Figure 2A) was also
purified in 293T cells. Then we examined the adhesive behavior
of 293T-a4p7 cells to immobilized MAdCAM-1-Amucin 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/cm? (Figures 2B,C). Similarly, the average rolling
velocities of cells adhered to MAdCAM-1-Amucin with HS
or not showed to be comparable at all indicated wall shear
stresses (Figure 2D) and the cell resistance to detachment from
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FIGURE 2 | HS-enhanced integrin a4p7-mediated cell adhesion is dependent on mucin-like domain of MAdCAM-1. (A) Schematic diagram of the structure of the
extracellular domain of MAACAM-1 with a deletion of mucin-like domain. (B-E) Adhesive behaviors of 293T-a487 cells on immobilized HS (100 pg/ml) or
MAdCAM-1-Amucin (100 pg/ml) substrates in 1 mM Ca2*/Mg2+. The number of rolling and firmly adherent 293T-a4B7 cells was measured at a wall shear stress of
1 dyn/cmZ. Cells were pre-treated with murine IgG (10 pg/ml) or a4p7 blocking antibody Act-1 (10 jg/ml) for 10 min at 37°C (B). Percentage of cells firmly bound to
ligand at a wall shear stress of 1 dyn/cm? (C). Average rolling velocity of 293T-a4p7 cells that adhered to MAdCAM-1-Amucin substrates at indicated wall shear
stresses (D). Resistance of 293T-a4p7 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).

MAdCAM-1-Amucin was also not changed by the addition of
HS on the surface (Figure 2E). Taken together, HS-enhanced
integrin a4p7-mediated cell adhesion is dependent on mucin-like
domain of MAdACAM-1.

Breaking the Negative Charges of the
Extracellular Microenvironment
Suppresses Integrin «47-Mediated Cell
Adhesion

To assess the requirement of negative charges of the extracellular
microenvironment for integrin a4p7-mediated cell adhesion,
CHO-KI1 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-a4p7 cells in shear flow. At the wall shear stress of 1
dyn/cm?, 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-
a4p7 cells were pre-treated with a4p7 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 04f7 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-a4p7 cells at the wall shear stress of 2 and 4 dyn/cm?
(Figure 3C). Furthermore, 293T-a4p7 cells showed to be more
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FIGURE 3 | Breaking the negative charges of the extracellular microenvironment suppresses integrin a4p7-mediated cell adhesion. Adhesive behaviors of
203T-a4p7 cells on CHO-K1/MAJCAM-1 cells. (A) The number of rolling and firmly adherent 293T-a4p7 cells was measured at a wall shear stress of 1 dyn/cm?.
Cells were pre-treated with murine IgG (10 wg/ml) or a4p7 blocking antibody Act-1 (10 wg/ml) for 10 min at 37°C. (B) Percentage of cells firmly bound to
CHO-K1/MAJCAM-1 cells at a wall shear stress of 1 dyn/cm?. (C) Average rolling velocity of 293T-a4p7 cells that adhered to CHO-K1/MAJCAM-1 cells at indicated
wall shear stresses. (D) Resistance of 293T-a47 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).

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 a4p7-mediated cell adhesion to
MAdCAM-1 expressed on CHO-K1 cells.

Deletion of Mucin-Like Domain of
MAdCAM-1 Abolishes the Influence of
Sialidase on Integrin «4f7-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 oa4p7-mediated cell adhesion. To further confirm
the results, CHO-K1 cells stably expressing MAdCAM-1-
Amucin (CHO-K1/MAdCAM-1-Amucin) 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-a4f7 cells on CHO-K1/MAdCAM-
1-Amucin 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-Amucin 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.

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
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FIGURE 4 | Deletion of mucin-like domain of MAdCAM-1 abolishes the influence of sialidase on integrin a4p7-mediated cell adhesion to CHO-K1 cells. Adhesive
behaviors of 293T-a4p7 cells on CHO-K1/MAdJCAM-1-Amucin cells. (A) The number of rolling and firmly adherent 293T-a487 cells was measured at a wall shear
stress of 1 dyn/cm?. Cells were pre-treated with murine IgG (10 wg/ml) or a4p7 blocking antibody Act-1 (10 wg/ml) for 10 min at 37°C. (B) Percentage of cells firmly
bound to CHO-K1/MAdCAM-1-Amucin cells at a wall shear stress of 1 dyn/cm?. (C) Average rolling velocity of 293T-04p7 cells that adhered to
CHO-K1/MAJCAM-1-Amucin cells at indicated wall shear stresses. (D) Resistance of 293T-a487 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).

with Alexa Fluor 488-conjugated 8Cl 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 £+ 029 vs. 6.05 £+ 0.42) but
not in CHO-K1/MAdCAM-1-Amucin cells (10.31 £ 0.28 vs.
10.01 £ 0.33) (Figure 5B), indicating that sialidase-induced bent
conformation of MAdACAM-1 ectodomain was dependent on
mucin-like domain. Furthermore, the results showed that the
FRET efliciency in CHO-K1/MAdCAM-1 cells was much lower
than that in CHO-K1/MAdCAM-1- Amucin 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 a4p7-mediated cell adhesion.

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 a4p7 and MAdCAM-1. The disfunction of
integrin a4p7-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 Ca™", a4f7 mediates rolling adhesion, whereas
in Mg?™ alone and in Mn?*, a4B7 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 MAACAM-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
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between MAACAM-1 and a4f7 (Sun et al., 2011). Furthermore,
a shift in D1 topology from the 12-set to I1-set was demonstrated
by new crystals of MAACAM-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 a4p7 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, MAACAM-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 «4p7-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 a4p7-MAdCAM-
1 function. Conversely, reducing the negative charges of
CHO-K1/MAdCAM-1 extracellular microenvironment by
sialidase inhibited cell adhesion and rolling velocity of a4p7
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 MAACAM-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 a4p7. The detailed conformational change needs to
be further clarified with the crystal structures of MAdCAM-1

Frontiers in Cell and Developmental Biology | www.frontiersin.org

December 2020 | Volume 8 | Article 603148


https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles

Yuan et al.

Mucin Supports a4p7-Mediated Cell Adhesion

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 MAdACAM-1 molecule. Thus, the
distance between the binding sites of MAdCAM-1 and integrin
a4p7 is also thought to influence the binding efficiency of
these two molecules.

In conclusion, mucin-like domain of MAdCAM-1
facilitates integrin a4p7-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.

MATERIALS AND METHODS

Protein Expression and Purification
Recombinant human extracellular domain of MAJdCAM-1
(Met1-GIn317) or MAdCAM-1-Amucin (Metl-His225) was
constructed in vector pHLsec-Fc/His using restriction enzymes
Agel and Kpnl. 293T cells were transiently transfected with
plasmids expressing MAdCAM-1 or MAdCAM-1-Amucin by
the method of Ca3(PQy), 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% CO, in Dulbecco’s modified Eagle medium (DMEM)
(Gibco) containing 2 mM L-glutamine, 100 U/mL penicillin,

100 pg/mL streptomycin, and 10% (vol/vol) fetal bovine serum
(Gibco). CHO-K1 cells were cultured at 37°C with 5% CO; in
Ham’s F12 Medium (Corning) containing 2 mM L-glutamine,
100 U/mL penicillin, 100 pg/mL streptomycin, and 10% (vol/vol)
fetal bovine serum (Gibco). CHO-K1 cells stably expressing full
length MAdCAM-1 or MAACAM-1- Amucin 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 a4p7-mediated cell
adhesion to recombinant proteins, a polystyrene Petri dish was
coated with a 5 mm diameter, 20 pl spot of HS (100 pg/ml),
MAdCAM-1 (25 pg/ml) or MAACAM-1-Amucin (100 pg/ml)
in coating buffer (PBS, 10 mM NaHCOs, 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-Amucin 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 a4p7
expressing 293T cells were washed twice with HBS containing
5 mM EDTA and 0.5% BSA and diluted to 1 x 10/ml in buffer
A (HBS, 0.5% BSA) containing 1 mM Ca?* + Mg?*. 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/cm* and for 10 s at 0.4
dyn/cm?. Afterward, shear stress was increased every 10 s
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FIGURE 6 | Electrostatic repulsion between mucin-like domain and negative charges of the extracellular microenvironment facilitates integrin a4f7-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;
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from 1 dyn/cm? up to 32 dyn/cm? 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
pm/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 wg/ml) or a4P7 blocking antibody Act-1
(10 pg/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-Amucin cells
were stained with monoclonal antibody 8C1 against human
MAdCAM-1 and then measured using FACSCelesta™ (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-Amucin cells were seeded on poly-L-Lysine
(100 pg/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 pg/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 pM FM™ 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-
(Faonor(d)pre/Faonor(d)post), where Fonor(d)pre and Fionor(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.

DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included
in the article/Supplementary Material, further inquiries can be
directed to the corresponding author/s.

AUTHOR CONTRIBUTIONS

CL and JC conceptualized the project and designed the
experiments. MY, YY, and YL performed the experiments. ZY,
CL, and JC interpreted the results. CL drafted the manuscript. JC
edited the manuscript. All authors contributed to the article and
approved the submitted version.

FUNDING

This work was supported by grants from the National Natural
Science Foundation of China (31525016, 31830112, 32030024
to JC, 31701219, 31970702 to CL), National Key Research and
Development Program of China (2020YFA0509100), Program
of Shanghai Academic Research Leader (19XD1404200),
Personalized Medicines-Molecular ~ Signature-based Drug
Discovery and Development, the Strategic Priority Research
Program of the Chinese Academy of Sciences (XDA12010101),
the Youth Innovation Promotion Association of the Chinese
Academy of Sciences, the Young Elite Scientist Sponsorship
Program by CAST (2019QNRC001), and National Ten Thousand
Talents Program.

ACKNOWLEDGMENTS

We gratefully acknowledge
scholarship program.

the support of SA-SIBS

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fcell.2020.
603148/full#supplementary- material

Supplementary Figure 1 | MAJCAM-1 expression on CHO-K1/MAJCAM-1 and
CHO-K1/MAdJCAM-1-Amucin cells. MAdCAM-1 expression on
CHO-K1/MAdJCAM-1 and CHO-K1/MAdCAM-1-Amucin 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-a4p7 cells on immobilized
HS (100 pg/ml).

Supplementary Movie 2 | Adhesive behaviors of 293T-a4p7 cells on immobilized
MAdCAM-1 (25 pg/ml) substrates. Cells were pre-treated with murine IgG
(10 pg/ml) for 10 min at 37°C.

Supplementary Movie 3 | Adhesive behaviors of 293T-a4p7 cells on immobilized
HS (100 pg/ml) and MAACAM-1 (25 pg/ml) substrates. Cells were pre-treated
with murine IgG (10 pg/ml) for 10 min at 37°C.

Supplementary Movie 4 | Adhesive behaviors of 293T-a487 cells on immobilized
MAJCAM-1 (25 png/ml) substrates. Cells were pre-treated with a4p7 blocking
antibody Act-1 (10 pg/ml) for 10 min at 37°C.

Supplementary Movie 5 | Adhesive behaviors of 293T-a4p7 cells on immobilized
HS (100 pg/ml) and MAACAM-1 (25 pwg/ml) substrates. Cells were pre-treated
with a4B7 blocking antibody Act-1 (10 g/ml) for 10 min

at 37°C.
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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
exBNA 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 exBNA are liberated, which can provoke further tissue damage and enhance
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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.

Keywords: extracellular nucleic acids, danger-associated molecular patterns, inflammatory vascular diseases,
arteriogenesis, endothelial cells, virus infection, RNase1

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” HMGBI1 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.

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 B (TRIF), both leading to the activation of
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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-kB 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.
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transcription factors such as c-Jun N-terminal kinase or nuclear
factor (NF)-kB. As a consequence, cytokines including tumor
necrosis factor (TNF)-a, interleukin (IL)-1f 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
arole 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
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inflammation. In any event, the recognition of PAMPs by
the hosts 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).

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 RNasel),
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 Cb5a, 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,
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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 B2-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 p2-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, exBNA-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.

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 (a4p1), a4p7-integrin, Mac-1 (aMp2), and LFA-1 (aLB2)
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 B2-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 B2-integrins (Springer et al.,, 1984; Ding et al.,
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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
B1-integrin family members as well as by the p2-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
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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; Thalin 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-kB and the subsequent release
of cytokines including TNF-a, IL-1p, 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 ExXRNAs 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
etal., 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;
Ekstrom 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
etal., 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
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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 institutions' 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 EV's 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

Thttp:/exRNA.org/

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).

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)-f
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-q, but not IL-6 or TNF-a. Also, exRNA-LL37 complex-
mediated activation of TLR8 can lead to differentiation of
myeloid dendritic cells and the release of IL-6 and TNF-a.
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).
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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-kB-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-a
converting enzyme” (TACE) to induce the proteolytic cleavage of cell surface-bound protein substrates such as the precursor form of TNF-a 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 bodly.

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.,
HMGBI, 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 TLRY, 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).
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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 RNasel
successfully inhibited exRNA-mediated pneumococcal alveolar
epithelial cell infection (Zakrzewicz et al., 2016). These data
support further efforts to employ RNasel 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; Bélint 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 VEGE 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.
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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
(Kannemesier 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-a, reduced the
selectin-dependent rolling of leukocytes and promoted their
firm adhesion and extravasation by utilizing activated P2-
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-a, 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-y-
STAT1 signaling pathways (Biswas et al.,, 2015). Since RNasel
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, exXRNA was found to be a potent
damaging factor, leading to cytokine (particularly TNF-a) 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 RNasel 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-a 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-
o appear to act in a feed-forward loop to promote cardiac
ischemia-reperfusion injury: the increase in exRNA leads to
an accumulation of TNF-a, and in turn, TNF-a 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-a 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-kB signaling machinery) and the release of
TNF-a, 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-a by TNF-a-converting enzyme
(TACE, also denoted as ADAMI17) (Figure 3). Here, exRNA
was found to promote this shedding process to liberate the
functionally active trimeric TNF-a 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-a 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 MIl-like (pro-inflammatory) or the M2-like
(anti-inflammatory) phenotype. While both, extracellular
microRNAs and long-non-coding RNAs could influence
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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 MIl-like phenotype.
A variety of typical M1 markers, including TNF-a, iNOS, IL-18,
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-a). 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 RNasel an anti-inflammatory antagonist for exRNA-
induced reactions, but TACE, the sheddase responsible for
the release of TNF-o 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-a 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 Ca?™ 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).

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-o and MCP-1, feeding a
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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).

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
etal., 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
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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 Briihl
et al,, 2012; Doéring et al,, 2017; Sorvillo et al., 2019; Thélin 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,
and HMWK 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; Bjorkqvist
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 XIla-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 RNasel is the by far most
powerful natural antagonist of exRNA. RNasel 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 RNasel is produced in the exocrine pancreas
and constitutes the major ribonuclease of the gastrointestinal
tract, whereas vascular RNasel 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 RNasel 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, RNasel bears considerable potential as new therapeutic
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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
etal., 2016; Zernecke and Preissner, 2016; Ma et al., 2017; Stieger
etal., 2017; 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 RNasel from its endothelial storage sites,
the Weibel-Palade granules. Consequently, the exRNA/RNasel
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-a, the expression and
protein synthesis of the protective RNasel 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 RNasel 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 RNasel in the body remains to be investigated.
Studies of plasma from RNasel-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 RNasel is to degrade exRNA in blood plasma and
to serve potent anticoagulant functions (Kannemeier et al., 2007;
Garnett et al., 2019). RNasel 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 RNasel 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 RNasel (but not DNase) markedly increased the
area of vital myocardium (Stieger et al., 2017). Thus, RNasel
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).

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) (Labo
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 TNEF-
a, only TMPRSS2-mediated shedding appears to augment the
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TABLE 1 | EXRNA-counteracting properties of RNase1 as studied in vitro and in preclinical disease models.

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 exRNA 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

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-y, 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 RNasel 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
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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.

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 HMGBI1 or CIRP with exRNA could drastically
enhance the stimulatory function of each factor, e.g., to induce
TNF-o expression and release in macrophages (Andersson
et al., 2020). Moreover, treatment of mice suffering from septic
cardiomyopathy with RNasel resulted in a reduction of cardiac
apoptosis, TNF-a 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
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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 RNasel
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
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