& frontiers | Research Topics

Plasticity of
monocytes/macrophages:
Phenotypic changes
during disease progression

Edited by
Ruoxi Yuan, Chao Yang, Yanan Ma
and Liwu Li

Published in
Frontiers in Immunology



https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org/research-topics/45573/plasticity-of-monocytesmacrophages-phenotypic-changes-during-disease-progression
https://www.frontiersin.org/research-topics/45573/plasticity-of-monocytesmacrophages-phenotypic-changes-during-disease-progression
https://www.frontiersin.org/research-topics/45573/plasticity-of-monocytesmacrophages-phenotypic-changes-during-disease-progression
https://www.frontiersin.org/research-topics/45573/plasticity-of-monocytesmacrophages-phenotypic-changes-during-disease-progression

& frontiers | Research Topics

FRONTIERS EBOOK COPYRIGHT STATEMENT

The copyright in the text of individual
articles in this ebook is the property
of their respective authors or their
respective institutions or funders.
The copyright in graphics and images
within each article may be subject

to copyright of other parties. In both
cases this is subject to a license
granted to Frontiers.

The compilation of articles constituting
this ebook is the property of Frontiers.

Each article within this ebook, and the
ebook itself, are published under the
most recent version of the Creative
Commons CC-BY licence. The version
current at the date of publication of
this ebook is CC-BY 4.0. If the CC-BY
licence is updated, the licence granted
by Frontiers is automatically updated
to the new version.

When exercising any right under

the CC-BY licence, Frontiers must be
attributed as the original publisher
of the article or ebook, as applicable.

Authors have the responsibility of
ensuring that any graphics or other
materials which are the property of
others may be included in the CC-BY
licence, but this should be checked
before relying on the CC-BY licence
to reproduce those materials. Any
copyright notices relating to those
materials must be complied with.

Copyright and source
acknowledgement notices may not
be removed and must be displayed
in any copy, derivative work or partial
copy which includes the elements

in question.

All copyright, and all rights therein,
are protected by national and
international copyright laws. The
above represents a summary only.
For further information please read
Frontiers’ Conditions for Website Use
and Copyright Statement, and the
applicable CC-BY licence.

ISSN 1664-8714
ISBN 978-2-8325-4011-4
DOI10.3389/978-2-8325-4011-4

Frontiers in Immunology

December 2023

About Frontiers

Frontiers is more than just an open access publisher of scholarly articles: it is
a pioneering approach to the world of academia, radically improving the way
scholarly research is managed. The grand vision of Frontiers is a world where
all people have an equal opportunity to seek, share and generate knowledge.
Frontiers provides immediate and permanent online open access to all its
publications, but this alone is not enough to realize our grand goals.

Frontiers journal series

The Frontiers journal series is a multi-tier and interdisciplinary set of open-
access, online journals, promising a paradigm shift from the current review,
selection and dissemination processes in academic publishing. All Frontiers
journals are driven by researchers for researchers; therefore, they constitute
a service to the scholarly community. At the same time, the Frontiers journal
series operates on a revolutionary invention, the tiered publishing system,
initially addressing specific communities of scholars, and gradually climbing
up to broader public understanding, thus serving the interests of the lay
society, too.

Dedication to quality

Each Frontiers article is a landmark of the highest quality, thanks to genuinely
collaborative interactions between authors and review editors, who include
some of the world's best academicians. Research must be certified by peers
before entering a stream of knowledge that may eventually reach the public
- and shape society; therefore, Frontiers only applies the most rigorous

and unbiased reviews. Frontiers revolutionizes research publishing by freely
delivering the most outstanding research, evaluated with no bias from both
the academic and social point of view. By applying the most advanced
information technologies, Frontiers is catapulting scholarly publishing into

a new generation.

What are Frontiers Research Topics?

Frontiers Research Topics are very popular trademarks of the Frontiers
Jjournals series: they are collections of at least ten articles, all centered

on a particular subject. With their unique mix of varied contributions from
Original Research to Review Articles, Frontiers Research Topics unify the
most influential researchers, the latest key findings and historical advances
in a hot research area.

Find out more on how to host your own Frontiers Research Topic or
contribute to one as an author by contacting the Frontiers editorial office:
frontiersin.org/about/contact

1 frontiersin.org


https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org/
https://www.frontiersin.org/about/contact
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/

& frontiers | Research Topics December 2023

Plasticity of monocytes/
macrophages: Phenotypic
changes during disease
progression

Topic editors

Ruoxi Yuan — Hospital for Special Surgery, United States

Chao Yang — The First Affiliated Hospital of Xi'an Jiaotong University, China
Yanan Ma — Memorial Sloan Kettering Cancer Center, United States

Liwu Li — Virginia Tech, United States

Citation

Yuan, R., Yang, C., Ma, Y., Li, L., eds. (2023). Plasticity of
monocytes/macrophages: Phenotypic changes during disease progression.
Lausanne: Frontiers Media SA. doi: 10.3389/978-2-8325-4011-4

Frontiers in Immunology 2 frontiersin.org


https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org/
http://doi.org/10.3389/978-2-8325-4011-4

& frontiers | Research Topics

Table of
contents

Frontiers in Immunology

05

07

23

39

56

74

91

110

125

139

December 2023

Editorial: Plasticity of monocytes/macrophages: phenotypic
changes during disease progression

Ruoxi Yuan, Yanan Ma, Chao Yang and Liwu Li

Engineered M2a macrophages for the treatment of
osteoarthritis

Chi Liang, Song Wu, Guang Xia, Junjie Huang, Zi Wen, Wenxiu Zhang
and Xu Cao

The roles of long noncoding RNA-mediated macrophage
polarization in respiratory diseases

Xin Qiao, Yuxiao Ding, Dasen Wu, Anle Zhang, Yan Yin, Qiuyue Wang,
Wei Wang and Jian Kang

Placental macrophages present distinct polarization pattern
and effector functions depending on clinical onset of
preeclampsia

Monika Horvat Mercnik, Carolin Schliefsteiner, Herbert Fluhr and
Christian Wadsack

Programmed cell death and lipid metabolism of
macrophages in NAFLD

Zhun Xiao, Minghao Liu, Fangming Yang, Guangwei Liu, Jiangkai Liu,
Wenxia Zhao, Suping Ma and Zhongping Duan

High aspect ratio nanomaterial-induced macrophage
polarization is mediated by changes in miRNA levels
Johanna Samulin Erdem, Tana Zavodna, Torunn K. Ervik,

@ivind Skare, Tomas Hron, Kristine H. Anmarkrud, Anna Kusnierczyk,
Julia Catalan, Dag G. Ellingsen, Jan Topinka and

Shan Zienolddiny-Narui

Deciphering the sequential changes of monocytes/
macrophages in the progression of IDD with longitudinal
approach using single-cell transcriptome

Weihang Li, Yingjing Zhao, Yongchun Wang, Zhijian He,

Linyuan Zhang, Bin Yuan, Chengfei Li, Zhuojing Luo, Bo Gao and
Ming Yan

Macrophage: Key player in the pathogenesis of autoimmune
diseases
Shuang Yang, Ming Zhao and Sujie Jia

Nur77 and PPARy regulate transcription and polarization in
distinct subsets of M2-like reparative macrophages during
regenerative inflammation

Eva Garabuczi, Nastaran Tarban, Eva Fige, Andreas Patsalos,

Laszlo Halasz, Timea Szendi-Szatmari, Zsolt Sarang, Robert Kirdly and
Zsuzsa Szondy

Macrophages in aseptic loosening: Characteristics, functions,
and mechanisms

Yehao Cong, Yi Wang, Tao Yuan, Zheng Zhang, Jianxun Ge, Qi Meng,
Ziging Li and Shui Sun

3 frontiersin.org


https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org/

& frontiers | Research Topics

Frontiers in Immunology

156

170

183

202

217

237

248

December 2023

Identification of biomarkers co-associated with M1
macrophages, ferroptosis and cuproptosis in alcoholic
hepatitis by bioinformatics and experimental verification

Shasha Hou, Dan Wang, Xiaxia Yuan, Xiaohuan Yuan and Qi Yuan

MicroRNA: role in macrophage polarization and the
pathogenesis of the liver fibrosis

Wen Yu, Shu Wang, Yangyang Wang, Hui Chen, Hao Nie, Lian Liu,
Xiaoting Zou, Quan Gong and Bing Zheng

The generation, activation, and polarization of
monocyte-derived macrophages in human malignancies
Paul Chaintreuil, Emeline Kerreneur, Maxence Bourgoin, Coline Savy,
Cécile Favreau, Guillaume Robert, Arnaud Jacquel and

Patrick Auberger

A potential therapeutic approach for ulcerative

colitis: targeted regulation of macrophage polarization
through phytochemicals

Ke Wang, Tangyou Mao, Xinyu Lu, Muyuan Wang, Yifei Yun, Zeyu Jia,
Lei Shi, Haoxi Jiang, Junxiang Li and Rui Shi

NOD2 in monocytes negatively regulates macrophage
development through TNFalpha

Camille Chauvin, Daniel Alvarez-Simon, Katarina Radulovic,

Olivier Boulard, William Laine, Myriam Delacre, Nadine Waldschmitt,
Elodie Segura, Jérome Kluza, Mathias Chamaillard and

Lionel F. Poulin

Macrophages and fibrosis: how resident and infiltrating
mononuclear phagocytes account for organ injury,
regeneration or atrophy

Hao Long, Julia Lichtnekert, Joachim Andrassy, Barbara U. Schraml,
Paola Romagnani and Hans-Joachim Anders

Roles of microglia in adult hippocampal neurogenesis in
depression and their therapeutics

Shaoyi Fang, Zhibin Wu, Yali Guo, Wenjun Zhu, Chunmiao Wan,
Naijun Yuan, Jianbei Chen, Wenzhi Hao, Xiaowei Mo, Xiaofang Guo,
Lili Fan, Xiaojuan Li and Jiaxu Chen

4 frontiersin.org


https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org/

& frontiers | Frontiers in Immunology Tvee Editorial

@ Check for updates

OPEN ACCESS

EDITED AND REVIEWED BY
Pietro Ghezzi,
University of Urbino Carlo Bo, Italy

*CORRESPONDENCE
Ruoxi Yuan
yuanr@hss.edu

RECEIVED 26 October 2023
ACCEPTED 27 October 2023
PUBLISHED 13 November 2023

CITATION

Yuan R, Ma Y, Yang C and Li L (2023)
Editorial: Plasticity of monocytes/
macrophages: phenotypic changes
during disease progression.

Front. Immunol. 14:1328382.

doi: 10.3389/fimmu.2023.1328382

COPYRIGHT

© 2023 Yuan, Ma, Yang and Li. 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.

Frontiers in Immunology

PUBLISHED 13 November 2023
po110.3389/fimmu.2023.1328382

Editorial: Plasticity of
monocytes/macrophages:
phenotypic changes during
disease progression

Ruoxi Yuan™, Yanan Ma?, Chao Yang?® and Liwu Li*

tHSS Research Institute and David Z. Rosensweig Genomics Research Center, Hospital for Special
Surgery, New York, NY, United States, 2Memorial Sloan Kettering Cancer Center, New York,

NY, United States, *Center for Immunological and Metabolic Diseases, Med-X Institute, First Affiliated
Hospital of Xi'an Jiaotong University, Xi'an Jiaotong University, Xianyang, Shaanxi, China, *Department
of Biological Sciences, Virginia Tech, Blacksburg, VA, United States

KEYWORDS

macrophage heterogeneity, monocytes polarization, innate immunity, inflammation,
therapeutic targets

Editorial on the Research Topic

Plasticity of monocytes/macrophages: phenotypic changes during
disease progression

Monocytes and macrophages, with their inherent heterogeneity, manifest a spectrum of
phenotypes and functions finely tuned by their surrounding microenvironments. These
versatile immune sentinels exhibit a remarkable capacity to adapt their responses within
distinct pathological contexts, thus positioning them as central characters in various
medical conditions. In summarizing the recent advances in our understanding of monocyte
and macrophage heterogeneity in regulating disease progression and maintaining tissue
homeostasis, we have compiled research articles encompassing various aspects of
macrophage polarization and its impact within this specific Research Topic.

A more comprehensive understanding of the molecular mechanisms governing the
generation, activation, and polarization of macrophages is imperative as a fundamental
requirement for devising innovative therapeutic approaches to modulate macrophage
functions within pathological contexts. Our Research Topic includes three reviews, each
approaching this subject from distinct angles, focusing on autoimmune diseases (Yang et al.),
adult hippocampal neurogenesis (Fang et al.), and human malignancies (Chaintreuil et al.).
Additionally, it is noteworthy that advancements in cutting-edge technologies, such as single-
cell RNA sequencing, which has also been utilized by papers under this topic as well, have
paved the way for significant breakthroughs in the field of monocytes and macrophages.

Cong et al. summarized the advanced awareness of the multifaceted roles played by
macrophages in the regulation of aseptic loosening (AL) pathogenesis. AL, the most
common complication of total joint arthroplasty, is associated with activated macrophages
that produce proinflammatory mediators, subsequently triggering the activation of
osteoclasts, leading to bone breakdown. Additionally, macrophages, present in both
homeostatic and injured skeletal muscle tissues, encompass heterogeneous functional
subtypes that perform diverse roles in maintaining homeostasis and facilitating injury
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repair. Li et al. identified five distinct monocyte/macrophage
subpopulations during intervertebral disk degeneration (IDD)
using a single-cell RNAseq dataset spanning early to late
degenerative stages of the intervertebral disk (IVD). The authors
suggested that selectively removing regulatory macrophages in the
early stage and oxidative stress (OS)-related macrophages in the late
stage could alleviate angiogenesis and promote IDD recovery.
Furthermore, genetic engineering of macrophages has been highly
appreciated in numerous therapeutic approaches. Liang et al.
utilized engineered L-M2a macrophages displaying a typical anti-
inflammatory phenotype akin to M2 macrophages in vitro, resulting
in markedly enhanced therapeutic outcomes for osteoarthritis (OA)
by effectively addressing inflammation, reinstating tissue
homeostasis, and promoting cartilage regeneration. Garabuczi
et al. unveiled the pivotal roles of PPARg and Nur77 in shaping
distinct macrophage subsets during skeletal muscle injury in a
cardiotoxin-induced injury model.

The role of non-coding RNAs (ncRNAs), including long non-
coding RNAs (IncRNAs) and microRNAs (miRNAs), in the
regulation of macrophage polarization is an emerging field of
interest, as comprehensively reviewed by Qiao et al. and Yu et al.
The potential of IncRNAs as both biomarkers and therapeutic
targets for modulating macrophage polarization during disease
development is increasingly recognized. For example, Erdem et al.
demonstrated the pivotal role of these small RNA molecules in
finely tuning macrophage responses, particularly in inducing
epigenetic modifications and miRNA levels changes upon
exposure to cellulose nanocrystals (CNF) and multiwalled carbon
nanotubes (MWCNT). Inhalation of nanomaterials has been
associated with the induction of inflammation in the lungs. These
nanomaterials prompt phenotypic alterations in alveolar
macrophages, with CNF exposure enhancing the M1 phenotype
and MWCNT promoting the M2 phenotype. The manipulation of
ncRNA expression emerges as a novel approach to regulate
macrophage polarization, thus influencing inflammation, fibrosis,
immune responses, and even tumorigenesis.

Macrophages play a pivotal role in the delicate balance of
immune regulation in the context of Inflammatory Bowel Disease
(IBD), and their dysregulation can lead to inflammation and tissue
damage. Wang et al. summarized updated therapeutic approaches
targeting macrophage polarization in Ulcerative Colitis, and
concurrently, Chauvin et al. conducted original research
demonstrating that NOD2 negatively regulates a macrophage
developmental program through a feed-forward loop. This
finding offers promise for addressing resistance to anti-TNF
therapy in Crohn’s Disease.

Although monocytes and macrophages that migrate to sites of
injury or inflammation have received significant attention in
research, it’s equally important to acknowledge that tissue-
resident macrophages like Kupffer cells, microglia, and Hofbauer
cells are subjected to environment-mediated polarization as well.
These resident macrophages are intricately involved in local
inflammation and reparative processes within their respective
tissues. Mercnik et al. showed that the inflammatory environment
of preeclampsia (PE) causes the phenotypic changes observed
between early and late PE Hofbauer cells (HBCs). Furthermore,
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the role of Kupffer cells in Non-alcoholic fatty liver disease
(NAFLD) was also well documented in reviews by Xiao et al. and
Yu et al. Microglia, the sole macrophage population within the
central nervous system, holds the remarkable capability to modulate
adult hippocampal neurogenesis in the context of depression. The
findings summarized by Fang et al. underscore the potential for
pharmaceutical interventions to specifically target microglia as a
promising strategy for the treatment of depression.

As highlighted in this discussion, this Research Topic encompasses
a wide array of seminal articles delving into the intricate mechanisms
governing the shift of macrophage phenotypes at various stages of
disease progression. It offers a comprehensive overview of potential
therapeutic targets and approaches for modulating macrophage
behavior in the treatment of these conditions.
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Engineered M2a
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treatment of osteoarthritis
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tDepartment of Orthopaedics of the 3rd Xiangya Hospital, Central South University, Changsha, China,
?Institute of Basic Medicine and Cancer (IBMC), Chinese Academy of Sciences, Changsha, China

Background: Macrophage is a central regulator of innate immunity. Its M2
subsets, such as interstitial synovial macrophages, have been found to play
critical roles in suppressing chronic inflammation and maintaining homeostasis
within the joint. These macrophages have great potential as a disease-modifying
cell therapy for osteoarthritis (OA). However, this has not yet been studied.

Methods: Macrophages were isolated from the bone marrow of rats. We
constructed a stable macrophage that “locked” in anti-inflammatory and
pro-regenerative M2a polarity (L-M2a) by simultaneously knocking out tumor
necrosis factor receptor 1 (TNFR1) and overexpressing IL-4 using Cas9-
ribonuclear proteins (Cas9-RNP) and electroporation. In vitro, these L-M2a
macrophages were treated with OA synovial fluid or co-cultured with OA
chondrocytes or fibroblast-like synoviocytes (FLS). In vivo, L-M2a macrophages
were injected intra-articularly to evaluate their homing and engrafting abilities
and therapeutic effects on OA progression using a rat model.

Results: L-M2a macrophages displayed a typical anti-inflammatory phenotype
similar to that of M2 macrophages in vitro. In OA microenvironment, L-M2a
macrophages maintained a stable anti-inflammatory phenotype, whereas
unmodified M2 macrophages lost their phenotype and switched to M1
polarity. L-M2a macrophages demonstrated a potent anti-inflammatory
effect in crosstalk with OA-FLSs and an anti-degenerative effect in crosstalk
with senescent OA chondrocytes. In vivo, compared with M2 macrophages and
exosomes, L-M2a macrophages exhibited significantly superior therapeutic
effects in OA by successfully resolving inflammation, restoring tissue
homeostasis, and promoting cartilage regeneration.

Conclusion: The engineered L-M2a macrophages maintained a superior anti-
inflammatory and pro-regenerative capacity in the inflammatory OA
microenvironment and represents an ideal new strategy for the disease-
modifying therapy of OA.

KEYWORDS

macrophages, Cas9-ribonuclear proteins, cell therapy, tumor necrosis factor receptor
1, osteoarthritis
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Introduction

Osteoarthritis (OA) is viewed as a multifactorial disorder
affecting the entire joint, in which persistent low-grade
inflammation plays a central role. Due to the interaction
between immune system and various factors (including
damage associated molecules and metabolic dysfunction), this
long-term inflammation is initiated in the early stage of OA,
leading to cartilage loss and progressive joint degeneration (1).
Although disease-modifying OA drugs targeting this
pathomechanism have been developed in recent years, no drug
has yet achieved satisfactory results capable of delaying the
clinical progression of OA (2).

Macrophage (M) is a primary immunomodulator of the
innate immune system and critical regulator of chronic
inflammation and tissue homeostasis. Based on the activation
pattern, M@s have been typically dichotomized into two
phenotypes: M1-polarized M@s (‘classically’ activated) are pro-
inflammatory with the release of interleukin (IL)-1f, IL-6, IL-12,
IL-23, and TNF-o, while M2-polarized M@s (‘alternatively’
activated) are anti-inflammatory and pro-regenerative, secreting
IL-4, IL-10, and TGF-B, etc (3). Specific M@ phenotypes
differentially modulate the inflammation and regeneration
responses of multiple cell types during the onset or progression
of OA (4). M1 Meos stimulate the production of inflammatory
cytokines and matrix-degrading enzymes, promoting
hypertrophic differentiation of chondrocytes and cartilage
destruction (5). In contrast, M2 M@s are characterized by pro-
chondrogenic genes expression, which improves cartilage health
(6). Recently, studies have observed a subpopulation of RELMo.™
interstitial synovial macrophages (ISM@) with a stable M2a
phenotype in the sub-lining layer of synovium (7). These M2a
ISM@s release resolvins to switch fibroblasts from a
proinflammatory to a reparative state to restore homeostasis,
and were proposed to act as critical cellular checkpoints and off
switches for intra-articular inflammation (8). In OA, an increase
in M1 and a corresponding decrease in M2 M¢@ have been
observed to be directly related to OA severity (5, 9).

M2 M@ possesses potent anti-inflammatory and pro-
regenerative properties, and intrinsic ‘homing’ ability to
migrate to sites of injury or inflammation (10). Therefore, it
has great potential as an ideal seed cell for disease-modifying cell
therapy for OA. However, to our knowledge, transplantation of
M2 M@ has not been studied in the treatment of OA. A major
obstacle hindering the application of exogenous M@ in
regenerative medicine lies in the plasticity of its polarity. The
polarization of M@s is not fixed and characterized by high
adaptability and plasticity in the microenvironment (11).
Studies have found that the new environment is sufficient to
reprogram well-polarized M@s after transplantation (12, 13).
This may lead to the loss of phenotype and expected function of
the delivered M@s. For example, Qi et al. observed the
polarization loss of M2 M@s in the inflammatory environment
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after transplantation, which impaired their protective effect
against renal inflammatory injury (12). Thus, constructing M2
Meos with a stable or ‘locked” phenotype will provide a great
opportunity for the treatment of inflammatory diseases
including OA.

As tumor necrosis factor (TNF) is a major anti-M2 (pro-M1)
factor in the chronic inflammatory microenvironment, such as
OA, and IL-4 is a major pro-M2a factor (3), we proposed a stable
Mg that, like ISM@, is locked” in M2a phenotype by knocking
out TNFRI and overexpressing IL-4 using Cas9-ribonuclear
protein (Cas9-RNP) complexes and electroporation. In this
study, we attempted to treat OA by intra-articular delivery of
exogenous M2a M@s for the first time and investigated the effect
of this Tocked M2a-like M@  (L-M2a M) on restoring the
homeostasis of OA cartilage and synovium. We concluded that
this L-M2a M¢ successfully maintained a stable phenotype in
OA environment and significantly alleviated inflammation,
promoted regeneration and delayed progression of OA in

animal models.

Materials and methods

All experiments involving human tissues and animals were
performed in accordance with guidelines approved by the
Institutional Review Board (IRB). The source and identifier of
reagents in this study are showed in Supplementary Table S1.

Isolation and polarization of bone
marrow derived Mo

All the Sprague-Dawley (SD) rats used in this study were
provided by the Department of Laboratory Animals of the
Central South University (Changsha, China). The bone
marrow was harvested from the tibia and femurs of the rats.
Red blood cells were lysed with ammonium-chloride-potassium
lysis buffer. The remaining bone marrow cells were plated in
RPMI-1640 medium with 10% FCS and 100 U/100 pg/ml
penicillin/streptomycin supplemented with 50 ng/ml M-CSF at
a density of 1 x 10° cells/ml for 5 days to obtain MO Mgs.
Subsequently, the M@ cells were treated with IFNy (20 ng/ml)
and LPS (100 ng/ml), or IL-4/IL-13 (each 10 ng/ml) for 24 h to
obtain M1 and M2 Mg, and the cytokine secretion of M0, M1,
and M2 were examined.

Construction of LM2a Mo
EasyEdit sgTNFR1 and NLS-Cas9-EGFP nuclease proteins
were purchased from GenScript (Nanjing, China). The pCDNA-

IL-4 plasmid was purchased from Tsingke Biotechnology Co.
Ltd (Shanghai, China). LM2a M¢ with nucleofection was
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constructed according to the manufacturers and a previous
study’s instructions (14). Briefly, day 4 BMDMs were
resuspended in 100 uL nucleofection solutions at a density of
1 x 10° cells per reaction in and mixed with 1 Cas9-RNP (25 uM
Cas9 protein premixed with 100 uM sgRNA at a ratio of 1:3 for
10 min) and 2 pg IL-4 plasmid. The suspension was transferred
into a certified cuvette and inserted into Nucleofector® Cuvette
Holder using the Nucleofector® Program Y-001.

Nucleofected M@s were cultured in prewarmed RPMI
medium supplemented with 10% FBS for 48 h and treated
with IL-4/IL-13 (each 10 ng/ml) for 24 h. LM2a M@s were
assessed using flow cytometry, DNA cleavage assay, and
western blotting.

DNA cleavage assay

gDNA was extracted from LM2a and M2 M@s using
QuickExtract solution, following the manufacturer’s
instructions. DNA primers were generated upstream and
downstream of the sgRNA target editing site (sequences are
presented in Supplementary Table S2). PCR was run for 30
cycles following the manufacturer’s instructions, and the
products were determined with 1% agarose gel electrophoresis
and analyzed using Gelation imaging system (ImageQuant350,
GE, USA).

Flow cytometry analysis

Polarized and constructed M@s were suspended in flow
cytometry staining buffer (phosphate-buffered saline with 1%
fetal calf serum). Cells were treated with CD86 (1:100) rabbit,
CD206 (1:100) mouse, and IgG isotype control (1:100) primary
antibody, and then stained with Alexa Fluor 488 anti-Rabbit IgG
antibody (1: 500) and Alexa Fluor 405 anti-Mouse IgG antibody
(1: 500) respectively. All samples were detected by Becton
Dickinson FACScan (BD Biosciences) and analyzed with
FlowJo10. The gating strategy was showed in Supplementary
Figure S1B.

In vitro stimulation assay

Human OA synovial fluid (OASF) was aspirated from the
knee joints of five patients with OA at the Third Xiangya
Hospital of the Central South University and used to mimic
the joint microenvironment of OA. Detailed clinical information
and Kellgren-Lawrence gradation of all participants was
presented in Supplementary Table S3. OASF was further
purified by centrifugation at 3000 rpm for 15 min, and the
supernatants were harvested. M2, and L-M2a Mes were cultured
in RPMI1640 or diluted OASF (50%) for 3 days. Polarized and
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inflammatory phenotypes were detected by RNA-sequencing,
western blotting, RT-qPCR, immunofluorescence, and
flow cytometry.

Co-culture assay

A co-culture system was established using six-well transwell
plates. OA chondrocytes and FLS were isolated and cultured
using a previously described method from a rat OA model (15),
which was established by Hulth’s surgery. FLS (1 x 10°) or
chondrocytes (1 x 10°) were cultured in the lower
compartments, and 1 x 10° M2a or LM2a Maes were cultured
in the upper compartments in RPMI 1640 with 10% FBS. FLS,
chondrocytes, M2a, or LM2a M@s were cultured alone as
controls. Co-cultures were maintained for 1 or 7 days before
evaluation. The anti-inflammatory factors and polarization
markers of M2a and LM2a were analyzed using western
blotting and RT-qPCR. The inflammatory factors and invasion
ability of FLS were evaluated using western blotting, RT-qPCR,
and invasion assays. The degenerative indicators of
chondrocytes were determined using western blotting and RT-
qPCR. The number of senescent chondrocytes was evaluated by
RT-qPCR using p16™5** and p21“"" and SA-B-gal staining kits.
Chondrocyte apoptosis rates were analyzed by annexin V-FITC/
propidium iodide (PI) double staining according to the
manufacturer’s instructions. Co-cultures were conducted in
technical triplicate for each assay, and five random fields of
each well were selected for evaluation.

Me tracing in vivo

Hulth’s surgery was performed on the right joints of 12-
week-old male rats to establish an OA model (16). Overall, 20 pl
1x 108/ml M2 or LM2a (n= 6 for each group) were labelled with
CellTracker CM-Dil according to the manufacturer’s protocol
and then injected intra-articularly at 4 weeks after surgery. Mo
viability was examined using an in vivo imaging system (IVIS
Lumina II, Caliper Life Science, USA) at 1, 2, and 4 weeks after
injection. At 1 and 4 weeks after the injection, the rats were
sacrificed. The samples were decalcified in JYBL I for 48 h, cut
into frozen sections, and stained by immunofluorescence for
CD206, which was detected by fluorescence microscopy (Leica
TCS-SP5, DM6000-CEFS).

Histological evaluation

For the histological evaluation, 20ul PBS (OA group),
1x 10°/ml M2a, LM2a, or M2a exosomes derived from equal
Mes (n= 5 for each group) were injected intra-articularly 4
weeks after the Hulth’s surgery. The sham operation group was
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used as control. After 8 weeks, the rats were sacrificed. Joint
samples were collected and fixed in 4% paraformaldehyde for 48
h. The samples derived from the rats were detected using
magnetic resonance imaging (7.0T MRI Biospoin GmbH,
BRUKER) and graded using the MOAKS score. Synovial
samples were collected from each group for western blot
analysis. All samples were decalcified in 0.5M EDTA for 4
weeks, embedded in paraffin, and cut into sections (6 pm).
Immunohistochemistry and immunofluorescence were
performed using anti-MMP13, anti-IL-6, and anti-Col I
antibodies. Secondary antibodies were detected using a
fluorescent secondary antibody or rabbit streptavidin-biotin
detection system kit according to the manufacturer’s protocol.
Slices of rat knee joints were stained with safranin O/fast green.
The Osteoarthritis Research Society International (OARSI)
scoring system was used to evaluate OA cartilage pathology.

Western blot analysis

Total proteins obtained from the cells and tissues were
subjected to SDS-PAGE, transferred to PVDF membranes,
and blocked in 5% skimmed milk for 30 min. The membranes
were incubated overnight at 4°C with primary antibodies against
CD206 (1:1000), CD86 (1:1000), iNOS (1:1000), TNFR1
(1:1000), IL-4 (1:1000), MMP13 (1:1000), IL-6 (1:1000), Col I
(1:1000), Col TI (1:1000), Col X (1:1000), ACAN (1:1000), p-
STAT6 (1:500), STAT6 (1:1000), N-cadherin (1:1000), and
GAPDH (1:8000). The membranes were incubated with HRP-
conjugated secondary antibodies (1:10000) at temperature for 1
h and developed using electrochemiluminescence western blot
reagents. Then the membranes were analyzed using a UVP
Chem studio PLUS 815 (Analytik Jena, Germany).

RT-gPCR

Total RNA was isolated from the synovium or cells using
TRIzol reagent and the consentration was measured by a
NanoPhotometer spectrophotometer (IMPLEN, CA). RNA
was then converted to cDNA according to the manufacturer’s
instructions. ChamQ Universal SYBR qPCR Master Mix was
used for qPCR. Gene transcription levels were normalized to
those of GAPDH. The primer design is shown in Supplementary
Table S2.

Immunofluorescence assay

Mg or slices were fixed in 4% paraformaldehyde. BSA (4%)
was used to block non-specific binding. The cells were then
incubated with CD86, CD206, and CD4 primary antibodies
overnight. Fluorescent secondary antibodies were used, and
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the samples were subsequently stained with 4,6-diamidino-2-
phenylindole (DAPI) for 5 min. The cells or slices were observed
under a confocal fluorescence microscope.

RNA sequencing

Total RNA was extracted using Trizol reagent (thermofisher,
15596018) following the manufacturer’s procedure. After total
RNA was extracted, mRNA was purified from total RNA (5ug)
using Dynabeads Oligo (dT) (Thermo Fisher, CA, USA) with
two rounds of purification. Following purification, the mRNA
was fragmented into short fragments using divalent cations
under elevated temperature (Magnesium RNA Fragmentation
Module (NEB, cat.e6150, USA) under 94°C 5-7min). Then the
cleaved RNA fragments were reverse-transcribed to create the
cDNA by SuperScriptTM IT Reverse Transcriptase (Invitrogen,
cat.1896649, USA), which were next used to synthesise U-
labeled second-stranded DNAs with E. coli DNA polymerase I
(NEB, cat.m0209, USA), RNase H (NEB, cat.m0297, USA) and
dUTP Solution (Thermo Fisher, cat.R0133, USA). An A-base
was then added to the blunt ends of each strand, preparing them
for ligation to the indexed adapters. Each adapter contained a T-
base overhang for ligating the adapter to the A-tailed fragmented
DNA. Dual-index adapters were ligated to the fragments, and
size selection was performed with AMPureXP beads. After the
heat-labile UDG enzyme (NEB, cat.m0280, USA) treatment of
the U-labeled second-stranded DNAs, the ligated products were
amplified with PCR. At last, we performed the 2x150bp paired-
end sequencing (PE150) on an Illumina Novaseq' " 6000
following the vendor’s recommended protocol.

Genes differential expression analysis was performed by
DESeq2 software between two different groups (and by edgeR
between two samples). The genes with the parameter of false
discovery rate (FDR) below 0.05 and absolute fold change > 2
were considered differentially expressed genes. Differentially
expressed genes were then subjected to enrichment analysis of
GO functions and KEGG pathways. Principal component
analysis (PCA) and correlation analysis were performed with
princomp function of R (http://www.r-project.org/).

Statistical analysis

All experiments were repeated at least three times, and the data
are presented mean with 95% confidence intervals (CI) by individual
dot plots. A one-way analysis of variance (ANOVA) was used for
comparisons across multiple groups including phenotypic
identification and in vivo experiments, while Dunnett’s test was
used for post-hoc multiple comparisons. Comparisons of M2 and
L-M2a Mes in vitro were calculated using a two-way ANOVA
followed by Tukey’s multiple comparisons test. All data analyses were
performed using the GraphPad Prism 8.
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Results

Construction and phenotypic evaluation
of genome edited L-M2a Mo

Our CRISPR-Cas9 genome editing strategy for M¢ is outlined
in Figure 1A. The knockout efficiency of TNFR1 was shown to be
more than 60% by flow cytometry (Figure 1B), DNA cleavage assay
(Figure 1C), and western blot (Figure 1D), while the overexpression
efficiency of IL-4 is shown in Figure 1D. The feasibility of this
editing strategy was also verified with human-derived primary Ms
(Supplementary Figure S1A). We examined the phenotype of M@s
in vitro using immunofluorescence and flow cytometry. In contrast
to MO and M1 Mg, which variably express the M1 marker CD86,
both M2 and genome-edited L-M2a Ms were characterized by low
expression of CD86 and high expression of the M2 marker CD206
in vitro (Figures 1E, F). From the aspect of morphology, M1 M¢
showed the characteristic changes of flattening and a lot of
pseudopodia (Figure 1F). Western blotting suggested lower CD86
levels in L-M2a Mes than in M2 Mes (Figure 1G). L-M2a M@s
displayed a typical anti-inflammatory phenotype similar to that of
M2 Mes in vitro, with high expression of IL-4, IL-10, TGF-3, and
Arginase-1, and low expression of IL-1f, IL-6, TNFo., iNOS, NF-
kB, and VEGF (Figures 1G, H). In addition, the same gene editing
strategy in M1 M@s can not be sufficient to reverse the Ml
phenotype (Figure S3B).

L-M2a M¢ maintains a stable polarized
phenotype in the OA microenvironment

To investigate whether L-M2a M@s had a more stable
phenotype in the OA microenvironment, we analyzed the
transcriptome changes of M2 and L-M2a Mes treated with
OA synovial fluid (OASF) by RNA-sequencing ( 2A, B, S1C).
We found that under the treatment of OASF, M2 Mes
exhibited up-regulation of a variety of pro-inflammatory
cytokines and chemokines (Il1b, 116, Tnfa, Ccl5, Ccl2, Ccl9,
Cxcl2), while down-regulation of M2 polarization markers
(Mrcl, Argl) and anti-inflammatory cytokines (1110, 114). In
contrast, L-M2a M@s showed obvious resistance to OASF and
remained a more stable expression of M2 polarization markers
and anti-inflammatory cytokines (Figure 2A). Meanwhile, we
used the number of differentially expressed genes (DEGs) in
macrophages to reflect the extent to which they were affected
by OASF. Compared with the 3419 DEGs of M2 Mgs, L-M2a
Mes only had 865 DEGs after OASF treatment, which
indicated a more stable phenotype of L-M2a M¢@s in OA
microenvironment (Figure 2B). Western blot and RT-qPCR
verified that the expression of CD86 and CD206 in L-M2a M@s
was almost unaffected, whereas it was significantly changed in
M2 Mes (Figures 2C, D, S3F). Similarly, the ratio of CD206hi
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cells remained stable in L-M2a M@s (from 40.5%-32.6%),
whereas it decreased dramatically in M2 (from 43.1%-4.7%)
Mes (Figures 2E, F). OA-SF induced the expression of pro-
inflammatory factors (IL-1B, IL-6, TNF-o. and iNOS) and
inhibited the activation of anti-inflammatory IL-4/STAT6
signaling in M2 Mes. In contrast, L-M2a M@s were less
affected and maintained an anti-inflammatory phenotype
(Figure 2). However, L-M2a Mgs didn’t show the same
stability against the stimulation of LPS+IFNy (Figure S3C).

L-M2a Mgs have potent anti-
inflammatory effects in crosstalk with
OA-FLS

We established a transwell co-culture system in vitro for M2/
L-M2a M@s and OA-FLS (Figure 3A). After co-culture with OA-
FLS, M2 M@s showed a trend of transition to the M1 phenotype,
with decreased polarization markers of M2 (CD206, ARG1).
This trend was more pronounced with prolonged coculture. On
day 7, M2 Mg shifted to an obvious pro-inflammatory state
(TNFo and IL-B expression) and MIl-polarized phenotype
(CD86 and CD206 expression). In contrast, L-M2a M@s
showed a more stable anti-inflammatory state and polarization
marker expression in co-culture with OA-FLS (Figures 3B, C).
Moreover, M2 M@s exhibited a limited ameliorative effect on the
pro-inflammatory and destructive phenotype of OA-FLS, with
only mild inhibition of IL-1B and N-cadherin expression and
FLS invasion at day 7. In contrast, L-M2a M@ significantly
inhibited the pro-inflammatory factors (IL-1f, IL-6 and TNFo.)
expression and invasive activity (MMP1 and transwell invasion)
of OA-FLS (Figures 3D-F).

L-M2a Mg exhibits anti-degenerative
effects through crosstalk with
OA chondrocytes

We established an in vitro transwell co-culture system for
M2/L-M2a Me@s and OA-derived chondrocytes (OA-Cho)
(Figure 4A). The changing trend in the phenotype of M@s was
similar to that observed in the OA-FLS co-culture described
above (Supplementary Figures S2A, B). For OA-Chos, M2 M@s
exhibited only a slight ameliorative effect on several degenerative
indicators (Col I, Col X, and ACAN). In contrast, L-M2a Mes
markedly improved the degenerative phenotype of OA-Chos
(increased hyaline cartilage marker Col II and ACAN, and
decreased fibrocartilage marker Col I and hypertrophic marker
Col X) and alleviated cellular senescence (decreased pl6INK4a
and p21Cipl expression and SA-B-Gal staining) (Figures 4B,-
D) and apoptosis (decreased Annexin V positive cells)
(Figure 4E) in the co-culture system.
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in OA-FLS co-cultured with control, M2 or L-M2a Mg. xp < 0.05; #xp < 0.01; *xxp < 0.001. ns, no significance; M, macrophage; L-M2a Mg,

locked M2a macrophage; FLS, fibroblast-like synoviocyte.
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FIGURE 4

L-M2a Mes exhibited anti-degenerative effects in crosstalk with OA-chondrocytes. (A) Illustration of transwell co-culture system of Mes and OA
chondrocytes. (B, C) Assessment of collagen synthesis ability (B), inflammation factors and senescence markers (C) in OA chondrocytes co-
cultured with control, M2 or L-M2 cells for 1 and 7 days. (D) Staining of SA-B-Gal (green, bar= 100um) in OA chondrocytes co-cultured with
control, M2 or L-M2a Mes for 1 and 7 days. (E) Apoptosis rates for different Me-stimulated OA chondrocytes after 7 days coculture were
analyzed by flow cytometry using annexin V-FITC/PI apoptosis analysis. xp < 0.05; #xp < 0.01; *#xp < 0.001. ns, no significance; Mg,
macrophage; L-M2a Mg, locked M2a macrophage; Cho, chondrocyte.
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L-M2a Mg restored tissue homeostasis
and promoted cartilage regeneration in a
rat OA model

We used the Hulth’s method to establish an OA model in
SD rats. M2 or L-M2a M@ (labelled with CM-Dil) was injected
intra-articularly 4 weeks after surgery. In vivo imaging systems
(IVIS) showed strong fluorescence intensity in the knee joints 4
weeks after injection, whereas there was no statistical
difference between M2 and L-M2a Mes (Figure 5A). At week
1 after injection, M@s in both groups homed to the OA
synovium and maintained the M2 phenotype (CD206).
However, M2 Mes rapidly lost their M2 phenotype within 4
weeks, while L-M2a M@s maintained a high positivity for
CD206 (Figure 5B).

Histological evaluation of OA was performed 8 weeks after
surgery. OA modeling induced immune cell (CD4" T cells and
CD86" M1 Mes) infiltration (Figure 6A) and MMP13 and IL-6
expression in the OA synovium (Figure 6B). Typical cartilage
degeneration (Col I expression, cartilage thinning, and
proteoglycan loss) was evident 8 weeks after surgery
(Figures 6C-F). Overall, M2 Mgs failed to alleviate
degenerative progression, with only slight improvement in
synovial inflammation. In contrast L-M2a Mgs significantly
reduced immune cell infiltration and MMP13/IL-6 expression
in the OA synovium (Figures 6B, C), reduced Col I expression
(Figure 6D), and restored tissue integrity, joint space width
(Figure 6F), and safranin O staining in the cartilage (Figure 6E).

We also extracted exosomes from the same number of M2
Mes (Supplementary Figure 2C) to treat OA. However, the
overall therapeutic effect was not as obvious as that of L-M2a
Maes (Figure 6).

Discussion

In the past decades, studies on stem cell therapy for OA have
been performed globally to evaluate their safety and efficacy and
have yielded positive results. They improved the pain, physical
function, stability of cartilage defect, and thickening of articular
cartilage of OA patients (17). The desired mode of cell therapy in
OA involves engraftment of injected stem cells on the chondral
defect and repair of cartilage by direct chondrogenic
differentiation (18, 19). However, accurate homing and
directional differentiation of stem cells are challenging (20). In
addition, injected stem cells usually perish rapidly in the joint
cavity and are undetectable 14-50 days post-infusion (21, 22).
Other studies have shown that the positive effects of therapies
involving stem cells are mediated by the secretion of molecules
that act in a paracrine manner to restore tissue homeostasis and
regulate local immunity (23). It has been proved that the
existence of stem cells leads to the production of anti-
inflammatory cytokines (such as IL-10 and TGFf) and TNFo.-
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stimulated gene/protein 6 (TSG-6), which leads to the inhibition
of the toll-like receptors-2 (TLR2)/nuclear factor x-light-chain-
enhancer of activated B cells (NFkB) signaling pathway,
followed by the downregulation of inflammatory mediators,
such as nitric oxide, TNFo, and IL-1f (24, 25). Similarly,
upregulation of prostaglandin E2 (PGE-2) and (2,3-
dioxygenase) IDO by MSCs leads to the inhibition of IFN-v,
inducing the differentiation of M1-type Ms to M2-type Mes
(26, 27). However, the immune and inflammatory regulation of
stem cells is not as strong as that of immune cells, which makes
them insufficient to counteract the long-term chronic
inflammatory environment of OA. Moreover, aging and
tumorigenicity caused by excessive proliferation and difficulties
in obtaining primary stem cells are challenging problems
(28, 29).

Recently, M@s which is a key cell composition of innate
immunity and have a powerful role in regulating immunity and
maintaining tissue homeostasis have emerged as a novel
candidate for cell-based therapy in cancer and regenerative
medicine (30). M@s exhibit numerous potential advantages in
the treatment of inflammatory diseases, including OA. First,
unlike tissue-resident M@s, M@s for therapeutic purposes are
based on differentiating a collection of monocytes from blood or
extracted bone marrow, which means a stable acquisition
method and a sufficient number. Moreover, M@s, as terminally
differentiated and non-proliferative cells, do not have the
possibility of reproductive senescence and tumorigenesis
during treatment. Furthermore, as a major immunoregulatory
cell, M@s are characterized by an intrinsic and powerful immune
and inflammatory regulatory capacity (31). Thus, M@s are
promising seed cells for OA treatment. Based on this, we used
Mo in this study for the first time for OA treatment and
obtained encouraging preliminary results, although there are
still some limitations and problems that need to be addressed by
further studies.

In contrast to M1-based therapy, which is commonly used in
antitumor fields, M2-based cell therapy is used in anti-
inflammatory and regenerative fields. M2 M¢@s show diverse
gene expression signatures, and distinct M2a, M2b, M2c, and
M2d Mes subpopulations have been identified using
transcriptome analysis (Figures S3D, E). It is recognized that
M2a Mes, which are stimulated by IL-4 and characterized by the
expression of CD206 and arginase (ARG)-1, present a potent
anti-inflammatory function by producing IL-10, IL-1Ra,
CCL18, and TGF-B, and pro-regenerative factors such as TGF-
B, IGF, and FGF (32, 33). Therefore, in recent years, cell
transplantation of M2a M has been used to treat several
inflammatory and traumatic conditions with satisfactory
results. In a phase 2B clinical trial of 125 patients with dilated
cardiomyopathy, compared with the placebo group, intracardiac
administration of the mixture of M2 M@s and mesenchymal
stem cells resulted in a decrease in cardiac adverse events (34).
Lu et al. also showed that in the mouse model of chronic
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nephropathy induced by adriamycin, M2a M@s was injected into
tail vein once after 5 days, which prevented kidney injury after
28 days, but inactivated M@s had no effect. They also revealed
that M2a Mes inhibited effector T cells through the anti-
inflammatory effects of cytokines IL-10 and TGF-p, resulting
in less tissue damage and inflammation and less fibrosis (35).
Although promising results have been observed in other studies,
Mo transplantation did not produce a sufficient therapeutic
effect or even aggravated the damage in vivo. In an independent
study of patients who received the following treatment,
intramyocardial delivery of unamplified autologous bone
marrow mononuclear M@s did not show clinical improvement

Frontiers in Immunology

17

100um. ns, no significance; Mg, macrophage; L-M2a Mg, locked M2a macrophage

of ischemic cardiomyopathy (36). Moreover, wound
administration of mouse M@s activated IL-4 or IL-10 in vitro
into the M2-like phenotype damaged skin wound healing in a
diabetic mouse model (37). Additionally, adoptive metastasis-
inhibitory BM-M2 Mes could not prevent inflammatory kidney
injury (12). It is believed that the poor curative effect in these
studies is more likely due to the plasticity of M@s, leading to a
short M2 anti-inflammatory phenotype maintenance in vivo. In
this study, we observed that unmodified M2 Mgs could not
maintain its anti-inflammatory phenotype in vivo and even
transformed into pro-inflammatory M1 Mgs in an OA
environment, which largely compromised its therapeutic
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effects for OA. Therefore, it is essential to modify M@s to obtain
a stable in vivo phenotype.

Based on this, reprogramming of M¢ polarization has become
the focus of research. Reprogramming intra-articular M@s from M1
to M2 by local or systemic delivery of bioactive factors was
confirmed to be able to improve the microenvironment of OA to
some extent (38, 39). The traditional method of Mo
reprogramming involves changing the polarity of signaling
molecules (such as cytokines, receptor agonists, and inhibitory
antibodies). For example, M@ pretreated with LPS + IFN-y can
reduce fibrosis formation after trauma or ischemic injury (40).
However, such reprogramming is often transient and insufficient to
resist the chronic inflammatory environment in vivo. In contrast,
genome editing can achieve the long-term effect of complete or
partial inhibition of a specific gene by forming stable modifications.
Ad5f35, a chimeric adenoviral vector, synergizes with chimeric
antigen receptor (CAR) activity, activates the M@ inflammasome,
and provided a beneficial proinflammatory priming signal, which
renders CAR-M¢ locked into an M1 phenotype (41). Using this
strategy, the selection of target genes is the first step in gene editing.
A network typing based on the M@ phenotype transcriptome found
that, unlike the classic M1 M@ phenotype activated by LPS or IFNy
signaling in acute inflammation, TNF is the key signal that induces
Mes to polarize towards M1 in a chronic inflammatory
environment (42). Moreover, TNF is recognized as the most
potent factor against the M2 phenotype because of its direct
effects on Ms and the indirect inhibitory effects of TNF on IL-4
and IL-13 production by other innate cell types. Furthermore, IL-4/
STAT6 is considered the most important pathway of M2a

10.3389/fimmu.2022.1054938

polarization, and the absence of IL-4, IL-4R, and STATS6 leads to
the complete loss of the M2a phenotype (3). In addition, in this
study, we also compared TNFR knock-out with IL-4 over-
expression and their synergy in pre-experiment, and found that
the combination of these two editing was more resistant to OASF
(Figure S3A). Therefore, it is reasonable to lock’ M@ in an M2a
phenotype in a chronic inflammatory environment by
simultaneously knocking-out TNFRI and up-regulating IL-4.

Appropriate editing method is an important factor in gene
editing. Primary immune cells such as monocytes and Mgs have
low replication ability and high sensitivity to foreign nucleic acids and
viruses. This makes conventional editing methods, such as
transfection or lentivirus infection difficult (43). The direct delivery
of Cas9 protein and its related single instruction RNA (sgRNA,
together comprising the CRISPR-Cas9-RNP) complex provides an
attractive alternative method for genome editing based on CRISPR.
Protein-mediated strategies are short-lived, thus limiting genome
exposure to editing mechanisms, which may lead to unnecessary
off-target editing. Transient protein delivery also reduces the risk of
immunogenicity in the host due to the continuous expression of
active Cas9 (44, 45). Recent studies showed that the efficiency of the
Cas9-RNP editing strategy was far superior to that of the traditional
method in myeloid cells. They proved that the delivery of Cas9-RNP
complex usually produces single or multiple target genes with > 90%
KO, so that it is possible to quickly evaluate the functionally deficient
genes of donors or cells from a predetermined genetic background
without damaging the normal cell function. This process produces
genetically edited Ms, which retains transcripts and protein markers
of myeloid differentiation and phagocytic function (14, 46).
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In conclusion, in this study, we constructed locked M2a Mes
with TNFR1 knockout and IL-4 overexpression for OA
treatment. We found that it maintained a more stable M2a
polarization and anti-inflammatory phenotypes in an
inflammatory environment in vitro and in a rat OA model.
Moreover, an intra-articular injection of L-M2a M¢ delayed the
process of OA (Figure 7). This study provides insights into the
treatment of inflammatory joint diseases including OA.
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SUPPLEMENTARY FIGURE 1

(A) Validation of knockout efficiency of sgTNFR1-EGFP-Cas9-RNP and
overexpression of pPCDNA -IL-4 in human-derived macrophages by flow
cytometry, DNA cleavage assay and Western blot. (B) The isotype controls
and gating strategy of flow cytometry in Fig 1E. (C) The PCA plot (left) and
Pearson correlation (right) among M2 (A group), M2+OASF (B group), L-
M2a (C group), L-M2a+OASF (D group). Me: macrophage; L-M2a Me:
locked M2a macrophage; OASF: OA synovial fluid.

SUPPLEMENTARY FIGURE 2

(A-B) Polarized phenotype and inflammatory phenotype of M2 and L-M2a
Me co-cultured with or without OA chondrocytes for 1 or 7 days using
western bolt (A, n=3) and RT-gqPCR (B, n=5). (C) Nanoparticle Analysis of
M2 macrophage exosomes.

SUPPLEMENTARY FIGURE 3

(A) Comparison of polarized phenotype and inflammatory phenotype
among M2 Mes constructed with Tnfrsfla knockout and 114 stimulation
(Tnfrsfla“® group), 114 overexpression (I14°F) or Tnfrsfla knockout and 114
overexpression (Tnfrsfla“?I114°F) when stimulated with or without OASF
by RT-qPCR. (B) Comparison of polarized phenotype among M1, M2 and
Tnfrsflak“1l4°F M1 M@s by Western blot. (C) Expression of CD86 and
CD206 in M0, M2, and L-M2a M¢ when stimulated with or without LPS
+IFNy by Western blot. (D) A heatmap of anti-inflammatory and pro-
regenerative cytokines expression of MO, M1, M2a, M2b, M2c Mgs by RT-
qPCR. (E) Expression of inflammatory factors of chondrocytes co-
cultured among with MO, M1, M2a, M2b, M2c Mgs. (F) The expression of
CD86 and CD206 in M1, M2 and macrophages treated with OASF. KO:
knockout; OE: overexpression; Mg: macrophage; OASF: OA synovial fluid.

SUPPLEMENTARY TABLE 1
The source and identifier of reagents used in this study.

SUPPLEMENTARY TABLE 2
The rat primer sequence for RT-PCR.

SUPPLEMENTARY TABLE 3

Basic information (gender, age, K/L grade) of 5 OA patients for OASF. K/L
grade: Kellgren & Lawrence grade.
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Macrophages play an essential role in maintaining the normal function of the
innate and adaptive immune responses during host defence. Macrophages
acquire diverse functional phenotypes in response to various
microenvironmental stimuli, and are mainly classified into classically activated
macrophages (M1) and alternatively activated macrophages (M2). Macrophage
polarization participates in the inflammatory, fibrotic, and oncogenic processes
of diverse respiratory diseases by changing phenotype and function. In recent
decades, with the advent of broad-range profiling methods such as
microarrays and next-generation sequencing, the discovery of RNA
transcripts that do not encode proteins termed “noncoding RNAs (ncRNAs)”
has become more easily accessible. As one major member of the regulatory
ncRNA family, long noncoding RNAs (IncRNAs, transcripts >200 nucleotides)
participate in multiple pathophysiological processes, including cell
proliferation, differentiation, and apoptosis, and vary with different stimulants
and cell types. Emerging evidence suggests that IncRNAs account for the
regulation of macrophage polarization and subsequent effects on respiratory
diseases. In this review, we summarize the current published literature from the
PubMed database concerning IncRNAs relevant to macrophage polarization
and the underlying molecular mechanisms during the occurrence and
development of respiratory diseases. These differentially expressed IncRNAs
are expected to be biomarkers and targets for the therapeutic regulation of
macrophage polarization during disease development.
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1 Introduction

Respiratory diseases are responsible for a significant
proportion of serious morbidity and premature death worldwide
(1). The Global Burden of Diseases (GBD) Study 2017 data
showed that there were 3.2 million deaths due to COPD and
495,000 deaths due to asthma (2). Lung cancer is the deadliest of
nearly all cancers, with 5-year survival rates of 4-17% depending
on stage and regional differences (3). In addition, the COVID-19
pandemic has claimed more than 5.7 million lives within a year,
mostly from respiratory causes (4). A number of other conditions,
including interstitial disease diagnosed as IPF, noninfectious
granulomatous lung diseases such as sarcoidosis, and infectious
lung diseases such as tuberculosis, also contribute to a significant
global burden. Therefore, early diagnosis and precise therapy are
especially crucial. Despite considerable advancements in
fundamental research and clinical practice that have shed light
on the pathophysiology of these diseases in recent decades,
challenges remain in exploring molecular mechanisms.

Macrophages play an essential role in maintaining the normal
function of the innate and adaptive immune responses during
host defence (5). Macrophages acquire diverse functional
phenotypes in response to various microenvironmental stimuli,
which are mainly classified into classically activated macrophages
(M1) and alternatively activated macrophages (M2) (6). Exposure
to interferon-y (IFN-y) or lipopolysaccharide (LPS) stimulates M1
macrophage polarization with the ability to produce
proinflammatory cytokines such as IL-1f, IL-6, IL-12, and
TNFa, leading to pathogen clearance and tissue damage (7). In
contrast, M2-polarized macrophages are further classified into
four subsets based on their in vitro responses to stimuli: M2a
macrophages (characterized by the expression of CD206 receptors
on the cell surface and that can be induced by IL-4 and IL-13),
which promote type II immune responses and fibrogenesis; M2b
macrophages (characterized by the expression of CD86 receptors
on the cell surface and that can be induced by immune
complexes), which are immunoregulatory; M2c macrophages
(characterized by the expression of CD163 receptors on the cell
surface and that can be induced by IL-10 and transforming growth
factor- (TGF-f), which are anti-inflammatory and initiators of
tissue remodelling; and M2d macrophages, also known as
tumour-associated macrophages (TAMs), which are the major
inflammatory component of the tumour microenvironment
(TME) (7-11). The pathogenic process of most respiratory
diseases has been proposed to be regulated by macrophage
plasticity (M1/M2 polarization) (12). For example, the
activation of M1 macrophage polarization is important for
inflammation formation, while the activation of M2
macrophage polarization is important for fibrosis, inflammation
solution and tumorigenesis (12, 13). In this scenario, targeting the
balance of macrophage phenotypes may be a key step in
respiratory disease management.
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In recent decades, with the advent of broad-range profiling
methods such as microarrays and next-generation sequencing,
the discovery of RNA transcripts that do not encode proteins
termed “noncoding RNAs (ncRNAs)” has become more easily
accessible. NcRNAs are generally classified into two groups,
housekeeping and regulatory ncRNAs, according to their
regulatory effects. As one major member of the regulatory
ncRNA family, long noncoding RNAs (transcripts >200
nucleotides) participate in multiple pathophysiological
processes, including cell proliferation, differentiation and
apoptosis, which vary with different stimulants and cell types
(14, 15). Many studies have reported that the IncRNA profiles in
patients with respiratory disease differ from those in healthy
people (16-18). In addition, emerging evidence suggests that
dysregulated IncRNAs account for the pathogenesis and
progression of several lung diseases, including COPD, asthma,
and ALI, due to their roles in regulating macrophage
polarization (19-21). In this review, we will summarize recent
findings regarding IncRNA-mediated macrophage polarization
in four categories of respiratory conditions: chronic airway
disease (asthma, COPD, and cystic fibrosis), interstitial lung
disease (IPF, CTD-ILD, and sarcoidosis), infectious lung disease
(TB, pneumonia, and acute lung injury/acute respiratory distress
syndrome), and lung cancer, providing a theoretical basis for the
use of IncRNAs as noninvasive diagnostic biomarkers and
therapeutic targets for respiratory diseases.

2 LncRNA expression profiles in M1/
M2 macrophage polarization

A number of studies have analysed the expression profiles of
IncRNAs in human- and murine-derived macrophages under
various polarized conditions. Zhang et al. (22) used murine bone
marrow-derived macrophages (BMDM:s) to determine IncRNA
expression in M1 and M2 polarizing conditions. In this study,
M1-polarised conditions in BMDMs were induced by LPS plus
IFN-vy treatment, whereas M2 polarization was stimulated by IL-
4. The IncRNA-microarray results identified 33,231 IncRNAs, of
which 627 IncRNAs were enriched in M1 macrophages and 624
IncRNAs were enriched in M2 macrophages with the selection
criteria of >2-fold differentially expressed changes and FDR
adjusted P values < 0.05 (22). Using qRT-PCR, they
confirmed that in M1 polarized macrophages, [ncAK048798
and IncAK153212 were downregulated, whereas IncAK085865
and IncAK083884 were upregulated in comparison to levels in
M2 polarized conditions (22). Luo and his colleague (23) used
microarray analyses to analyse the expression of IncRNAs in the
process of M2 to M1 macrophage polarization in human
monocytic U937 cells. Specifically, stimulation of U937 cell
cultures with PMA, IL-4, and IL-13 induced the M2
phenotype, while a switch from the M2 to the M1 phenotype
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was promoted by LPS and IFN-y stimulation. They uncovered
26,276 differentially expressed IncRNAs between M1 and M2
phenotypes of U937 macrophages. Pearson correlation analysis
was used to verify the agreement between microarray data and
qRT-PCR examination. Although the QRT-PCR results of some
IncRNAs were inconsistent with the microarray results, the
majority of IncRNAs analysed were congruent in both assays.
On the other hand, Ito et al. (24) stimulated mouse BMDMs into
various phenotypes with IFN-y (M1), IL-4 (M2a), LPS and
immobilized IgG (M2b), and IL-10 (M2c). The qRT-PCR
results showed that IncRNA growth arrest specific 5 (GAS5) is
not expressed by M2b cells, but M0, M1, M2a, and M2c cells
express it. Additionally, BMDMs overexpressing GAS5 RNA
after GAS5 gene transduction did not switch to the M2b
phenotype after stimulation with LPS and IC in combination.

In summary, profiling IncRNA expression in polarized
macrophages with techniques such as microarray and RT
—qPCR arrays yields large amounts of dysregulated IncRNAs.
For the most part, the therapeutic potential of such dysregulated
IncRNAs through regulating macrophage polarization is worth
exploring. In the following sections, we summarize the broad
spectrum of IncRNAs involved in macrophage polarization
along with their target proteins and their possible roles in the
regulation of respiratory diseases. An overview of these IncRNAs
is given in Table 1 and Figure 1.

3 LncRNA-based regulation of
macrophage polarization in chronic
airway disease

Chronic airway diseases, characterized by airway
inflammation and airway remodelling, are increasing as a
cause of morbidity and mortality for all age groups and races
across the world. The underlying molecular mechanisms
involved in chronic inflammatory airway diseases have not
been fully explored. Recently, accumulative evidence has
shown that the novel regulatory mechanism underlying the
action between IncRNAs and polarized macrophages plays a
critical role in the pathophysiological processes of chronic
airway diseases, particularly chronic obstructive pulmonary
disease (COPD) and asthma.

3.1 Asthma

Asthma, characterized by reversible airflow limitation,
airway inflammation and airway hyperresponsiveness, is
mainly divided into two phenotypes: Th2 and non-Th2 (36,
37). Th2-asthma (i.e., eosinophilic asthma) is well established to
play a leading role in asthma development, as more than half of
asthma cases have a Th2 phenotype, where M2 macrophages
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predominantly secrete high levels of IL-13 and chemokines (e.g.,
CCL-17 and CCL-18), inducing airway eosinophil infiltration
and mucus hypersecretion and contributing to lung function
impairment and airway remodelling (38, 39). Non-Th2 asthma
(i.e., neutrophilic asthma), by contrast, is characterized by
neutrophil dominance airway inflammation that can be driven
by M1 macrophages or Th1/Thl17 lymphocytes and by the
production of high levels of proinflammatory Thl cytokines
(e.g., IL-6, IL-1B, and TNF-ar) and chemokines (e.g., CCL2 and
CCL5) (36, 38, 40). Thus, patients with neutrophilic asthma have
a poor response to corticosteroids and tend to develop severe or
refractory asthma (41, 42). These results indicate that regulating
the M1 and M2 macrophage phenotype balance would guide
individualized therapy for different types of asthma. To date,
several IncRNAs have been proven to play an important role in
the pathogenesis of asthma by regulating M1/M2 macrophage
polarization balance (Figure 2). We discuss them below.

Pei and his colleagues (20) found that there was high expression
of IncRNA AK085865 in BAL cells and lung tissues from
dermatophagoides farinae protein 1 (Der fl)-induced asthmatic
mice compared with PBS-induced mice. LncRNA AK085865
expression was upregulated during the M1 to M2 transition (20).
Upon AK085865 knockdown, IgE-mediated eosinophilic airway
inflammation and M2 macrophages were both decreased in
asthmatic mice, which proved that AK085865 knockout protected
against allergic inflammation in mice by inhibiting M2 polarization.
Furthermore, AK085865 could promote the differentiation of innate
lymphoid cells progenitor (ILCP) into type II innate immune
lymphoid cells (ILC2s) and then augment type 2 inflammation
(20). Therefore, knockout of the IncRNA AK085865 may guide
novel treatment for type 2 asthma. Xia et al. (17) conducted a
differential IncRNA expression profile and found that Inc-BAZ2B
was upregulated and that its expression was correlated with BAZ2B
expression in the PBMCs of children with asthma. In addition, Inc-
BAZ2B knockdown significantly inhibited the M2-specific marker
expression of THP1-derived macrophages in vitro. Further
mechanistic investigation showed that Inc-BAZ2B was an
upstream regulator of BAZ2B and positively regulated the
expression of BAZ2B by stabilizing its pre-mRNA, which
promoted the transcription of IRF4 by binding H3K14ac-
modified sites within the IRF4 gene and thus influenced the
activation of M2 macrophages (17). This observation was
consistent with a cockroach allergen extract (CRE)-induced
asthma model, where BAZ2B knockdown inhibited pulmonary
inflammation and mucus secretion by inhibiting M2 macrophage
polarization via IRF4 (17). Taken together, we speculate that
inactivation of Inc-BAZ2B could help prevent Th2 asthma
aggravation. Another IncRNA reported to be upregulated during
IL-4-induced M2 macrophage activation is PTPRE-ASI (25).
Knockdown of PTPRE-ASI expression promoted transcription of
M2 marker genes by targeting receptor-type tyrosine protein
phosphatase (PTPRE), which promoted IL-4-induced activation
of MAPK/ERK 1/2 signalling (25). Moreover, PTPRE-ASI plays a
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TABLE 1 LncRNAs regulate M1/M2 polarization through targeting various adaptor proteins and transcription factors in respiratory diseases.

Type of LncRNAs Cell types Polarization =~ Targets Function Reference
diseases
Asthma AK085865 Primary macrophages in the Promote M2 None AK085865 knockout ameliorates Pei et al.
BALF from mouse asthmatic airway inflammation. (20)
PTPRE-ASI | Bone marrow-derived Suppress M2 PTPRE/ Protects against allergic inflammation. Han et al.
macrophages (BMDMs) and ERK1/2 (25)
RAW 264.7
Lnc-BAZ2B ~ PMA-induced human monocyte | Promote M2 BAZ2B/ Enhances the disease severity of Xia et al.
THP-1 cells IRF4 allergic asthma. (17)
Chronic MIRI55HG  GM-CSF induced peripheral Promote M1, NF- kB/p65 | Enhance pro-inflammatory cytokine Li et al. (19)
obstructive blood mononuclear cells suppress M2 release.
pulmonary (PBMCs)
disease (COPD)
Idiopathic HI9 THP-1 macrophages and Promote M2 let-7a/c- Promotes myofibroblast differentiation. = Xiao et al.
Pulmonary BMDMs Myc (26)
Fibrosis (IPF)
Pulmonary XIST RAW264.7 cells and human Suppress M1 miR-125b- XIST downregulation suppress Luo et al.
tuberculosis monocyte-derived macrophages 5p/A20/NF- | preexisting MTB infection. 27)
(hMDMs) B
MIR99AHG = PBMCs, monocyte-derived Promote M2 hnRNPA2/ Promote MTB growth. Gcanga et al.
macrophages (MDMs), BMDMs Bl (28)
Pneumonia GAS5 HMDMs and PBMCs Promote M1 miR-455- Protect against childhood pneumonia. Chi et al.
5p/SOCS3/ (29)
JAK2/
STAT3
Acute lung injury LincRNA- MH-S Promote M1 NF-kB/p65 LincRNA-p21 inhibition may protect Zhang et al.
(ALI)/ p21 against ALL (21)
Acute respiratory
distress
syndrome
(ARDS)
MALATI1 Mouse BMDMs, human PBMCs Promote M1 Clecl6a Malat1 knockout ameliorated LPS- Cui et al.
and THP-1 macrophages and induced pulmonary inflammation and (30)
mouse alveolar macrophages injury but led to severe lung fibrosis.
Lung cancer GNAS-AS1 | PMA-induced human monocyte = Promote M2 miR-4319/ Facilitating the progression of NSCLC.  Li et al. (31)
THP-1 cells NECAB3
LARRPM PMA-induced human monocyte | Suppress M2 LINC00240/  Suppressed LUAD cell proliferation, Liet al. (32)
THP-1 cells Promote M1 CSF1 migration and invasion, and promoted
apoptosis.
LINC01094 = PMA-induced human monocyte | Promote M2 SPI1/CCL7 Facilitating the progression of LUAD. Wu et al.
THP-1 cells (33)
PCAT6 PMA-induced human monocyte | Promote M2 miR-326/ Promoted metastasis and EMT process | Chen et al.
THP-1 cells KLF1 of NSCLC cells. (34)
SNHG7 THP-1 macrophages Promote M2 CUL4A/ Enhanced docetaxel resistance of Zhang et al.
PTEN/ LUAD cells. (35)
PI3K/Akt

positive role in the regulation of PTPRE expression and protects

against allergic inflammation by inhibiting M2 macrophage

polarization, whether in a mouse model or in PBMCs from

asthmatic patients, whereas it promotes M1-associated colitis
functionally (25). Additionally, PTPRE-ASI can be used to
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distinguish asthma patients from normal individuals by receiver
operating curve (ROC) analysis, implying that PTPRE-AS] exhibits
potential as a biomarker in childhood asthma (25). During M2
macrophage activation, PTPRE-ASI directly bound to WDRS5,
regulating PTPRE-dependent signalling by modulating the
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FIGURE 1
A schematic summary of the role of various long non-coding RNAs in modulating macrophage polarization involved in respiratory diseases.
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FIGURE 2

The role of macrophages and associated IncRNAs in allergic asthma. Antigen-presenting cells (APCs) identify allergens and initiate the allergic response.
Under this condition, naive CD4+ T cells differentiate into Th2 cells. Th2 cells secreting IL-4 induce M2 macrophage polarization. Lnc-BAZ2B promotes
M2 macrophage activation by stabilizing BAZ2B pre-mRNA, thereby promoting IRF4 expression and chemokines secretion, leading to mucus
hypersecretion and eosinophil infiltration in allergic children. PTPRE-ASL is selectively expressed in IL-4—stimulated M2 macrophages. PTPRE-AS1 binds
WDRS5 directly, modulating H3K4me3 of the PTPRE promoter to regulate PTPRE-dependent signaling during M2 macrophage activation and protects
against pulmonary allergic inflammation. LncRNA AKO85865 promotes M2 macrophages activation and M2 macrophages promote the differentiation of
innate lymphoid cells progenitor (ILCP) into type Il innate lymphoid cells (ILC2s), thus aggravate Type 2 immune response. Non-Th2 asthma (i.e.,
neutrophilic asthma), by contrast, is driven by M1 macrophages or Th1/Th17 lymphocytes through the production of high levels of proinflammatory Thl
cytokines (e.g., IL-6, IL-1B, and TNF-a) and chemokines (e.g., CCL2 and CCL5), contributing to neutrophilic infiltration and airway inflammation.
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PTPRE promoter’s H3K4me3. These results provide evidence to
support the potential of IncRNA PTPRE-ASI to serve as a
biomarker for type 2 inflammation remission.

Taken together, these data show that IncRNAs possess
wonderful capability as biomarkers and therapeutic targets for
asthma. This potential, however, remains far from being
completely assessed. For example, most published IncRNAs
are focused on regulating M2 macrophage-mediated type 2
inflammation, and identifying those IncRNA profiles that can
regulate M1 macrophages is essential for confirming the
potential of IncRNAs to identify asthma phenotype and
determine the optimal treatment for each patient. Therefore,
there are many opportunities for further research.

3.2 COPD

COPD is a preventable and treatable condition characterized
by persistent airflow restriction and chronic airway
inflammation (43). Cigarette smoking (CS) is the largest
known risk factor for COPD (43). The phenotypic
transformation of macrophages induced by CS or cigarette
smoking extract (CSE) has been demonstrated in in vivo and
in vitro studies of COPD (44-47). In addition to CS exposure,
biomass ambient particulate matter (PM) has been indicated to
be crucial for COPD pathogenesis by numerous epidemiological
studies. Recent studies have shown that biomass fuel smoke
(BMF) and PM2.5 facilitate macrophage polarization and
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activation in vitro (48, 49). Consistently, M1 and M2
macrophages have been detected in the lungs of COPD
patients (46). Functionally, M1 macrophage-induced iNOS, IL-
1B, IL-6, IL-8, and TNF-o. contribute to oxidative stress and
airway inflammation, while M2 macrophage-induced TGF-3
facilitates epithelial-mesenchymal transition (EMT)-based
small airway remodelling in COPD (46, 47, 50). In addition,
M2 macrophage-induced TGF-B, Fizzl and Yml are both
involved in extracellular matrix dynamics, and arginine
accelerates collagen synthesis, which leads to fibrosis (51).
Therefore, the functional differentiation of macrophages is
important for the specific pathology observed in
COPD (Figure 3).

The MIRI155 host gene (MIRI55HG), an endogenous
IncRNA located at chromosome 2192 within a 13-kb length, is
upregulated in M1 macrophages (52, 53), but MIRI55HG
promoter activity could be inhibited by M2 macrophage-
secreted IL-10 in a STAT3-dependent manner (signal
transducer and activator of transcription 3) via its Etsl
transcription factor-binding site (54). Li and his colleagues
(19) recently found that MIRI55HG was highly expressed in
peripheral blood mononuclear cells of COPD patients compared
with normal controls, and MIRI55HG overexpression resulted
in a significantly increased percentage of M1 macrophages
accompanied by enhanced proinflammatory cytokine release
(TNF-o, IL-1B and IL-12) as well as decreased M2
macrophage levels, whereas interference with MIRI55HG
expression reduced the ratio of M1/M2 macrophages (19).
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The role of macrophages and MIR155HG in chronic obstructive pulmonary disease (COPD). Tobacco smoke or toxic particles cause airway
inflammation and airway remodelling. Macrophage polarization plays a key role. M1 macrophages secrete inflammatory cytokines and
chemokines, promoting neutrophil recruitment and augmenting airway inflammation. MIR155HG indirectly regulate NF-xB signaling activity by
interacting with the p65-p50 complex, resulting in M1 macrophages activation accompanied by enhanced proinflammatory cytokine release
(TNF-0, IL-1B and IL-12). M2 macrophage-induced TGF-B, Fizz1 and Ym1 are involved in epithelial mesenchymal transformation (EMT) and
extracellular matrix dynamics, and arginine accelerates collagen synthesis, which leads to fibrosis.
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Mechanistically, the NF-xB protein p65 could combine with the
upstream transcription site of MIRI55HG, suggesting that
MIRI55HG was a direct NF-xB target gene contributing to
airway inflammation in COPD (Figure 3). Another report also
showed increased expression of MIRI55HG in lung tissues of
smokers with non-COPD or COPD compared to healthy
controls, particularly in COPD patients (55). Therefore,
targeting MIR155HG to reduce M1 differentiation may be
beneficial for COPD relief. On the other hand, MIR155HG is
also known for promoting cell migration, proliferation, and
invasion in multiple cancers, including non-small cell lung
cancer (NSCLC), where M2d macrophages (TAMs) play a key
role in tumorigenesis (56, 57). This might contradict the
regulatory role of MIRI55HG in COPD. The exact effect of
targeting MIRI55HG to shift the macrophage phenotype in
COPD complicated with lung cancer should be considered.
Indeed, macrophage polarization is a complex and dynamic
evolutionary process that is affected by various environmental
stimuli. These findings offer multiple chances to further explore
the role of MIRI55HG in respiratory diseases.

3.3 Cystic fibrosis

CF is a major disease associated with bronchiectasis and is
caused by a mutation in a gene called cystic fibrosis
transmembrane conduction regulator (CFTR), whose
dysfunction gives rise to mucus retention, chronic infection,
and airway inflammation (58). Human monocytes, alveolar
macrophages, and monocyte-derived macrophages (MDMs)
express CFTR protein, and CFTR dysfunction in macrophages
is related to augmented airway inflammation, increased mucus
cells and mucus blockage, and increased lethal pneumonia,
emphasizing the critical role of macrophages in promoting CF
(59-61). Most importantly, Tarique et al. (62) reported that the
polarization of anti-inflammatory, alternately activated M2
macrophages is CFTR dependent. In addition, MDMs from
healthy controls treated with a CFTR inhibitor (CFTRInh-172)
were incapable of polarizing into anti-inflammatory M2
macrophages, suggesting that understanding the link between
CFTR dysfunction and M2 polarization may provide new
therapeutic targets for CF (62). On the other hand, growing
evidence supports that IncRNAs regulate CF. For example,
McKiernan et al. (63) found that X inactivation-specific
transcript (XIST) and MALATI are differentially expressed in
bronchial brushings of CF patients. Balloy et al. (64) also found
that in Pseudomonas aeruginosa (PA)-infected CF bronchial
epithelial cells, the expression of several IncRNAs, such as
maternal expression gene 9 (MEGY) and bladder cancer-
associated transcription 1 (BLACATI), was downregulated. In
addition, IncRNA BGas has been shown to be associated with CF
by targeting and regulating CFTR directly (65). Unfortunately,
current studies on the roles of IncRNA-mediated macrophage
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polarization in CF are limited and require further investigation.
If macrophage function can be recovered by rectifying CFTR
dysfunction via IncRNAs, IncRNAs will be promising in the
control of the onset and progression of CF.

4 LncRNA-based regulation of
macrophage polarization in
interstitial lung disease

4.1 Idiopathic pulmonary fibrosis

IPF is a lethal, chronic, progressive interstitial lung disease
characterized by the deposition of fibroblasts and collagen in the
lung interstitum, resulting in destruction and fibrotic
remodelling of lung tissue (66). M2 macrophages induce the
differentiation of the myofibroblast phenotype by releasing the
fibrogenic cytokine TGF-P1, contributing to the deposition of
extracellular matrix, suggesting a key role in IPF (51, 67). A
recent study showed that decreased M2 macrophage infiltration
in the lung significantly protected mice from bleomycin-induced
lung injury and fibrosis. These IPF pathogenic factors were
further reported to be related to IncRNAs. For instance, Xiao
et al. (26) found elevated HI9 expression levels and decreased
let-7a expression levels in lung tissues from arsenite-induced
pulmonary fibrosis mice. Mechanistically, H19 acts as a ceRNA
for let-7a regulating c-Myc, resulting in lower expression of M2
macrophage markers (CD206, Argl, and TGF-B1) and lower
fibrosis-related markers (p-SMAD2/3, SMAD4, a-SMA and
collagen I) (26). Similarly, in the sera of arseniasis patients,
H1I9 levels were higher and let-7a levels were lower than those in
healthy controls (26). These observations elucidate the possible
mechanism of pulmonary fibrosis induced by arsenic exposure
and provide a theoretical basis for its treatment. In addition to
the TGF-B/Smad pathways, the macrophage-based pathways
implicated in fibrosis also include Wnt/beta-catenin and PI3K-
AKT-mTOR, which can be regulated by a number of IncRNAs,
such as GAS5 and LOCI02551149 (68-70), in other fibrosis-
related diseases. Obviously, more investigations are required to
understand whether these IncRNAs are pivotal regarding the
regulation of macrophage polarization in IPF.

4.2 Sarcoidosis

Sarcoidosis is a granulomatous disease of unknown
aetiology. Macrophages and CD4+ T cells play a key role in
granuloma formation (71). A previous study showed that the
proportion of M1 macrophages (defined as CD40 cell surface
expression) in the pulmonary lumen of patients with sarcoidosis
is significantly increased, while the proportion of M2
macrophages (defined as CD163 cell surface expression) tends
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to increase in nonspeciﬁc interstitial pneumonia (NSIP), IPF,
and hypersensitivity pneumonia (HP) (72). In contrast, Shamaei
and his colleagues reported enhanced CD163 staining in
granulomas of patients with sarcoidosis compared with
tuberculous granulomas (73). Using a one-sided M2
phenotype marker and different sample types may explain the
contradiction between the above two studies. The mechanism of
transition from acute inflammation (granuloma) to the fibrotic
stage is particularly complex. Increasing evidence suggests that
granuloma formation is supported by Thl/M1 immune
polarization due to exaggerated TNF-o. and INF-y. In contrast
to the acute phase of sarcoidosis, the chronic fibrotic disease
state is associated with M2/Th2 polarization (74, 75). Thus, a key
point in sarcoidosis therapeutics is restoring the M1/Thl
(inflammation) and M2/Th2 (fibrosis) balance. To date, the
expression profile and functional studies of IncRNAs in
sarcoidosis remain unknown. Considering the ability of
IncRNAs to regulate macrophage polarization and participate
in immune regulation, the diagnostic and therapeutic role of
IncRNAs in sarcoidosis might be an important area of research.

4.3 Connective tissue
disease-associated ILD

Approximately one-third of individuals with ILD have
associated connective tissue disease (CTD) (76). The CTD
demonstrating features of ILD include rheumatoid arthritis
(RA), systemic lupus erythematosus (SLE), dermatomyositis
(DM) and polymyositis (PM), systemic sclerosis (SSc), Sjogren’s
syndrome (SS), and mixed connective tissue disease (MCTD) (77).
RA-ILD is the most common type (78). RA is a chronic
inflammatory autoimmune disease characterized by massive
immune cell infiltration, pannus formation and destruction of
cartilage and bone. Macrophages play a crucial role in the
pathogenesis of RA, and the degree of synovial macrophage
infiltration, particularly elevated M1 macrophages, correlates
with clinical disease activity and severity in RA patients (79-81).
Zhu et al. (82) found that IncRNA HI9 is upregulated in RA
patients and arthritic mice. Additionally, HI9 overexpression
promoted M1 macrophage polarization along with increased
expression of M1 macrophage-related factors and aggravated
arthritis in mice by upregulating KDM6A expression (82).
Therefore, targeting H19 may develop into a novel therapy for
RA by inhibiting M1 macrophage polarization. As described
previously, H19 promotes myofibroblast differentiation in PF by
regulating M2 polarization (26). It remains to be known whether
H19is involved in the progression of pulmonary manifestations in
RA by altering the macrophage phenotype.

In addition, the role of macrophage polarization and plasticity
in SLE and DM/PM development has also been explored in
several studies (83-85). Despite the emerging role of IncRNAs
in autoimmune diseases, whether their regulatory role in these
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diseases is through the induction of macrophage polarization
remains less understood and requires further exploration.

5 LncRNA-based regulation of
macrophage polarization in
infectious lung disease

5.1 Tuberculosis

Tuberculosis (TB) continues to be a major public health
problem, with over 10 million new cases and 1.5 million deaths
annually (86). Mycobacterium tuberculosis (MTB) is the most
common pathogen causing TB and has high drug resistance (87).
Macrophages play a crucial role in the host immune response
and infection outcome post-TB infection (88). In addition,
antibacterial activity and cytokine production during the
formation of tuberculosis granuloma are usually concomitant
with the transformation of the macrophage phenotype from M1
to M2 (88). Accordingly, MTB inhibit the development of the
M1 phenotype and reprogram macrophages towards the M2
phenotype for better survival in the host, resulting in increased
occurrence and development of pulmonary TB (89). It was
proven that the fusion of lysosomes with TB-containing
phagosomes and the upregulation of iNOS were caused by M1
polarization (90). Additionally, the TLR2/MyD88 signalling
pathway associated with M1 macrophage activation plays a
key role in host defence during MTB infection (91). Thus,
inhibition of the intracellular survival of MTB may be
orchestrated by M1 macrophage activation, which would
facilitate pathogen clearance. Additionally, the protective effect
of proinflammatory/M1 macrophages on MTB infection has
been confirmed in many clinical studies (92). Although the
administration of antibiotics has been widely used to prevent
and treat TB, the persistence of latent infections and the
emergence of resistance urgently require the development of
new drugs and treatments. Therefore, controlling macrophage
polarization is expected to improve TB progression.

Recent studies have identified ncRNA profiles and explored
the functional role of IncRNAs such as MEG3 and NEAT1I during
MTB infection, further implicating their potential in the immune
response (93-95). Two IncRNAs are functionally related to
polarized macrophages during MTB infection. For example, Luo
et al. (27) discovered that XIST expression was upregulated in
RAW?264.7 cells and human monocyte-derived macrophages
(hMDMs) after MTB infection and that its expression was
regulated by ESAT-6, an important determinant of MTB
virulence. Functionally, XIST serves as a competing endogenous
RNA targeting miR-125b-5p, a miRNA that promotes M1
macrophage polarization by modulating A20/NF-kB signalling.
A previous study also supported the conclusion that the
expression of A20 was upregulated in MTB-infected
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macrophages, thereby inhibiting the NF-xB pathway and
regulating the immune response after MTB infection (96). The
regulatory network of the XIST/miR-125b-5p/A20/NF-xB axis
has also been proven to be a molecular mechanism of negative
pressure treatment for MTB infection (27). Another recent study
reported that MIR99AHG is upregulated in M2 (IL-4/IL-13)-
polarized mouse and human macrophages but downregulated
after clinical MTB HN878 strain infection and in PBMCs from
active TB patients (97). Knockdown of MIR99AHG using
antisense oligonucleotides (ASOs) significantly reduced
intracellular MTB growth, necrosis, and proinflammatory
cytokine production in mouse and human macrophages, as well
as reduced mycobacterial burden in the lungs of mice (28). Thus,
as an addition to existing antibiotics, MIR99AHG may be a
potential target for host-directed TB drug therapy.

5.2 Pneumonia

Pneumonia is the leading cause of death for children under
the age of 5 (98). Particularly, after the outbreak of severe acute
respiratory syndrome coronavirus type 2 (SARS-CoV-2) in
Wuhan in December 2019, approximately 20-30% of patients
hospitalized for COVID-19-associated pneumonia required
intensive care for respiratory support (99, 100). At present,
there are still difficulties in clinical treatment. Given that
morbidity and mortality are associated with excessive
inflammation, it is necessary to better understand the
immunological basis of pneumonia in patients to better
identify therapeutic targets. It has been shown that
macrophages play an important role in pneumonia and
polarize into different phenotypes when responding to various
pathogens. For instance, macrophages are polarized towards an
MI phenotype in the early stage of bacterial infection and serve
as a prompt to eliminate pathogens (101). As described by Li
et al. (102), the M1 phenotype (iNOS¥) was increased and the
M2 phenotype (CD206") was decreased after Klebsiella
pneumoniae-induced pneumonia. High expression of IL-10
and a high population of M2-polarized macrophages play
important roles in the production of lung consolidation in
Mpycoplasma hyopneumoniae infection (103). In SARS-CoV-2
infection, M1 macrophage-derived inflammatory cytokines,
such as TNF-o and IL-1fB, have been confirmed in the
respiratory tract and are closely correlated with increased
disease severity. M2 macrophages are thought to play an
important role in the process of fibrosis (104-106). In
addition, Shibata et al. reported that alveolar macrophages
could acquire the M2 phenotype at Day 8 after RSV infection
(107). During cryptococcal infection, the polarization status of
pulmonary macrophages changed with time: at 1 week after
infection, the pulmonary M2 macrophages were strongly
polarized, but at 3 and 4 weeks after infection, the overall
polarization of the macrophages shifted to M1. These studies
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suggest that the polarization of macrophages is phenotypic and
functional plasticity shifts in response to changes in external
stimuli. Targeting macrophage polarization and reinforcing
phenotypic adaptation to the microenvironment may hold
great promise for the treatment of pneumonia.

IncRNAs that regulate macrophage polarization may affect
pneumonia. As an example, Chi et al. (29) found that GAS5
mRNA expression was significantly decreased in hMDMs from
children with pneumonia and this is accompanied by increased
M2 phenotype macrophages compared with the control group,
and GAS5 overexpression promoted macrophage polarization
from M2 to M1 in children with pneumonia via the miR-455-
5p/SOCS3/JAK2/STAT3 axis, indicating its protective role in
pneumonia in children. Indeed, the role of GAS5 in the
pathogenesis of pneumonia has been confirmed by emerging
evidence (108-110). In addition, downregulation of IncRNA
GAS5 can decrease ACE2 expression by increasing miR-200c-
3p and promote apoptosis of A549 cells, thus promoting the
progression of acute respiratory distress syndrome (ARDS) (28,
111). It would be exciting if overexpressing IncRNA GAS5
reduces the chance of death in severe viral pneumonia patients
caused by ARDS.

5.3 ALI/ARDS

Acute lung injury (ALI) is a typical pathological feature of
ARDS, and is characterized by the secretion of high levels of
proinflammatory factors and the triggering of the inflammatory
cascade, where alveolar macrophages (AMs), especially M1
macrophages, have been shown to be the major component
(112, 113). Pulmonary fibrosis is the advanced stage of ALI/
ARDS and is caused by fibroblast proliferation and excessive
collagen deposition (12). In this phase, M2 phenotype
macrophage-derived TGF- and IL-10 play a leading role.
Therefore, controlling macrophage polarization is expected to
ameliorate the progression of ALI/ARDS. Several IncRNAs have
been shown to be involved in inflammation-triggered ALI
(Figure 4). For example, lincRNA-p21 levels were highly
expressed in AMs from LPS-induced ARDS mice in a time-
independent manner, and lincRNA-p21 inhibition reversed LPS-
induced M1 activation and attenuated LPS-induced lung injury
(21). Further experiments showed that lincRNA-p21
overexpression promoted p65 nuclear translocation and NF-xB
activity, indicating the underlying application of IncRNA-p21 for
ADRS therapy via NF-xB/p65-mediated pathways. Similar to
lincRNA-p21, IncRNA MALATI has the capacity to promote
proinflammatory M1 activation and inhibit alternative M2
activation (30). Knocking out MALATI reduced LPS-induced
systemic and pulmonary inflammation and injury, but more
severe bleomycin-induced pulmonary fibrosis and M2 alveolar
macrophage augmentation were observed in mice (30).
Mechanistically, MALATI knockdown may promote
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The role of macrophages and associated IncRNAs in ALI/ARDS. In response to various physicochemical stimuli, M1 macrophages release various
proinflammatory cytokines at the site of inflammation and then recruit neutrophils from the circulation into the lung and alveolar spaces. Excess
accumulation of proinflammatory factors and neutrophils promotes the progression of inflammation and lung injury. LincRNA-p21 contributes
to LPS-induced M1 activation by promoting the ubiquitination of IxBa, activating NF-kB as well as promoting p65 nuclear translocation. MALAT1
promotes the expression of C-type lectin domain family 16, member A (Clecl6a) in nucleus, which is required for the proinflammatory
activation of M1 macrophages. After the elimination of the trigger, macrophages changed from the M1 to the M2 phenotype, and ALI/ARDS
entered the recovery stage. M2 macrophages play an important role in inflammation resolution and lung tissue repair by limiting the levels of
proinflammatory cytokines and enhancing the production of anti-inflammatory cytokines. MALATI regulation of M2 activation of macrophages
is dependent on glucose metabolism. Both mitochondrial pyruvate carriers (MPC)1 and MPC2 are upregulated by IL-4. IL-4 downregulates
MALATI1 expression, and MALAT1 knockdown enhances the expression of MPC1 and MPC2, therefore regulating glucose-derived mitochondrial
oxidative phosphorylation (OxPhos), which is essential to M2 macrophage polarization.

mitochondrial pyruvate carriers (MPCs) and their mediated
glucose-derived oxidative phosphorylation (OxPhos) induced by
IL-4, thereby enhancing the M2 macrophage phenotype (114).
This finding supports the role of MALATI in promoting the
progression of ALL In addition, the silencing of MALATI can
reduce the inflammatory response in lung injury as well as the
prevalence of cytokine storms in SARS-CoV-2 patients (115). It
would be promising if targeting IncRNA MALATI expression
lowers the risk of COVID-19-related ARDS.

6 LncRNA-based regulation
of macrophage polarization in
lung cancer

Lung cancer, the most common cancer and the leading cause
of cancer-related deaths, is mainly divided into two types: non-
small cell lung cancer (NSCLC) and small cell lung cancer
(SCLC) (116). NSCLC accounts for approximately 85% of lung
cancer and is classified by histopathology as adenocarcinoma,
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squamous cell carcinoma and large cell carcinoma (117).
Although molecular targeted therapies and immunotherapies
are available for lung cancer patients, recurrence and
progression due to drug resistance remain persistent problems
(118). Currently, the modulation of immune responses in lung
cancer has not been fully elucidated. Tumour-associated
macrophages (TAMs), which are most likely of the M2
phenotype and have anti-inflammatory properties, play an
important role in stimulating tumour cell proliferation and
invasion as well as inducing tumour angiogenesis and
lymphangiogenesis (119). Furthermore, M1 macrophages also
play a key role in tumorigenesis. In the chronic inflammatory
environment, M1 macrophages can not only induce the
carcinogenic process by secreting proinflammatory mediators
for a long time but also directly kill tumour cells and antagonize
the growth of established tumours by stimulating the antitumour
immune response (120). In this context, driving TAM
polarization to modulate immune responses could be a novel
therapeutic approach for lung cancer. A recent study discovered
the functional relevance of IncRNAs in cancer immune
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regulation and TME, contributing to the progression and clinical
outcome of a variety of cancers, including lung cancer (121, 122).
Here, we discuss specific IncRNAs that regulate polarized TAMs
in lung cancer.

Li et al. (31) reported that IncRNA GNAS-ASI was highly
expressed in TAMs, human NSCLC cell lines and tumour tissues.
Moreover, high GNAS-ASI expression predicts lower overall
survival and metastasis-free survival of NSCLC patients (31).
The oncogenic effect of GNAS-AS! is achieved by promotion of
M2 polarization via directly inhibiting miR-4319, which can target
the expression of N-terminal EF-hand calcium binding protein 3
(NECABS3) (31). Downregulation of NECAB3 in tumour cells has
been shown to suppress tumorigenicity and play a crucial role in
cancer development (123).

LncRNA SNHG?7 was highly expressed in docetaxel-resistant
cells, and exosomal SNHG7 enhanced docetaxel resistance in
lung adenocarcinoma (LUAD) cells by inducing autophagy and
promoting M2 macrophage polarization (35). It was shown that
IncRNA SNHG?7 activated the PI3K/AKT pathway by recruiting
CULA4A to promote PTEN ubiquitination and thereby mediating
macrophage M2 polarization (35). These discoveries implied
that SNHG7 may be a promising target for alleviating docetaxel
resistance in LUAD.

Chen et al. (34) observed a higher expression of IncRNA
PCAT6 in human NSCLC cells, and siRNA-mediated
knockdown of PCAT6 inhibited the viability, migration, and
invasion of NSCLC cells. A direct interaction was revealed by
luciferase reporter assays between miR-326 and PCATS6.
Kruppel-like Factor 1 (KLF1), an important participant in the
process of macrophage polarization (124), is a direct target of
miR-326. Consequently, PCAT6 can activate KLF1 by sponging
miR-326, induce macrophage M2 polarization and further
promoting metastasis and EMT in NSCLC cells.

Wu et al. (33) demonstrated that CCL7 was abundantly
expressed in LUAD and was associated with increased TAM
infiltration. Additionally, CCL7 knockdown suppresses
chemotactic migration and M2 macrophage polarization.
Employing RNA immunoprecipitation and RNA pull-down
assays, we found that LINC01094 binds to SPII and promotes its
nuclear translocation and that a luciferase reporter assay revealed an
interaction between SPI1 and CCL7 (33). Therefore, LINC01094
may be the cause of the aggregation of M2 macrophages and the
spread of tumour cells caused by the upregulation of CCL7 in
LUAD. However, the exact role of LINC01094 in macrophage
infiltration and LUAD development requires further investigation.

Another assessed IncRNA in lung cancer is IncRNA
LARRPM. Li et al. (32) reported lower expression of LARRPM
in LUAD tissues, which was negatively associated with poor
survival and advanced stage in patients with LUAD. Further
experiments showed that LARRPM could inhibit the
proliferation, migration and invasion of LUAD cells, promote
cell apoptosis, and inhibit M2 polarization and infiltration of
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macrophages by epigenetically regulating LINC00240 and CSF1
(32). These results provide evidence of the potential utility of
LARRPM as a prognostic biomarker and a therapeutic target
for LUAD.

Collectively, these studies not only underscore the role of
IncRNA-based TAM polarization in the pathogenesis of lung
cancer but also identify IncRNAs as biomarkers for designing
individualized treatment for patients with lung cancer.

7 Discussion

Macrophage polarization has functional significance in
respiratory diseases, including nonneoplastic conditions and
neoplastic conditions, by regulating inflammation, fibrosis,
immune response, and tumorigenesis. Targeting macrophage
phenotypic transformation may be a potential therapeutic
strategy for respiratory diseases. With the rapid development
of bioinformatics and high-throughput sequencing, diverse
significant functional roles of IncRNAs in human diseases have
been gradually revealed. A large number of studies have
illustrated that IncRNAs are fundamental factors in genomic
imprinting, chromatin modification, posttranscriptional
regulation and transcription, splicing and modification and are
involved in gene expression regulation at almost every stage in
various diseases (125, 126). Recently, different IncRNAs have
emerged as key regulators in the regulation of M1/M2
polarization. Given the important role of macrophage
polarization in the development of respiratory diseases, the use
of IncRNA-mediated M1/M2 polarization opens up new
possibilities for the control of respiratory diseases.

Macrophage polarization plays a significant role in respiratory
diseases, which are heterogeneous and dynamically evolving. For
instance, M1 macrophages cause pulmonary inflammation in the
early stages of ALI/ARDS, and M2 macrophages induce tissue
repair and pulmonary fibrosis in the late stages. Th2-asthma is
related to augmented M2 macrophages, while non-Th2 asthma is
related to M1 macrophages. As described above, differentially
expressed IncRNAs have the potential to serve as diagnostic or
prognostic biomarkers of various respiratory diseases due to their
abilities to regulate macrophage polarization. For example, several
IncRNAs, including AK085865, PTPRE-AS1, and Inc-BAZ2B, have
been demonstrated to be biomarkers for M2 macrophage-
mediated Th2-asthma. LARRPM expression in lung tissues is
negatively associated with advanced stage and poor survival in
patients with lung cancer due to its ability to inhibit M2
polarization. Thus, IncRNAs that regulate macrophage
polarization may be helpful indicators of respiratory disease
stage and progression.

M1/M2 macrophage polarization is mediated by IncRNAs
which directly target or sponge miRNAs to affect identified
macrophage regulators and mediate respiratory disease
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development; therefore, targeting IncRNAs may become an
effective therapeutic tool. For instance, the use of siRNA
targeting MIRI55HG reduced proinflammatory cytokines by
shifting PBMCs of COPD patients from the M1 to the M2
phenotype. CRISPR/Cas9-mediated deletion of IncRNA
AK085865 ameliorates airway inflammation in asthmatic mice
by inhibiting M2 macrophage polarization. The use of ASOs to
knock out MIR99AHG inhibited the activation of M2
macrophages and significantly reduced the growth of MTB as
well as the production of proinflammatory cytokines in the lungs
of mice. In lung cancer, exosomal SNHG7 enhances docetaxel
resistance in LUAD cells by inducing autophagy and promoting
the polarization of M2 macrophages, which may provide clues
for ways to reduce the likelihood of chemotherapy failure in lung
cancer. In other words, using siRNA to downregulate SNHG7
expression in exosomes that promote drug resistance is
conducive to maintaining or recovering the sensitivity of
cancer cells to chemotherapy drugs. To date, the role of
IncRNA-mediated macrophage polarization in CF, sarcoidosis
and CTD-ILD has not been explored. This could be a promising
target for future exploration and verification.

Currently, RNA-based drugs have been approved for a
variety of disease conditions, and many miRNA drug
candidates are in clinical trials (i.e,, TargomiR, an miR-16
mimic tested in mesothelioma, and Miravirsen, an miR-122
antagonist tested in HCV infection) (127-129). However,
IncRNA-based therapy is still in its infancy, whether in animal
studies or clinical trials. Direct delivery of IncRNA drugs to the
lungs by inhalation is the most effective way to reduce systemic
adverse effects. Gu et al. (126) demonstrated that intranasal
delivery of shRNA lentivirus against TUGI blocks CS-induced
inflammation and remodelling in a COPD mouse model.
However, the stability of IncRNAs and delivery systems
continues to present clinical challenges (130). In addition, the
same IncRNA may mediate various biological processes by
regulating multiple genes concurrently in response to different
stimuli. The worry is that such indirect and complicated
regulatory mechanisms make it difficult to target IncRNAs for
therapeutic purposes. As an example, IncRNA HI9 promotes
M1 macrophage polarization and aggravates arthritis by
upregulating KDM6A expression (82), which contradicts the
role of H19 in promoting M2 polarization through the HI9-miR
let-7a/c-Myc axis in IPF. But for patients with rheumatoid
arthritis complicated with IPF, targeting HI9 seems beneficial
for disease progression. Therefore, compared with strategies
targeting macrophage regulators or miRNAs, IncRNA-targeted
therapy acting on polarization seems to be more difficult to
implement and requires special precautions to minimize off-
target adverse effects. Applying IncRNAs to drive effective
reprogramming of macrophage polarization under specific
disease conditions requires more effort. Most importantly,
altering macrophage polarization might benefit a particular
disease but exacerbate other coexisting diseases due to its
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heterogeneity and plasticity. For instance, MALATI-mediated
M1 polarization is involved in different pulmonary processes
and plays opposite roles in lung injury and pulmonary fibrosis.
PTPRE-ASI deficiency exacerbates CRE allergen-induced lung
inflammation and attenuates colitis in an acute DSS model by
promoting M2 macrophages.

Despite promising in indicating the diagnosis, prognosis, or
treatment of respiratory diseases, there are several obstacles to
overcome regarding the clinical application. First, some IncRNAs
such as MIR155HG, Inc-BAZ2B, and LARRPM studied in asthma,
COPD, and lung cancer studies are based on a small sample size at
present. Validation studies on larger sample numbers from multi-
centers are required to identify those IncRNAs that could identify
different disease stages and phenotypes of diseases, which might
improve current disease diagnostic strategies and achieve
individualized treatment. Furthermore, IncRNAs with
therapeutic potential for certain respiratory diseases such as
MTB, ALI/ARDS, and IPF are only being studied in animal
models or cell lines. Further research is required to determine
whether IncRNA can be effectively used in clinical settings.
Second, as the disease progresses, the polarization of
macrophages changes dynamically. For example, Ml
macrophages cause pulmonary inflammation in the early stages
of ALI/ARDS, and M2 macrophages induce tissue repair and
pulmonary fibrosis in the late stages. Currently, we have only a
very limited understanding of the regulation mechanisms between
IncRNAs and highly heterogeneous macrophages. More studies
should be done to clarify the role of IncRNAs in the progression of
respiratory diseases via macrophage polarization. Third, the
stability of IncRNAs in specimens needs more attention as it
may be affected by the detection environment and specimen
quality, storage time, and temperature. Besides the stability of
IncRNAs, it is also imperative to address off-target adverse effects
in order to optimize their efficacy. Finally, IncRNAs’ economic
benefits and broad applicability should also be considered.

Conclusion

The present study suggests that manipulation of IncRNA
expression can be used as a novel modality to regulate
macrophage polarization, thereby regulating inflammation,
fibrosis, immune response, and tumorigenesis in the respiratory
system. Accumulating evidence has demonstrated that IncRNAs
have the potential to become diagnostic or prognostic biomarkers
and therapeutic targets in COPD, asthma, lung cancer, IPF,
pneumonia, and ALI/ARDS. However, explorations of the roles
of IncRNAs related to macrophage polarization in CF, sarcoidosis,
and CTD-ILD are still lacking. Further confirmatory studies are
essential to broaden the IncRNA horizon for the proper elucidation
of novel IncRNAs that are likely to emerge as important regulators
of macrophage polarization in broad respiratory diseases.
Hopefully, IncRNA discovery will complement macrophage-
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centered diagnostic and therapeutic strategies allowing them to be
used in the clinic more quickly.
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Placental macrophages present
distinct polarization pattern and
effector functions depending on
clinical onset of preeclampsia
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Hofbauer cells (HBCs) are resident macrophages of the human placenta,
regulating immune tolerance and tissue homeostasis. HBCs of a normal placenta
(CTR) exhibit mainly an anti-inflammatory M2 phenotype. Under exaggerated
chronic inflammation during pregnancy, as in preeclampsia (PE), a phenotypic
switch towards M1 polarization has been proposed. PE, defined as maternally
derived syndrome can be distinguished into two different entities: early-onset (EO)
preeclampsia and late-onset (LO) preeclampsia. Although the clinical presenting
characteristics overlap, both can be identified by biochemical markers, heritability,
and different maternal and fetal outcomes. To date, no study has specifically
investigated polarization and phenotype of EO- and LO-PE HBCs and looked at
possible changes in HBC functionality. Primary HBCs were isolated from CTR and
PE placentae. First, in vitro morphological differences were observed between CTR
and PE HBCs, with both PE groups exhibiting features of M1 macrophages
alongside M2 forms. Interestingly, a different polarization pattern was observed
between EO- and LO-PE HBCs. EO-PE HBCs develop a tissue remodeling M2
phenotype that is strongly shifted toward M1 polarization and showed a significant
upregulation of CD86, TLR4, and HLA-DR. Furthermore, this pro-inflammatory
signature is corroborated by higher expression of IRF5 and of NOS2 (p < 0.05).
However, their M2 characteristics is reflected by significant TGF-p secretion and
ARG1 expression. In contrast, LO-PE HBCs developed a phagocytic CD209-low
M2 phenotype in which the M1 pattern was not as pronounced as they
downregulated the NOS2 gene, but expressed increased levels of pro-
inflammatory CD80 and TLR1 (p < 0.05). The enhanced phagocytosis and MMP-
9 secretion alongside the increased secretion of anti-inflammatory IL -4, IL -13 and
TGF-B in both EO- and LO-PE HBCs suggests their adaptive role and plasticity in
resolving inflammation and tissue homeostasis.

KEYWORDS

hofbauer cell, preeclampsia, polarization, early onset preeeclampsia, late onset
preeclampsia, inflammation, macrophage, human placenta
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1 Introduction

Preeclampsia is a maternally derived inflammatory syndrome,
affecting 4-5% of pregnancies worldwide. It is a leading cause of
preterm delivery and intrauterine growth restriction, mainly due to
the insufficient nutrient supply across the placenta and chronic
hypoxia exposure of the fetus (1, 2). PE is clinically defined as de
novo onset of hypertension (=140/90 mmHg) accompanied by one or
more of the following new-onset conditions: proteinuria,
thrombocytopenia, renal failure, impaired liver function, pulmonary
edema, neurological complications, or uteroplacental dysfunction,
occurring after 20 weeks of gestation (1-3). Depending on the time
of diagnosis, this syndrome can be divided into two subgroups,
namely before (early-onset, EO) or after (late-onset, LO) 34 weeks
of gestation (4-6). PE is a complex and heterogeneous disorder whose
pathophysiological mechanisms are still not fully understood (7). Of
note, different aetiology of EO- and LO-PE has been suggested.
Briefly, EO-PE is associated with placental dysfunction and is more
likely to affect the fetus (8, 9), whereas LO-PE is mediated by maternal
factors, therefore more favourable for successful fetal outcome (10).
The placenta in PE is characterized by profound morphological and
functional alterations (11), due to poor placentation and placental
ischemia (12, 13). In addition, placental dysfunction has been
associated with an imbalanced immune function, excessive
inflammation accompanied with increased production of pro-
inflammatory factors, and simultaneously a decrease in the number
of regulatory immune cells and anti-inflammatory cytokines, all
together contributing to the development and progress of PE (14-16).

Both the maternal and feto-placental immune system play a
crucial role in the development of pregnancy (16). Hence, in
contrast to normal pregnancy, where the immune systems
contribute to the maintenance of feto-maternal tolerance and
placental development, a pro-inflammatory environment leads to
excessive activation of innate immune cells and consequently to
placental dysfunction and/or poor maternal vascular adaptation
(16-19). Macrophages represent a diverse group of innate immune
cells, vital for the regulation of inflammation, tissue homeostasis, and
defence (20). Due to their remarkable plasticity that allows them fast
and direct response to the stimuli and to the adaptive capability of
their micro-environmental milieu (21), they are important key players
in the progression of pregnancy and could be involved in the
development and progression of PE (16, 19). Macrophages are keen
to develop a broad spectrum of phenotypes along the M1 and M2 axis,
which allows to divide the cells into defined classical M1 and M2
polarized groups (22, 23) The balance between the different
polarization states often plays an important role in the resolution or
progression of inflammation (24, 25). Their phenotypic heterogeneity
is also reflected in their effector functions. In general, Ml
macrophages are thought to be pro-inflammatory, while M2
macrophages limit inflammation and promote tissue repair,
angiogenesis and homeostasis (26, 27).

Hofbauer cells (HBCs) are placental macrophages residing from
day 18 after conception (28) in the chorionic villi of the human
placenta (29). In a normal pregnancy HBCs are M2 polarized (26, 30—
33) long spindled cells with large vacuoles (34). Due to their
phenotypic heterogeneity, HBCs fulfil a variety of functions (35). As
placental immune cells, they exhibit micro-biocidal activity (36, 37)
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and promote maternal tolerance towards the fetus (38). They are
known to engage in tight and specific interactions with surrounding
placental cells, therefore promoting trophoblast function (39, 40),
tissue remodeling (36) and angiogenesis (26, 36, 41, 42).
Perturbations in the homeostatic functions of HBCs are often
associated with inflammation (43-46) and infection (47). Despite
their crucial role in placental tissue, knowledge about the role of
HBCs in PE is still lacking. A deeper understanding of HBC function
offers the potential for therapeutical immune manipulation during
compromised pregnancies in relation to gestational age, which
determines both maternal and perinatal outcomes.

This study aimed to investigate polarization and phenotypic
differences of primary human HBCs isolated from normal and PE
placentae. In addition, we tested whether changes of the HBC
phenotype might be linked to altered functionality, specifically to
phagocytosis, tissue remodeling and the ability of macrophages to
activate feto-placental endothelial cells (fpEC). Further, as gestational
age has been identified as the most important clinical variable, we
hypothesized that stratification of PE (EO-PE vs LO-PE) may account
for the observed functional changes of HBCs within each group.
These findings, while somewhat preliminary (due to case numbers),
demonstrate that the inflammatory placental environment of EO-PE
alters the immunoregulatory phenotype of HBCs with an increased
pro-inflammatory M1 signature. Interestingly, LO-PE HBCs
remained M2 polarized cells, but with a different polarization
pattern as controls.

2 Materials and methods
2.1 Study population

In this study preeclampsia was defined according to the guidelines
of the American College of Obstetricians and Gynaecologists as
already mentioned above (1, 2). The institutional ethics committee
of the Medical University of Graz (29-319 ex 16/17) approved the
study. Subjects included in the study signed an informed consent
form before participation, the characteristics of which are shown in
the Table 1. Included placentae from singleton pregnancies were used
within 30 minutes of caesarean section or vaginal delivery. PE was
defined as a sustained blood pressure of 140/90 mm Hg or greater (on
two occasions at least 4 hours apart) occurring after 20 weeks of
gestation in a woman with previously normal blood pressure,
accompanied by one or more of the following new onset
conditions: proteinuria, thrombocytopenia, renal insufficiency,
impaired liver function, pulmonary edema, neurological
complications or uteroplacental dysfunction. Onset of PE was
defined as early (EO, delivered and detected before 34 weeks of
gestation) or late (LO, delivered and detected after 34 weeks of
gestation) (1). Placentae from normal pregnancies served as controls.

2.2 Isolation of HBCs

Primary HBCs were isolated according to a modified protocol as
described by Tang et al. (48). To avoid contamination with decidual
macrophages, the decidual membrane was removed before isolating
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TABLE 1 Subject characteristics of women and their offspring included in the study.

Age 294 +35 344 +3.6* 344 +£40 t
BMI before pregnancy (kg/m2) 225+29 21.0 + 2.1 234+32
Week of gestation 387+15 342 £ 1.1 ¥ 377 1.1
Mode of the delivery SP 10/CS 12 CS8 SP 3/CS 3
Fetal sex 89 1438 49, 48 29,48
Umbilical cord blood

Arterial, pH 7.30 = 0.06 7.31 £0.03 7.25 £ 0.09
Umbilical cord blood

Venous, pH 7.37 £ 0.06 7.36 £ 0.02 7.34 £ 0.05
Placental weight (g) 616.7 + 123.0 425.7 + 63.7 506.7 + 82.8
Birth weight (g) 3345 + 398 1996 + 404.7 ¥ 2955 + 288.9
Birth weight percentile 49.2 +21.2 24.0 + 18.7 ** 343 +11.3
Systolic blood pressure (mmHg) 115.1 + 6.9 162 + 12.1°%¢ 153.2 + 20.9 111
Diastolic blood pressure (mmHg) 72.9 +10.2 94.3 + 85 103 + 13.3 11t
sFlt-1 [pg/mL] / 14472 + 5083 # 8257 + 2881
PIGF [pg/mL] / 66.2 + 24.3 81.6 + 13.02
sFlt-1/PIGF [pg/mL] / 248.7 + 118.1 105.5 £ 51.9
Platelets [109/L] 218.3 £ 63.1 221.9 +106.3 191.8 + 60.8
Uric acid [mg/dL] / 63+ 1.4 59+0.7
AST [U/L] / 21.0 + 63 212 +42
ALT [U/L] / 17.4+ 5.6 12.7 + 4.8

BMI, body-mass index; SP, spontaneous delivery; CS, caesarean section; All data are shown as mean + SD. Statistical significance was assessed by one-way ANOVA with Tukey’s post-hoc test. If
normality testing failed, Kruskal-Wallis test with Dunn’s post-hoc test was used. When comparing two groups’ Students t-test was used. **p < 0.01, ***p < 0.001 and ****p < 0.0001; whereas *CTR
vs EO-PE. tp <0.05 and 1 1 1 fp < 0.0001; whereas tCTR vs LO-PE. # represents comparison between EO-PE vs LO-PE; whereas # p < 0.05.

HBCs. The villous tissue was dissected, washed in 0.4% saline solution
(Fresenius, Cat #C924228), and finely minced. Between 60 and 100 g
of the minced tissue was stored overnight at 4°C in 1 x phosphate
buffered saline (PBS, Medicado, Cat #09-9400-100). On the next day,
the tissue was digested with trypsin (0.25%, Sigma Aldrich,
Cat #T4549) and DNase I (0.08 mg/ml; Roche, Cat #10104159001),
followed by digestion with collagenase A (1 mg/ml; Roche,
Cat #10103586001) and DNase I (0.08 mg/ml, Roche,
Cat #10104159001). The cell suspension containing the HBCs was
applied to a Percoll gradient (20-40%, Sigma Aldrich, Cat #P4937)
and centrifuged unrestrained at 1000 g for 30 min. At this point, the
HBCs appearing as bands between 30 and 35% gradient layers were
aspirated and purified by negative selection using Dynabeads
(Invitrogen, Cat #11033) coated with antibodies against epithelial
growth factor receptor (EGFR, Santa Cruz, Cat #sc-120) and CD10
(Sigma Aldrich, Cat #SAB4700440). After immunopurification, cells
were seeded in macrophage medium (MaM, ScienCell, Cat #SC1921)
containing 5% FBS (ScienCell, Cat #SC1921), PenStrep (ScienCell,
Cat #SC1921) and macrophage growth supplements (ScienCell,
Cat #SC1921) at a cell density of 1x10° cells/ml. Cells were cultured
at 21% oxygen and 37°C. Quality control of the isolated HBCs was
performed on the fixed cells after 6 days by immunocytochemistry for
CD163 (Thermo Fischer Scientific, Cat #MA1-82342), CD90
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(Dianova, Cat # DIA100), CD80 (Abcam, Cat #ab86473), CD68
(Dako, Cat #GA613), CD86 (Abcam, Cat #ab270719), CD206
(Novus, Cat #H00004360), CD209 (R&D Systems, Cat #MAB1621),
and isotype control (Dako, Cat #X0931) as previously described by
Schliefsteiner et al. (31). Cell culture images were obtained using
brightfield microscope with a SC50 Olympus camera and
CellSens software.

2.3 Immunohistochemistry

Tissue sections were taken from four different areas of placenta
(reaching from chorionic plate to the decidual side and a central
region of the placental disk) and fixed overnight in 4% neutral
buffered paraformaldehyde solution. After paraffin embedding,
tissue sections with a thickness of 5um were mounted on glass
slides. The paraffin was then removed with xylene and rehydrated
in an ethanol dilution series. Antigen retrieval was performed using a
citrate buffer (Gatt, Cat #403139070) adjusted to pH 6.0. UltraVision
LP detection system (Thermo Fischer Scientific, Cat #TL125HL) was
used for histochemical immunostaining. Tissue was incubated with
Hydrogen Peroxide Block (Thermo Fischer Scientific, Cat #TL125HL)
for 15 minutes and washed in TBE buffer (Gatt, Cat #403211370),
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followed by a 5-minute incubation with Ultra V protein block
(Thermo Fischer Scientific, Cat #TL125HL). The primary antibody
isotype control (1:200, Dako, Cat #X0931) and CD163 (1:200,
Thermo Fischer Scientific, Cat #MA1-82342) were diluted in
antibody diluent (Agilent, Dako, Cat #S0809) and incubated
overnight at 4°C in a humidified chamber. After washing step,
primary antibody enhancer (Thermo Fischer Scientific,
Cat #TL125HL) was applied for 20 minutes. After another washing
step samples were incubated with Large HRP Polymer (Thermo
Fischer Scientific, Cat #TL125HL) solution for 30 minutes, followed
by intensive washing and incubation with AEC Chromogen Solution
(Abcam, Cat #64252) for 10 minutes. The tissue was counterstained
with Haematoxylin (Gatt-Koller Cat #401296170) for 1 minute and
mounted with embedding medium. Images were acquired using
CellSens Standard software and an Olympus BX53 light microscope
with an Olympus UC90 camera. Per slide, images of 5-10 different
areas were taken and quantified with Qupath software (49).

2.4 Fluorescence assisted cell sorting (FACS)

FACS was performed to quantify the cell populations expressing
M1 and M2 polarization markers of HBCs. On the fifth day after
isolation, cells were harvested using accutase (Thermo Fischer
Scientific, Cat #00-4555-56) and gentle scraping. Viability and
number of cells after scraping was determined using a CASY cell
counter model TT (Innovatis, Bielefeld). At least 1x10° viable cells per
tube were used for the experiment. Cells were resuspended in 3% FCS
- HBSS solution for 10 min at room temperature to block Fc-receptors
and reduce non-specific binding. For surface staining, cells were
incubated with a fluorochrome-conjugated antibody in the amount
indicated in the Supplementary Table 1 for 20 minutes at 4°C in the
dark. Cells were washed with staining buffer [PBS containing 0.1%
BSA (Sigma Aldrich, Cat #A2153) and 2mM EDTA (Thermo Fischer
Scientific, Cat #15575020)], centrifuged at 300 g for 5 minutes and
resuspended in 200 pL staining buffer. For detection of surface
molecules, a minimum of 10000 live events per sample were
counted. In order to identify expression of surface markers, cells
were separated by size using forward and size scatter (FSC and SSC,
respectively), followed by doublet discrimination. In the next step,
cells were discriminated into live and dead cells using the 7-AAD dye
(BD Biosciences, Cat #559925) by plotting it against the SSC area. In
the fourth step cells were plotted for the respective marker against the
SSC area. For staining of intracellular molecules, cells were fixed and
permeabilized with BD Cytofix/Cytoperm kit (BD Biosciences,
Cat #554714). Staining was performed according to the
manufacturer’s instructions. A minimum of 10000 events per
sample were counted. To investigate the expression of intracellular
polarization markers cells were separated by size using forward and
size scatter (FSC and SSC, respectively), followed by doublet
discrimination and gating against SSC-area and respective marker.
The same gating strategy was employed on CTR and PE
macrophages. Surface molecules were compensated by individual
staining on OneComp eBeadsTM Compensation Beads (Thermo
Fischer Scientific, Cat #01-1111-42). Isotype controls corresponding
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to each fluorochrome in the experiment were used to detect non-
specific positive signals. Antibodies used for FACS analysis and their
corresponding dilutions are listed in the Supplementary Table 1. Cell
sorting was performed using a CytoFLEX flow cytometer (Beckman
Coulter, Brea, CA, USA) and analysed with FlowJoTM v10.8 software
for gate setting and data analysis.

2.5 Multiplex ELISA-on-bead Assay

Inflammation 20-Plex Human ProcartaPlex  Panel (Invitrogen,
Thermo Fischer Scientific, Cat #EPX200-12185-901) was used to
quantify the secretion of pro- and anti-inflammatory molecules.
Human TIMP Magnetic Luminex Performance Assay 4- Plex Kit
(R&D Systems, Cat #LKTMO003) was used to analyse TIMP secretion.
HBCs were cultured in MaM for 5-6 days before supernatants were
collected and centrifuged at 4000 rpm, 4°C for 15 minutes. MaM
medium processed under the same conditions as the samples served
as a blank. Multiplex assays were performed according to the
manufacturer’s instructions. Cytokines reaching the detection limits
were normalized to total protein content in the supernatant using the
Pierce BCA kit (Thermo Fischer Scientific, Cat #23225).

2.6 Enzyme- linked immunosorbent
assay (ELISA)

TGF-beta 1 Quantikine ELISA kit for human/mouse/rat/porcine/
rabbit (R&D Systems, Cat #DB100B) was used for the detection of
TGF-B1. Next, to quantify secretion of IL-8, human IL -8/CXCL8
Quantikine ELISA kit (R&D Systems, Cat #D8000C) was used. Both
ELISA kits were performed according to the manufacturers’
instructions. To quantify the amount of secreted TGF-B1 and IL-8,
cells were cultured in MaM for 5-6 days before collection of the
supernatants. MaM medium processed under the same conditions as
the samples, but without cells served as a blank. Cytokine levels were
normalized to the total protein content in the supernatant measured
with the Pierce BCA kit (Thermo Fischer Scientific, Cat #23225), in

order to account for deviating volume concentrations.

2.7 Quantitative Real-Time PCR (RT-gPCR)

HBCs were washed twice with ice cold Hanks’ salt balanced solution
(HBSS, Thermo Fischer Scientific, Cat #14175-053) and harvested in 700
uL QIazol Lysis Reagent (Quiagen, Cat #79306). Total RNA content was
isolated using miRNeasy Mini Kit (Quiagen, Cat #217004). Reverse
transcription was performed using 1 ug of RNA and Luna Script RT
SuperMix Kit (New England BioLabs, Cat #M3010). For qPCR analysis,
SYBR Green Luna Universal gPCR Master Mix (New England BioLabs,
Cat #M3003) and CFX-384 Touch Real time PCR detection system (Bio-
Rad) were used. Expression of target genes was normalized to the
following housekeeping genes (18S, RPL30 and HPRT) using 2/ (*4<")
method. Primer sequences used for qPCR analysis are listed in the
Supplementary Table 2.
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2.8 Phagocytosis assay measured with FACS

Phagocytosis Assay Kit (Abcam, Cat #ab234053) was used
according to the manufacturer’s instructions. For detection of
phagocytic activity 1 x 10° cells/ml were used. On the fifth day post
isolation HBCs were treated with zymosan slurry and incubated for 3
hours at 21% oxygen and 37°C. After washing steps, cells were
detached using accutase (Thermo Fischer Scientific, Cat #00-4555-
56) and careful scraping, followed by a washing step with staining
buffer containing PBS with 0.1% BSA (Sigma Aldrich, Cat #A2153)
and 2mM EDTA (Thermo Fischer Scientific, Cat #15575020).
Afterwards measurements were performed in the FITC channel.
Untreated cells served as controls. Cells were separated by size
using FSC-A and SSC-A, followed by doublet discrimination gating
the area and height of FSC. Lastly, the FITC fluorescent signal was
determined using histograms. Cell sorting was performed on a
CytoFLEX flow cytometer (Beckman Coulter, Brea, CA, USA) using
FlowJoTM v10.8software for gate setting and data analysis.

2.9 Phagocytosis assay with high-content
confocal screening microscope

Phagocytosis Assay Kit (Abcam, Cat #ab234053) was used
according to the manufacturer’s instructions. HBCs were seeded at
the density of 0.5 x 10° cells/ml in 24-well black/clear bottom plates. 5
uL of zymosan slurry was added to the cells and incubated at 21%
oxygen and 37°C for 3 hours, followed by a washing step. Next, cells
were fixed in a plate containing 4% neutral buffered
paraformaldehyde solution, followed by an intensive wash step with
TBE buffer containing 1x TBE and 0.1% Tween (Thermo Fischer
Scientific, Cat #003005). HBCs were incubated with Protein Block
(Thermo Fischer Scientific, Cat #TL125HL) for 20 minutes. Cells were
then counterstained with CD163 (1:100, Thermo Fischer Scientific,
Cat #MA1-82342), diluted to working concentration in Antibody
diluent (Agilent, Dako, Cat #S0809) and incubated overnight at 4°C.
After serial washing steps, the plate was incubated with the secondary
antibody Dylight633 (goat versus mouse 1:200, Thermo Fischer
Scientific, Cat #35512) for 2 h at room temperature. To stain the
nuclei, the plate was counterstained with DAPI (1:1000, Sigma
Aldrich, Cat #D9542) diluted in antibody diluent for 10 min. After
intensive washing, 300 pL of PBS was added to each well and stored at
4°C. Image acquisition was performed using a Nikon microscope with
the Zyla sSCMON camera. All statistical analysis was carried out on 25
different locations per well using 20x magnification. For better
visualization of phagocytosis shown images in the Figures 4C-E
were taken with 40x magnification. The number of FITC labelled
beads was counted within the cells positive for CD163 and DAPI
staining using Nis Elements viewer version 5.20.01 software. Cell
surface area was measured using the measuring tool provided within
the software.

2.10 Gelatin zymography

HBCs supernatants were collected on the fifth day post isolation.
The supernatants were centrifuged at 4000 rpm for 15 minutes at 4°C.
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Total protein concentration was determined using Pierce BCA kit
(Thermo Fischer Scientific, Cat #23225) according to the
manufacturer’s guidelines. A total of 15 pg of protein sample was
diluted with Tris-Glycine SDS sample buffer (Thermo Fisher
Scientific, Cat # LC2676) and loaded onto 10% Tris-Glycine
gels containing 0.1% gelatin (Thermo Fisher Scientific,
Cat #2Y00105BOX) and separated for 135 min at 125 V, 35 mA.
After electrophoresis, the gels were incubated in 1x Zymogram
Renaturating buffer (Thermo Fisher Scientific, Cat #LC2670) at
room temperature with gentle agitation. Followed by 30 minutes
incubation with 1x Zymogram developing buffer (Thermo Fisher
Scientific, Cat #LC2671). Fresh developing buffer was added and the
gels were stored overnight at 37°C. Next day, gels were stained with
Coomassie Brilliant Blue (Sigma Aldrich, Cat #1.15444) for 50
minutes and decolorized in 50% distilled water (Fresenius,
Cat #C920928): 40% methanol (Sigma Aldrich, Cat #322415): 10%
acetic acid (Roth, Cat #3738.5) solution for 10 minutes. Protease
activity appearing as a clear band on the dark background was
visualized with the ChemiDoc' " Touch Imaging System (Bio-Rad).
Band densitometry was determined using Image Lab Software
Version 6.1 (Bio-Rad).

2.11 Statistical analysis

SPSS (IBM SPSS Statistics version 26) was used for statistical
calculations. Next, graphs were generated using Graph Pad Prism
9.3.1 software (GraphPad Software Inc.). To test normal distribution
Shapiro-Wilk test was used. Skewed data were transformed using
natural logarithm (In) before applied to statistical analysis and re-
transformed for the graphical presentation. To assess statistical
significance of the patient characteristics (Table 1) one-way
ANOVA with Tukey’s post-hoc test was used. If normality testing
failed, Kruskal-Wallis test with Dunn’s post-hoc test was performed.
Next, to compare differences between three groups (CTR; EO-PE and
LO-PE) ANCOVA with adjustment for gestational age and Sidak’s
post-hoc test was used. Equal variances of variables were verified by
Levene’s test. When comparing the effect of HBCs conditioned
medium on fpECs without adjustment for gestational age
(Supplementary Figure 5) two-way ANOVA with Sidak’s post-hoc
test was used. All values are given as mean + S.E.M. p-values < 0.05
were considered statistically significant.

3 Results

3.1 The number and morphology
of HBCs is affected by PE

The characteristics of the study population are shown in Table 1.
Women who developed early (EO, n=8) and late onset (LO, n=6) PE
were included in this pilot study. Advanced maternal age, high pre-
pregnancy BMI, nulliparity, gestational diabetes, chronic
hypertension are some of the risk factors for the development of PE
(1). Women in PE groups were significantly older as those in CTR
group and their pre-pregnancy BMI ranged from 19.6 to 25.4 kg/m2.
As expected, systolic and diastolic blood pressure levels differed
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significantly between the CTR and PE groups. Gestational age of EO-
PE group was significantly lower than of CTR and LO-PE group.
Consequently, early gestational age of the EO-PE group is directly
related to placental- and fetal weight, both of which were significantly
lower than in CTRs. Since development of the placenta depends on
gestational age (50), we adjusted the (normally distributed) data for
that respective factor. We found a significant difference in the levels of
sFlt between EO- and LO-PE group, while there were no significant
differences between other clinical parameters (PIGF, platelets, uric
acid, AST and ALT).

To study polarization, we first examined the distribution and
number of HBCs in placental tissue using immunohistochemistry
approach. Since HBCs have been shown to be strongly positive for
CD163, we stained 5 pm serial sections of CTR (n=5), EO-PE (n=6)
and LO-PE (n=6) placental tissue, mouse IgG served as a negative
control. CD163 is used as a marker used for placenta resident
macrophages, and if combined with other markers (e.g. Folate
receptor-f, CD206, CD209) is often associated with M2
polarization (26, 30, 31, 51). HBCs positive for CD163 were found
in the villous stroma, moreover in stem, intermediate and terminal
villi of CTR, EO- and LO- PE placentae (Figure 1A). Furthermore,
quantification of CD163-positive cells revealed a significantly
decreased number of stained (Figure 1B) cells per mm” in both PE
groups, indicating reduced number of HBCs in respective groups.
Next, we adjusted the number of isolated HBCs to the wet weight
(grams) of placental tissue used for isolation. Consistent with
immunohistochemical analysis, we found significantly reduced
number of primary LO-PE HBCs. Reduction of HBCs was also

>

CD163

Number of positive cells per mm?

& & P

S ¥ X
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FIGURE 1

Immunohistochemical assessment of CD163 in placental tissue. (A) Representative images of serial sections of CTR (n=5), EO- (n=6) and LO-PE (n=6)
are shown. Insert in the top right corner of CTR image depicts negative control stainings (blue). Images were taken at 20x magnification, scale bar
represents 50pum. (B) Quantification of cells positive for CD163 in CTR, EO- and LO-PE group. Cells were quantified by using Quapath software.

(C) Average yield of HBCs, adjusted to the wet weight (in grams) of minced tissue for each respective isolation, CTR (n=22), EO-PE (n=8), LO-PE (n=6).
Data on (B) in (C) graphs are presented as mean + S.E.M, ANCOVA with adjustment for gestational age, followed by Sidak’s post-hoc test to examine

statistical significance, *p < 0.05.
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observed in the EO-PE group, however, did not reach significance
compared to the CTRs (Figure 1C).

In vitro, cell morphology of HBCs isolated from CTR, EO- and
LO-PE placentae showed substantial differences (Supplementary
Figure S1). Normally, directly after isolation, HBCs are round
shaped cells with many vacuoles in the cytosol. Within 48-72 hours
after isolation, cells differentiate and develop different shapes. Usually,
M2 characterized macrophages exhibit an elongated, spindle-shaped
morphology, whereas M1 polarized cells form a round, dendritic cell-
like morphology with large filopodia (52, 53). CTR HBCs developed
typical M2 features (Supplementary Figure 1A), whereas within
isolations of EO- and LO-PE HBCs more of round shaped cells
with larger filopodia next to M2 morphologies were found
(Supplementary Figures 1B, C).

3.2 EO- and LO-PE HBCs are
characterized by different
expression of polarization markers

Basal expression of surface and intracellular M1 and M2 markers
was determined by FACS (Tables 2 and 3) on primary isolated CTR
(n=12), EO-PE (n=6) and LO-PE (n=5) HBCs. The gating strategy is
shown in Supplementary Figure 2. FACS analysis revealed distinct
expression of M1 and M2 markers in EO- and LO- PE HBCs
(Table 2). EO-PE HBCs tend to express higher levels of pro-
inflammatory CD11b, CD11c, CD40 (p=0.09) and TLR4 (p < 0.05),
whereas expression of listed markers was similarly distributed

x10% g of tissue
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TABLE 2 Percentage of live cells positive for respective surface polarization markers within the CTR (n=12), EO- (n=6) and LO-PE (n=5) groups.

Surface CTR EO-PE LO-PE
polarization marker (% of live cells) (% of live cells) (% of live cells)
CDI11B 222 +96 38.7 £ 16.5 28.8 +£17.0
CD11C 45.1 + 14.3 69.9 +17.8 519 +11.8
CD40 17.1 £59 389 £ 12,6 22,6 £10.9
CD80 29+18 6.5+35 105+ 89
CD86 25.0 £10.3* 41.7 £3.6 % 21.6 £ 6.8
CD163 89.4 £39 82.0 £4.5 81.8 £6.8
CD206 47.6 £ 9.8 335+6.5 382+ 133
CD209 533+ 69 t11 43.7+ 12.1 $% 22.1+52
TLR1 5.9+627 9.5+6.2 18.8 £13.6
TLR2 6.1 +39* 1215 54 £45
TLR4 373+ 123*% 79.7 £ 19.9 542 +18.8
HLA-DR 33.8 £ 14.1 *** 779 +12.6 +F 443 +18.7
FR-B 79.2 £10.0 77.6 £ 20.7 68.4 + 15.3
Data are presented as mean + SD. Statistical significance is represented with *p < 0.05, ***p < 0.001; whereas *CTR vs EO-PE; fp < 0.05, ¥11p < 0.001; whereas 1CTR vs LO-PE; % p < 0.05, #ip <
0.01; whereas $EO-PE vs LO-PE, by ANCOVA with Sidak’s post-hoc test and adjustment for gestational age.

between LO-PE and CTR HBCs, except for CD209 (p < 0.001).
Furthermore, we found significant increase of the major
histocompatibility class (MHC) II molecule HLA-DR within the
EO-PE group compared to the CTR group (p< 0.001). Interestingly,
the HLA-DR expression was significantly different between EO- and
LO-PE HBCs (p< 0.01) as well. Among the M1 markers only
expression of CD80 (p=0.05) and TLR1 (p < 0.05) were elevated in
LO-PE group. Notably, expression of CD80 and TLR1 was elevated in
EO-PE group as well, but only by trend. Interestingly, surface
expression of TLR2 was reduced in both EO- (p < 0.05) and LO-PE
group. Next, we investigated the expression levels of CD86. Since
CD86 can serve as M1 or M2b marker (54, 55), the secretion profile
and expression of other markers should be taken into account when
interpreting its expression. We found significant induction of the
expression of the respective marker in EO-PE HBCs (p < 0.05)
compared to the CTR (p < 0.05) or LO-PE (p < 0.05) group. In
LO-PE HBCs the expression of CD86 did not differ from the control.
In contrast to the increase of pro-inflammatory markers in EO-PE
HBCs, a slight decrease in the anti-inflammatory markers CD206 and
folate receptor B (FR-B) was observed. Expression pattern of CD206
and FR-P was similar in LO-PE HBCs as well. Expression of CD163
on primary isolated HBCs was evenly distributed between all
investigated groups, confirming that CD163 can be used rather as a

reliable tissue resident marker (Figures 1A, B) than a direct indicator
of M2 phenotype. Next, M2 marker CD209 was suppressed in the LO-
PE group (p < 0.001). Its expression was only minimally decreased by
10% in EO-PE HBCs group. Interestingly, we found a significant
difference in the expression of CD209 between EO- and LO-PE HBCs
(p < 0.01).

In addition to the investigation of surface polarization markers,
we studied intracellular markers (Table 3). Next to the pan-
macrophage marker CD68, two important regulators of TLR-
Myd88 signaling (56, 57), IRF4 and IRF5 were investigated.
Noteworthy, IRF4/IRF5 axis is involved in the initiation control of
a specific M1/M2 polarization program. IRF5 as a positive regulator
of Myd88 induces the expression of pro-inflammatory genes and
establishment of M1 phenotype (58). Whereas IRF4, as a negative
regulator of Myd88, leads to the activation of anti-inflammatory genes
and initiation of M2 polarization (56, 59).We found the highest
expression of IRF5 in EO-PE group and the lowest in CTRs.
Expression of IRF4 the regulator of M2 polarization was evenly
distributed between CTR and LO-PE group. Importantly,
expression of IRF4 in EO-PE HBCs was reduced. Moreover,
balance in favour of IRF5 together with higher expression of other
surface M1 markers (Table 2) indicates possible phenotypic switch
towards M1 polarization of EO-PE HBCs.

TABLE 3 Percentage of positive CTR (n=12), EO-PE (n=5) and LO-PE (n=4) HBCs for respective intracellular polarization markers.

Intracellular polarization marker i 2OHE Lo
(% of positive cells) (% of positive cells) (% of positive cells)
CD68 84.0+9.8 704 9.1 87.5 + 5.4
IRF4 91.6 + 8.0 ‘ 85.7 + 11.8 ‘ 962 +2.0
IRF5 73.1+ 128 91.5 + 10.8 ‘ 852 % 12.0

Data are presented as mean + SD. Statistical significance was tested by ANCOVA with Sidak’s post-hoc test and adjustment for gestational age.
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3.3 HBC secretion profile of cytokines and
adhesion molecules differs in PE

Polarized macrophages are known to secrete specific patterns of
cytokines, chemokines, and growth factors, allowing us to
characterize polarization states (60). Using multiplex ELISA-on-
bead technology, we determined the secretion profile of cytokines
and chemokines secreted by CTR (n=8), EO-PE (n=6) and LO-PE
(n=4) HBCs (Figure 2, Supplementary Figure 3). Moreover, secretion

10.3389/fimmu.2022.1095879

of IL-8 was determined using ELISA, since its secretion excided the
detection limit of the multiplex ELISA (CTR n=10, EO-PE n=5, LO-
PE n= 5; Figure 2]). Notably, TGF-B1 was measured with ELISA
(CTR n=12, EO-PE n=6, LO-PE n=6, Figure 2K) since the sample
preparation requires acidification of the samples for binding of TGF-
B epitopes.

Secretion profile of EO- and LO-PE HBCs differs from the CTR
group. First, among pro-inflammatory cytokines, we discovered a
trend of an increased secretion of IL-6, IL-12p70 and P-Selectin by
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FIGURE 2

Secretion of cytokines and adhesion molecules by CTR (n=8), EO- (n=6) and LO-PE (n=4) HBCs. Multiplex-ELISA-on-beads assay for followed pro-
inflammatory and anti-inflammatory cytokines (A) IL-6, (B) IL-12p-70, (C) TNF-o., (D) ICAM, (E) IL-17a, (F) E-selectin, (G) IL-4, (H) IL-10 and (1) IL-13,
respectively. Multiplex was performed in duplicates. (J) ELISA against IL-8 performed in duplicates (CTR n=10, EO-PE n=5 and LO-PE n=5). (K) ELISA
assay against TGF-B1 performed in duplicates (CTR n=12, EO-PE n=6 and LO-PE n=6). Secretion of respective cytokines was normalized to the total
protein content measured in the cell culture supernatants. Statistical significance was tested using ANCOVA with adjustment for gestational age followed

by Sidak's post-hoc test. *p < 0.05, **p <0.01
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EO-PE HBC:s (Figures 2A, B; Supplementary Figure 3A). Contrary, to
the EO-PE HBCs where secretion of TNF-o. was unchanged, LO-PE
released higher amounts of TNF-o as CTRs or EO-PE HBCs (p <
0.05) (Figure 2C). LO-PE HBCs secreted higher amounts of ICAM,
but only by trend (Figure 2D). Moreover, both PE groups secreted less
IL-17a compared to CTRs (Figure 2E). Although, release of E-Selectin
was higher in both PE groups, we did not find any differences in the
production of other pro-inflammatory cytokines, such as: IL-1c, IL-1
B, CCL-3, CCL-4, IFN- o, and IFN-y between investigated groups
(Figure 2F, Supplementary Figures 3B-H). A decrease of IL-8,
measured by ELISA was detected in LO-PE HBC group, whereas
unchanged between CTR HBCs and EO-PE group. Interestingly, we
found a significant difference in the release of IL-8 between EO- and
LO-PE HBCs (p < 0.05) (Figure 2J).

Next, we examined the secretion of anti-inflammatory cytokines
namely, IL-4, IL-10, IL-13, and TGF-B1, which serve as important
drivers of M2 polarization (53, 61). We did not find any differences in
the secretion of IL-13; however, secretion of IL-4 and IL-10 was
increased, but only by trend in EO-PE HBCs. LO-PE HBCs secreted
significantly higher levels of IL-4 (p < 0.05) and IL-13 (p < 0.05)
compared to CTR HBCs (Figures 2G-I). Interestingly, both PE
groups released significantly higher amounts of anti-inflammatory
TGF-P1, which was even more pronounced in the LO-PE group (p <
0.01) (Figure 2K).

Noteworthy, some of the secreted pro-inflammatory cytokines are
not reliable identifiers of a specific phenotype, since they are
expressed by both M1 and M2 macrophages. E.g. IL-6 is a pro-
inflammatory cytokine produced by both M1- and M2a-polarized
macrophages (62). In addition, secretion of ICAM is mediated by NF-
KB, but can serve as both an M1 and M2 cytokine due to its pro-
angiogenic nature (63). The observed changes in the secretion profile
indicate a switch in the phenotype and possible protective
mechanisms of PE HBCs in an attempt to reduce the extent of
inflammation by increasing the production of anti-
inflammatory cytokines.

3.4 Preeclampsia triggers transcriptional
changes of HBC-genes involved
in inflammation

Macrophages are capable of responding to the local stimuli and
acquiring different phenotypes and functions to meet changing
physiological needs (64). Next, we examined transcriptional
changes in HBCs that may be triggered by PE. Basal gene
expression of CTR (n=12), EO- (n=5) and LO-PE (n=5) HBCs was
determined on the fifth day after isolation. We analysed selected genes
associated with phenotype and functionality of macrophages
undergoing inflammation (Figure 3). Dynamic changes in gene
expression were observed between the PE subgroups EO and LO.
First, we found -as expected - an upregulation of NFKBI in both EO-
and LO-PE groups (p < 0.05) (Figure 3A). Among the inflammatory
pathways involved in M1 polarization, NF-«B plays an important role
and regulates the expression of pro-inflammatory genes such as
cytokines, adhesion molecules and growth factors (65). Next, the
expression of HIFI, another M1-associated gene was upregulated in
the LO-PE group (p < 0.05), whereas its expression was surprisingly
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decreased in EO-PE group (p < 0.05) (Supplementary Figure 4). In
line with the increased secretion of ICAM (Figure 2H), mRNA of the
respective gene was upregulated in the both PE groups
(Supplementary Figure 4). In contrast to the expression of ICAM,
VCAM was downregulated in EO-PE, whereas in LO-PE group
remained on the level of CTRs (Supplementary Figure 4).
Consistent with secretion of IL-8 (Figure 2J), higher fold change of
IL8 was detected in CTR group (Supplementary Figure 4). The
expression of TGFBI, which acts as important M2 inducer (66),
was significantly elevated in both, EO- and LO-PE HBCs (p < 0.05)
(Figure 3B). Although, the differences in the secretion of CCL-4
(Supplementary Figure 3H) were not noticeable, higher expression
was detected in the CTR group by RT-qPCR. In contrast to the
secretion profile of IL -6 and IL -10, which was higher in the PE group
(Figures 2A, H), qPCR analysis revealed downregulation of respective
cytokines in the EO- and LO-PE groups (Supplementary Figure 4),
possibly due to the tight post-transcriptional gene regulation of these
cytokines in particular (67). As polarized macrophages metabolise L-
arginine differently, M2 via arginase-1 and M1 macrophages via nitric
oxide synthase (iNOS) (68), we looked at expression of ARGI gene,
encoding arginase-1, and NOS2, encoding iNOS (68). Interestingly,
ARG] expression was increased in both PE groups (Figure 3C).
However, expression of NOS2 was strongly upregulated in EO-PE
(p < 0.05); whereas expression of the respective gene in LO-PE HBCs
was even lower as in CTR HBCs (Figure 3D). In addition to the
metabolism of L-arginine, regulation of reactive oxygen species
(ROS), represents an important link between M1 and M2
polarization (69). M1 macrophages produce higher amounts of
ROS and consequently downregulate antioxidant enzymes such as
CAT encoding catalase, or SOD encoding superoxide dismutase (70),
whereas, M2 macrophages are thought to produce lower levels of ROS
and express higher levels of CAT or SOD (71). The expression of the
genes CAT and SOD, was significantly attenuated in both, EO- and
LO-PE groups (Figure 3E, F). Next in respect to observed TGF-f1
differences, we looked at the expression of genes involved in tissue
remodeling and adhesion. Importantly, we found upregulation of
MMP9 in both PE groups (Figure 3G). The expression of other genes
involved in tissue remodeling (MMP2, MMP12, TIMPI1, TIMP?2), did
not differ between groups (Supplementary Figure 4). Adhesion
molecules, such as CDH2 has been downregulated in both EO-PE
(p < 0.05) and LO-PE HBCs (Figure 3H). Similarly, as CDH2 we
identified reduced expression of CDH5 in both, EO- and LO- PE
HBCs (Figure 3I).

In the healthy placenta, HBCs are often found in close proximity
to feto-placental endothelial cells (fpEC), and M2 macrophages have
the ability to regulate placental angiogenesis by secretion of pro-
angiogenic factors (26). To gain insight into their role in angiogenesis,
HBCs were examined for the expression of FLT, VEGFA, KDR, and
EGFR; which were all downregulated in EO- and LO-PE group
(Supplementary Figure 4).

Furthermore, EO-PE and CTR fpECs were treated with
conditioned medium (CM) collected from CTR and EO-PE HBCs.
In order to further investigate the influence of HBCs on the fpEC,
metabolic activity of fpECs using the MTS assay (Supplementary
Figure 5A) and the proliferation of the fpEC by incorporation of
BrDU (Supplementary Figure 5B) were measured. CM of CTR HBCs
increased the NAD(P)H dehydrogenase activity of CTR fpEC,
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FIGURE 3

Preeclampsia alters inflammatory related gene expression in HBCs. (A) Total RNA of cultivated HBCs was harvested on the fifth day post isolation and analysed by
RT-gPCR. (A) NFKB1, (B) TGFB1, (C) ARGL, (D) NOS2, (E) CAT, (F) SOD, (G) MMP9, (H) CDH2, (I) CDH5. In total 12 CTR, 5 EO-PE and 5 LO-PE HBCs isolations in

three technical replicates were used. Expression of target genes was normalized to the following housekeeping genes (18S, RPL30 and HPRTI) using

ZAA(t

method. Statistical significance was tested using ANCOVA with adjustment for gestational age followed by Sidak’s post-hoc test. *p < 0.05 and **p < 0.01.

whereas PE CM had no effect on the activity of PE fpEC
(Supplementary Figure 5A). A similar effect was observed when the
proliferation of CTR fpEC was measured (Supplementary Figure 5B).

3.5 Phagocytosis of HBCs is altered in PE

Macrophages, as professional phagocytes eliminate pathogens
and apoptotic cells. The elimination of apoptotic cells plays an
important regulatory role regarding the reduction of the
inflammatory burden (72). Phagocytosis was measured and
visualised using two different approaches. First, it was assessed by
FACS (CTR n=10, EO-PE n=5, LO-PE n=5), where median
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fluorescence intensity (MFI) was used to quantify the phagocytic
activity. PE HBC showed significantly higher phagocytic activity (p
<0.01) than CTRs (Figures 4A, B). Second, we analysed phagocytic
activity using HCS (Figures 4C-E). For better visualisation cells
were stained with HBCs tissue resident marker CD163. Analysis of
CTR (n=7) and PE (n=5, EO n=3, LO n=2) confirmed higher
(though not significant) phagocytosis of PE HBCs (Figure 4F).
Furthermore, visualisation of phagocytosis allowed us to analyse
morphology of the cells, calculating cell size - surface area (UM?),
which was lower in EO- and LO-PE groups, when compared to the
surface area (UM?) of CTRs (Supplementary Figure 6) confirming in
vitro observations of smaller round cell morphologies of PE HBC
(Supplementary Figures 1A-C).
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to test statistical significance. *p < 0.05

3.6 PE attenuates MMP-9 activity of HBCs

In a normal placenta M2-polarized HBCs contribute to tissue
remodeling and repair (73). To confirm strong upregulation of MMP9
(Figure 3G), we additionally performed gelatin zymography to assess
the activity of MMP-2 and MMP-9 (Figure 5A). As shown with
MMP2 mRNA expression (Supplementary Figure 4), detectable
MMP-2 activity (Figure 5A) did not differ between studied groups
(Figure 5B). In line with upregulation of MMP9, EO-PE HBCs
displayed significantly (p < 0.05) higher MMP-9 activity as CTR.
LO-PE HBCs MMP-9 activity was increased, but only by
trend (Figure 5C).

Frontiers in Immunology

Expression and production of MMPs are usually tightly regulated
within the complex network of their four different tissue inhibitors of
metalloproteinases 1-4 (TIMP). HBCs secretion of TIMP- (1, 2, 74,
75) was assessed using a multiplex ELISA-on-bead assay (Figure 5D).
Production of TIMP-1, TIMP-2, TIMP-3 was unchanged in EO-PE
group, we noticed a decreased production of TIMP-4 in the respective
group. Furthermore, LO-PE HBCs secretion of TIMP-1 was
significantly decreased, followed by trend in the reduced production
of TIMP-2. Interestingly, release of TIMP-3 in LO-PE group was
similar as in CTR. LO-PE HBCs production of TIMP-4 was elevated,
but only by trend. To further explore the gelatinolytic activity of
HBCs, the ratio between mRNA expression of MMP2/TIMPI,
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FIGURE 5
Gelatin zymography demonstrating gelatinolytic activity of HBCs. (A) A representative zymogram gel showing MMP-9 and MMP-2 activity of CTR (n=5),
EO- (n=4) and LO-PE (n=5) HBCs. Activity was examined in the supernatants collected from CTR and PE HBCs on the 5th day post isolation. In total
15pg of protein measured in supernatants were loaded onto gelatin gels, respectively. To generate the comparable gelatinolytic bands, gelatin
zymography was repeated twice. White bands of gelatinase activity observed at 92 and 82kDa are pro- and active form of MMP-9. Moreover, white
bands at the size of 72 and 62kDa represents pro- and active form of MMP-2. Quantification of total (pro and active) form of MMP-9 (B) and MMP-2
(C) was performed as densitometric analysis of respective bands. (D) TIMP-1, TIMP-2, TIMP-3 and TIMP-4 levels measured in the cell culture
supernatants using multiplex assay. In total CTR (n=10), EO- (n=4) and LO-PE (n=3) HBCs were used in technical duplicates. Secretion of respective
TIMPs was normalized to the total protein content measured in the cell culture supernatants. (E) mRNA ratio between MMP2 and TIMP1 and TIMP2. (F)
mMRNA ratio between MMP9 and TIMP1 and TIMP2. mRNA ratio was calculated from the -ddCT values normalized to the corresponding housekeeping
genes (18S, RPL30 and HRPTI). The results are showed as a mean + S.E.M of technical triplicates. Statistical significance was assessed using ANCOVA
with adjustment for gestational age followed by Sidak’s post-hoc test. *p < 0.05. **p < 0.01.

MMP2/TIMP2, MMPY/TIMP1, and MMP9/TIMP2 was calculated.
Normally, TIMPs regulate inhibition of MMPs by binding in 1:1
reversible complex with the MMPs (76, 77). The shift in MMP/TIMP
balance in favor of MMPs reflects as increased extracellular matrix
(ECM) proteolysis, or if in favor of TIMP as decreased proteolysis and
protection of the ECM (78-80). In CTR, EO- and LO- PE HBCs the
ratio between MMP2 and TIMPI or TIMP2 (Figure 5E) stayed
unchanged. Similar MMPY/TIMP]I ratio of investigated groups, was
favoring the gelatinolytic activity, indicating that MMP-9 is the main
gelatinase produced by HBCs. However, significant differences were
demonstrated in MMP-9/TIMP-2 of EO- and LO-PE HBCs,
confirming higher gelatinolytic activity shown with gelatin
zymography (Figures 5A, C, F).

4 Discussion

Hofbauer cells, play a pivotal but also a diverse role in placental
physiology by maintaining tissue homeostasis and the tolerogenic
environment (26, 36, 41, 81). HBCs plasticity is well characterized by
an unique phenotype expressing both, M2 and M1 polarization
markers (26, 30, 31). Preeclampsia is an inflammatory condition,
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accompanied by activation of both the innate and adaptive immune
system. These alterations may directly influence the phenotype of
HBCs and contribute to placental dysfunction (82). Due to the
presumed distinct pathophysiological origins of EO- and LO-PE
and the resulting different inflammatory burden within the PE
placenta (5, 8, 9, 83), we aimed to determine the phenotypic and
functional alterations between different HBCs. One of the more
significant findings to emerge from this study is that both, EO- and
LO-PE HBCs maintain a profound anti-inflammatory phenotype in
the human placenta. In addition to HBCs general adaptive response to
inflammatory stimuli, EO-PE HBCs cope differently with signals from
their microenvironment.

The EO-PE placenta has been linked to placental malperfusion
(84), leading to oxygen deficiency, increased inflammation and
oxidative stress which all together deteriorate the mechanisms of
placentation early in pregnancy. In contrast, LO-PE placenta has been
linked to changes of systemic blood pressure in the mother leading to
maternal endothelial dysfunction and oxidative stress, resulting in
placental dysfunction (85, 86). Consequently, both subtypes of PE are
characterized by excessive inflammation caused by oxidative stress
and a hypoxic microenvironment, which affects the appearance and
phenotypic composition of immune cells, particularly macrophages
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(87). To investigate whether the number of HBCs differs between
CTR and PE placenta, we first quantified the cells in situ using specific
markers for tissue-resident macrophages. In agreement, with the
findings of Tang et al, where they investigated CD163 positive
HBCs in PE placentae (51), we found a decreased number of
CD163 - positive macrophages in both EO- and LO-PE placentae.
Similarly, Yang et al. observed a significantly reduced number of
CD14-positive HBCs in PE (87). In addition, Broekhuizen et al., used
combined staining for CD68 and CD163 and observed a significant
decrease in double-positive HBCs in EO-PE, whereas the number of
double-positive HBCs in LO-PE remained unchanged (18). We
verified our immunohistochemical findings by analyzing the yield
of primary isolated HBCs in vitro. Similar to in situ, we obtained a
decreased number of primary HBCs isolated from EO- and LO-PE
placental tissues. As PE placenta is characterized by an increased
number of apoptotic trophoblasts (88, 89), it is likely that HBCs may
undergo a similar apoptosis cascade, leading to a decreased number of
vital HBCs in culture. According to our results, PE may exacerbate the
participation of initial stages of apoptosis in placental tissue which in
turn leads to a reduced anti-inflammatory and immunoregulatory
capability of remaining HBCs.

Macrophage polarization is a complex process controlled by
several factors and mechanisms (90). It is noteworthy that a
subpopulation identified with the same markers may have different
functions in different tissues and pathologies, adding to the
complexity of defining phenotypes (27). At baseline, HBCs express
M1 and M2 polarization markers (30, 31). Moreover, HBCs retain
alternative M2 polarization in inflammatory complications such as in
gestational diabetes mellitus (31), chorioamnionitis (91), or upon in
vitro stimulation (30). Contrary to expectations, we observed
differences in the expression pattern of polarization markers
between EO- and LO-PE HBCs. In EO- HBC markers involved in
MI polarization such as TLR4, HLA-DR, CD40, CD80 and CD86
were upregulated, suggesting M1 phenotype. In contrast, in LO-PE
HBCs the expression of before mentioned markers was either reduced
or similar to CTRs. The anti-inflammatory phenotype of LO-PE
HBC:s is strongly underpinned by high expression of IRF4, which
exerts important function in controlling local cytokine milieu thereby
polarization (92). TLR signaling has been proposed as an important
link between activation of innate immune system and PE, known to
modulate the inflammatory responses (18, 93). Interestingly, Young
et al. demonstrated the maintenance of the M2 phenotype of HBCs
despite pro-inflammatory treatment and upregulation of TLR4 and
increased secretion of pro-inflammatory cytokines (IL-6, IL-8) (37).
We demonstrated an upregulation of TLR4 and its downstream
mediators NFKBI and TNF-o in EO-PE, implying they give up M2
polarization and a shift towards M1. A change of phenotype toward
M1 polarization is also suggested by increased expression of IRF5
and NOS2. IRF4 and IRF5, both regulators of the Myd88 pathway
are crucial for the expression of M1/M2 genes (94). In particular,
IRF5 regulates the expression of pro-inflammatory factors such as:
TNF-o0, IL-6, IL-12p70, CD86 (58). IRF4, on the other hand, is
known to compete with IRF5 for interaction with Myd88 to activate
the M2 program (56, 92). Its expression has been shown to be
induced by anti-inflammatory IL-4 (92, 95). Interestingly, EO-PE
HBCs, although favoring IRF5 activation, express IRF4 and
consequently secrete both pro- and anti-inflammatory cytokines.
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A dysbalance of intracellular IRF4 and IRF5 regulating factors may
control different phenotypes and the associated contributions to
tissue inflammation.

It has been reported that in PE placentae CD163 and FR-J3,
expression is decreased (51). Although a reduction of CD163 on tissue
levels could be confirmed, no differences of CD163 and FR-B
expression on the primary isolated HBCs were detected. This
inconsistency can be explained because CD163 is used as a tissue-
resident marker for placental macrophages rather than only as an M2
marker. Among anti-inflammatory M2 markers, CD209 serves as one
of the major M2 markers, moreover, CD209-positive HBCs have been
shown to produce IL -10 an immunosuppressive cytokine one of the
drivers of immunoregulatory M2 polarization (96). Our results
suggest differential expression patterns of CD209 between EO- and
LO-PE HBCs. Interestingly, the expression of CD209 was unchanged
in CTRs and in the EO-PE group, whereas it was significantly reduced
in the LO-PE group. In line, LO-PE HBCs tend to secrete lower levels
of IL-10 supporting the notion that this polarization pattern favors
regulatory properties of these cells. Yang et al. also reported lower
numbers of CD209-positive HBCs in PE placental tissues, but they
did not distinguish between onsets of PE (96)

Cytokines are important coordinators that likely promote
phenotypic and functional changes of immune cells in
inflammation (90, 97). We have shown that both, EO- and LO-PE
HBCs produce different regulators of M2 polarization: IL-4, IL-10, IL-
13 and TGF-B. Interestingly, whereas in EO-PE an increased
production of TGF-B and IL-10 was observed, LO-PE HBCs
secreted higher amounts of IL-4, IL-13, and TGF-f. IL-10 and IL-4,
have been recognized as inducers of ARGI, which represents a
hallmark of M2 polarization (97-100) IL-10 is a cytokine produced
mainly by M2 macrophages (58) and its anti-inflammatory effect has
been demonstrated by reduced production of pro-inflammatory
cytokines such as TNF-o, IL-6, and IL-12 (101, 102). Moreover,
although pro-inflammatory M1 marker - IRF5 has been shown to
inhibit transcription of IL-10 and TGF-B (58, 103), this regulation
may be impaired in EO-PE, where basal secretion of IL-10 and TGF-f3
levels were increased. Enhanced expression of M1 polarization
markers, upregulation of both M1 NOS2 and M2 ARGI,
accompanied by secretion of anti-inflammatory cytokines, indicate
a development of a specific M1 and M2 phenotype of EO-PE HBCs.
On the other hand, LO-PE HBCs downregulate NOS2 and express
ARGI at the same level as CTRs HBCs, suggesting their anti-
inflammatory phenotype.

Phenotypic plasticity enables macrophages to perform a variety of
functions required for maintenance of homeostasis and rapid
termination of inflammation in their microenvironment (66). The
resolution of acute inflammation is a well-orchestrated synergistic
process and can be divided into three phases on the way back to cell
homeostasis. First, inflammation is downregulated by the temporal
switching of secreted lipid mediators, then the clearance of debris and
apoptotic cells by phagocytically active macrophages, and finally, tissue
repair and angiogenesis are stimulated by the pro-resolving phenotype of
macrophages (20, 24, 54, 104). We demonstrated a higher phagocytic
capacity of EO- and LO-PE compared to normal HBCs, with
concomitantly significantly higher levels of TGF-3 produced by both
groups. Interestingly, TGF-B in monocytes and macrophages is known
for its role in maintaining the resolution of inflammation by increasing
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phagocytosis and restoring tissue integrity (105-107). The increased
phagocytosis and production of anti-inflammatory cytokines (90) may
indicate one of the regulatory mechanisms that determine M2 phenotype
of EO- and LO-PE HBCs by preventing a direct switch to
M1 polarization.

Following clearance of cell-debris, M2 macrophages initiate events
that are critical for tissue repair. These include the production of
extracellular matrix (ECM), MMPs and the promotion of angiogenesis
(108). Furthermore, MMPs make an important contribution to ECM
repair (108), and macrophages require active MMP-9 for migration
during an inflammatory response (109). TGF-B acts as a regulator of
ECM production, reflecting its role in the tissue remodeling (110). We
have shown compared to normal HBCs that both EO- and LO-PE HBCs
secrete higher levels of MMP-9 and TGF-f. Interestingly, one of the
many functions of MMP-9 is also to activate the inactive form of TGF-3
(111), suggesting a possible mechanism driving polarization toward M2.
MMP-9 is regulated by the expression of TIMPs, which has been shown
to have pro-angiogenic features and is unique to M2 macrophages (112).
Although the MMPY/TIMP2 ratio of EO- and LO-PE HBCs favors M2
polarization, we have shown that EO-PE HBCs were unable to stimulate
proliferation of endothelial cells. Ability to enhance endothelial
proliferation and consequently angiogenesis is one of the traits of M2
macrophages in the process of resolution of inflammation (104). The
unsuccessful activation of proliferation of endothelial cells reveals another
aspect of the pro-inflammatory M1 signature of EO-PE HBCs. It is more
likely that they contribute to endothelial dysfunction instead of positive
pro-angiogenic endothelial activation, but further investigation is needed.

CTR HBC

o

EO-PE HBC

10.3389/fimmu.2022.1095879

Knowledge about the function of macrophages in PE is still
insufficient. Our study focused on the in vitro polarization and
functionality of EO- and LO-PE HBCs. Our results suggest that
EO-PE HBCs develop a strong M1 signature, but despite the M1
features and PE inflammatory microenvironment, they still attempt to
resolve inflammation by upregulating M2 anti-inflammatory factors
and functions. Based on the fact that the expression of CD209 in EO-
PE HBCs is at basal levels as in CTR HBCs, and expression of CD86
and secretion of TGF-P are increased, they might develop an
immunoregulatory M2b and a tissue remodeling M2a phenotype
with features of M1 polarization based on the increased expression of
TLR4, HLA-DR, and IRF5. In contrast, LO-PE HBCs tend to develop
a phagocytic M2 phenotype with increased production of IL-4, IL-13,
and TGF-B. However, the higher expression of TLR1, TLR4, and
CD80 and increased production of TNF-o indicate a specific pro-
inflammatory pattern distinct from typical M2 polarization
(Figure 6). Given the strength of our study, namely the use of a
large number of clinically well-characterized samples from EO- and
LO-PE placenta, there are some apparent limitations. First,
macrophage polarization is a dynamic process, and therefore the
choice of polarization markers included may vary among
investigators. Because characterization of macrophage phenotype
using polarization markers and cytokine release is rather
descriptive, we chose to use functional assays to determine the
relevant physiological functions of macrophages in addition to their
phenotype. Second, primary HBCs might develop a different
polarization pattern than in vivo because of the sensitivity of
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Different polarization patterns of CTR, EO - and LO-PE HBCs. HBCs isolated from CTR placenta develop a specific placental phenotype and express both
M1 and M2 polarization markers. In CTR placenta, their M2 nature is reflected by increased expression of ARG1, CAT, and SOD, where HBCs promote
tissue repair, angiogenesis, and homeostasis. Our results suggest that EO-PE HBCs develop an M2 phenotype that is strongly shifted toward M1
polarization. Their M2 phenotype is reflected in the upregulation of ARG1, secretion of TGF-f3, and tissue remodeling function, whereas features of M1
polarization are seen in the increased expression of TLR4, HLA-DR, IRF5, and NOS2. In contrast, LO-PE HBCs tend to develop a phagocytic CD209'°"
M2 phenotype with increased production of IL-4, IL-13, and TGF-f. However, the higher expression of TLR1 and increased production of TNF-c indicate
a specific pro-inflammatory pattern that differs from the typical M2 polarization. The figure was generated using BioRender. Differences that were

significant different between the groups studied are printed in bold.
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primary HBCs to the in vitro environment. However, we and others
have shown that Hofbauer cells have a very stable phenotype in vitro
that is difficult to alter and correlates with the phenotype in tissue in
vivo (30, 37).

In conclusion, to the best of our knowledge, this is the first study to
show a pivotal difference of the polarization pattern between EO - and
LO-PE HBCs in vitro. We demonstrated that the inflammatory
environment of PE causes the phenotypic changes observed between
early and late PE HBCs. The changes in polarization patterns indicate
different etiologies of PE, as EO-PE is associated with inflammation on
the placental side, whereas LO-PE results from a maternal inflammatory
response. Furthermore, since placental immune cells responds
differently to the source of inflammation, PE could be identified as
different entities with a common phenotype rather than a single disorder.
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Non-alcoholic fatty liver disease (NAFLD) has now become the leading chronic
liver disease worldwide with lifestyle changes. This may lead to NAFLD becoming
the leading cause of end-stage liver disease in the future. To date, there are still no
effective therapeutic drugs for NAFLD. An in-depth exploration of the
pathogenesis of NAFLD can help to provide a basis for new therapeutic agents
or strategies. As the most important immune cells of the liver, macrophages play an
important role in the occurrence and development of liver inflammation and are
expected to become effective targets for NAFLD treatment. Programmed cell
death (PCD) of macrophages plays a regulatory role in phenotypic transformation,
and there is also a certain connection between different types of PCD. However,
how PCD regulates macrophage polarization has still not been systematically
elucidated. Based on the role of lipid metabolic reprogramming in macrophage
polarization, PCD may alter the phenotype by regulating lipid metabolism. We
reviewed the effects of macrophages on inflammation in NAFLD and changes in
their lipid metabolism, as well as the relationship between different types of PCD
and lipid metabolism in macrophages. Furthermore, interactions between different
types of PCD and potential therapeutic agents targeting of macrophages PCD are
also explored.

KEYWORDS

non-alcoholic fatty liver disease, inflammation, macrophages, programmed cell death,
lipid metabolism

1 Introduction

Non-alcoholic fatty liver disease (NAFLD) is currently the most common liver disease,
and affects approximately one-third of the world’s population (1). According to the severity
and the pathological phase, NAFLD can be divided into non-alcoholic fatty liver (NAFL),
non-alcoholic fat hepatitis (NASH), liver fibrosis and cirrhosis. Although NAFL has no
clinically significant, there is evidence suggests that approximately 25% of patients with
NAFL progress to NASH (2). The presence of NASH promotes the progression of liver
pathology and increases the incidence of adverse outcomes compared to NAFL. In recent
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years, the global proportion of NAFLD-associated hepatocellular
carcinoma (HCC) has increased year by year and may gradually
become the main cause of HCC (3). Therefore, it is important to find
effective therapeutic agents to block the pathological progression of
NAFLD, especially NASH. The transition from NAFL to NASH is the
result of a complex multifactorial effect, which involves a complex
liver cell population (both parenchymal and non-parenchymal cells)
as well as pathological signals from visceral fat and intestine. The
pathogenesis of NAFLD was considered to be the “two-hit
hypothesis” (4). Lipid accumulation in hepatocytes represents the
“first hit”, while other factors such as oxidative stress are referred to as
the “second hit”. However, recent studies have suggested that NAFLD
progression may be influenced by various factors such as
environment, metabolism, gut microbiota, and genetic factors
(5, 6). The simultaneous changes of insulin resistance, genetic and
epigenetic factors, mitochondrial dysfunction, endoplasmic reticulum
stress, microbiota, chronic low-grade inflammation, etc. led to the
progress of NAFLD, which was named “multiple parallel hits
hypothesis” (7).

The main sources of lipid deposition in the liver include adipose
tissue lipolysis, hepatic de novo lipogenesis (DNL), and diet, with the
former accounting for the majority (8). Excess fatty acids are taken up
and intracellularly transported in the liver by hepatocytes,
macrophages, and other liver cells. When excess free fatty acids
(FFAs) exceed the antioxidant capacity of the body, inflammation
occurs. These mechanisms have been well summarized in previous
reviews (9, 10). Macrophages are an important component of innate
immunity. Macrophages in the liver mainly include tissue-resident
Kupffer cells (KCs), monocyte-derived macrophages (MoMFs) and
subcapsular macrophages discovered in recent years (11).
Subcapsular macrophages play a major role in the defense against
infectious agents from the abdominal cavity and are not the topic of
this article. KCs are the most abundant tissue-resident macrophages
in the mammalian body, accounting for 80-90% of all tissue-resident
macrophages (12). KCs are mainly localized in the reticuloendothelial
system and sense risk factors from the intestine and adipose tissue as
well as multiple signals from the liver microenvironment. KCs
constitute the hepatic immune homeostasis and alert when the
balance is disturbed. When inflammation is induced, numerous
monocytes are recruited to the liver (13). This may contribute to
the chronic low-grade inflammation in NAFLD. Considering the
important impact of macrophages on hepatic inflammation and their
ability to process lipids, they play an important role in the
pathological progression of NAFLD. Programmed cell death (PCD)
of macrophages is closely associated with the development of
inflammation (14). This paper mainly focuses on the effects of lipid
metabolism and PCD on the phenotype of macrophages in NAFLD
and the relationship between them. The possibility of targeting PCD
of macrophages in the treatment of NAFLD has also been explored.

2 Effect of macrophages on the
inflammatory response in NAFLD

Inflammation is a major pathological factor in the progression of
NAFLD, and hepatocyte death is one of the crucial triggers of liver
inflammation (15). Macrophages play an important role in the
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inflammatory response in NAFLD due to their ability to clear
pathogens and recruit circulating inflammatory cells (2). Typically,
macrophages can be classified into two phenotypes, the classically
activated M1 type and the alternatively activated M2 type (Figure 1).
M1 macrophages are induced by lipopolysaccharide (LPS) and Thl
cytokines such as interferon-y (IFN-y) and granulocyte-macrophage
colony-stimulating factor (GM-CSF) alone or in combination to
secrete pro-inflammatory factors such as interleukin 18 (IL-1p), IL-
6 and tumor necrosis factor-o. (TNF-or), while M2 macrophages are
induced by Th2 cytokines such as IL-4 and IL-13 to secrete anti-
inflammatory factors such as IL-10 and transforming growth factor-§
(TGF-B) (16). The balance of M1 and M2 macrophages is an
important determinant of the pathological changes in the liver
under inflammatory conditions. However, the M1 and M2
classification cannot describe macrophages accurately due to the
heterogeneity and functional diversity of macrophages. More
specific markers of different macrophage phenotypes are needed.

KCs are liver-resident macrophages and account for 15% of all
liver cells (17). It is now clear that KCs originate from yolk-sac-
derived erythro-myeloid progenitors expressing colony stimulating
factor 1 receptor (CSF1R) (18). In the context of NAFLD, KCs are the
major source of cytokines and chemokines (19). For example, KCs
promote steatosis and insulin resistance by secreting IL-1B to
downregulate peroxisome proliferative activated receptor o
(PPARQ) expression in hepatocytes (20). A previous study has
demonstrated that consumption of KCs attenuates high fat or high
sucrose diet-induced NASH in rats (21). On the one hand, portal
vein-derived LPS can bind to toll-like receptor 4 (TLR4) on the
surface of KCs to induce their polarization toward M1 pro-
inflammatory phenotype and enhance pro-inflammatory cytokines
including monocyte chemoattractant protein-1 (MCP1, also known
as C-C motif chemokine ligand 2, CCL2), TNF-0. and IL-6 expression
via yes-associated Protein (YAP) (22). On the other hand, KCs can
also promote hepatocyte apoptosis and inflammatory progression by
producing TNF, TNF-related apoptosis-inducing ligand (TRAIL) and
factor associated suicide (Fas) ligand through phagocytosis of
apoptotic bodies (23). In addition, lipotoxic hepatocytes can release
mitochondrial DNA (mtDNA) to induce nuclear factor kappa-light-
chain-enhancer of activated B cells (NF-kB) dependent inflammation
by binding to transmembrane protein 173 (TMEM173 or STING) on
the surface of KCs (24), while KCs themselves can activate the NOD-
like receptor thermal protein domain associated protein 3 (NLRP3)
inflammasome via mtDNA released from mitochondria thereby
promoting the progression of NASH (25).

MoMTFs are recruited to the liver under inflammatory conditions
and transformed to different phenotypes in response to stimulation by
complex cytokines. Recent studies have confirmed that lipotoxic
hepatocytes can secrete extracellular vesicles rich in MicroRNA
192-5p (26), C-X-C Motif Chemokine Ligand 10 (CXCL10) (27),
ceramide (28) to promote M1 polarization of MoMFs and secrete pro-
inflammatory cytokines. Meanwhile, extracellular vesicles can also
promote the recruitment of MoMFs through an integrin 31 (ITGB1)-
dependent pathway (29). Except for CXCL10, various chemokines
including CCL2 played important roles in the infiltration of MoMFs
and M1 polarization, while inhibition or knockdown of CXCL10 and
CCL2 showed inhibition of liver macrophage infiltration and
improvement of inflammation in the mouse model of NASH
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FIGURE 1

Phenotype and function of liver macrophages. KCs and monocyte-derived macrophages can be polarized by different factors into two distinct
phenotypes, classically activated M1 and alternatively activated M2. M2 macrophages can be further classified into multiple phenotypes. Overall, M1
exhibits pro-inflammatory properties and M2 exhibits anti-inflammatory properties. The balance between the two determines the direction of liver
inflammation. GM-CSF, granulocyte-macrophage colony-stimulating factor; IFN-vy, interferon-v; IL, interleukin; LPS, lipopolysaccharide; MHC-II, major
histocompatibility complex class IITGF-, transforming growth factor-; TLR4, toll-like receptor 4; TNF-a, tumor necrosis factor-o.

(30, 31). Lymphocyte antigen 6C (Ly6C) is a marker of mouse
monocytes, which divides circulating monocytes into two major
subpopulations, Ly6C™ and Ly6C'® (32). The Ly6C" subgroup
shows anti-inflammatory properties, while the LyéChi subgroup
exhibits pro-inflammatory properties and constitutes the main
pathological mechanism of NASH progression. Ly6C™ MoMFs can
be converted to Ly6C'® MoMFs after the clearance of apoptotic
hepatocytes (33). A dual C-C Motif Chemokine Receptor 2
(CCR2)/CCR5 antagonist, cenicriviroc (CVC), demonstrated
improvement in NASH-related liver fibrosis and inhibition of
steatohepatitis progression in a completed phase II clinical trial
enrolling 289 patients with NASH (34). A study in a mouse model
of NASH showed that CVC inhibited Ly6C" MoMFs infiltration and
fibrosis progression, but had no direct effect on macrophage
polarization (35).

Due to the immune tolerance characteristic of the liver, KCs are
mainly involved in maintaining inflammatory homeostasis, while
MoMFs play a major role in acute and chronic liver inflammation
(32). Under homeostatic conditions, the hepatic macrophage
population contains only a small amount of MoMFs. KCs could
directly inhibit the inflammatory response of MoMFs by secreting
miR-690-containing exosomes, whereas miR-690 of KCs showed low
expression during the progression of NASH (36), which might
promote the recruitment and pro-inflammatory transformation of
MoMFs. In addition, activated KCs can promote the recruitment of
Ly6C™ MoMFs by secreting CCL2 (31). KCs proliferate for self-
renewal in the liver, but the mechanism of renewal is impaired during
NASH. When KCs are depleted, some Ly6C™ MoMFs are even able to
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convert to KCs to replenish the hepatic KCs pool under specific
factors (37). However, compared with embryo-derived KCs,
monocyte-derived KCs do not effectively promote hepatic
triglyceride storage and exhibit pro-inflammatory properties in the
liver, thereby exacerbating liver injury in NASH (38).

3 Lipid metabolism in macrophages

Macrophages require a lot of energy to maintain their function in
inflammation. Metabolic reprogramming has an important role in
regulating the function of immune cells, and macrophages of
different phenotypes usually exhibit different metabolic profiles
(39). Macrophages possess lipid-processing function and
play an important role in lipid metabolism. Intracellular lipid
metabolism involves a series of complex enzymatic reactions
(Figure 2). FFAs taken up by fatty acid transport proteins (e.g.
CD36) and fatty acid binding proteins (FABPs) are transformed to
acyl-coenzyme A (acyl-CoA) by the action of acyl-CoA synthase
(ACS). Acyl-CoA can not only participate in the synthesis of
triglycerides, but also converted to acyl-carnitine by carnitine
palmitoyltransferase-1 (CPT1). Subsequently, acyl-carnitine is
transported into the mitochondria via carnitine-acylcarnitine
translocase (CACT) and CPT2 for fatty acid oxidation (FAO) and
increases the production of nicotinamide adenine dinucleotide
(NADH)/1,5-dihydroflavin adenine dinucleotide (FADH2) thereby
promoting oxidative phosphorylation (OXPHOS). The acetyl-CoA
produced during this process participates in the TCA cycle and
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FIGURE 2

Lipid metabolism in macrophages. FFAs are catabolized to acyl-CoA by the action of ACS and thus participate in triglyceride synthesis and FAO. FAO can
participate in the TCA cycle by producing acetyl-CoA and also promote OXPHOS by increasing NADH/FADH2 production. In addition, glucose can also
produce acetyl-CoA through glycolysis. The citrate generated by the TCA cycle is reconverted to acetyl-CoA in the cytoplasm by ACL, thus participating
in DNL and cholesterol synthesis. ABCA1, ATP-binding cassette sub-family A member 1; ABCG1, ATP-binding cassette sub-family G member 1; ACC,
acetyl-CoA carboxylase; ACLY, ATP-citrate lyase; ACS, acyl-CoA synthetase; CACT, carnitine-acylcarnitine translocase; CoA, coenzyme A; CPT1,
carnitine palmitoyl transferase 1; DNL, de novo lipogenesis; ETC, electron transport chain; FAO, fatty acid oxidation; FAS, fatty acid synthase; FFAs, free
fatty acids; Glutl, glucose transporterisoform 1; MUFA, monounsaturated fatty acid; OXPHOS, oxidative phosphorylation; PPP pathway, pentose
phosphate pathway; SCD, stearoyl-coenzyme A desaturase; TCA, tricarboxylic acid.

ultimately promotes the production of citrate. Glucose can be
converted to pyruvate through glycolysis and then also participate
in the TCA cycle through conversion to acetyl-CoA (40). Citrate can
be converted back to acetyl-CoA by the action of ATP-citrate lyase
(ACLY). Acetyl-CoA is not only involved in de novo lipogenesis
(DNL), but also in cholesterol synthesis. The excess fatty acids are
used for the synthesis of triglycerides and other complex lipids (41),
while cholesterol is transported out of the cell under the regulation of
ATP-binding cassette sub-family A member 1 (ABCA1) and ATP-
binding cassette sub-family G member 1 (ABCG1) (42).

In M1 macrophages, increased glycolysis not only provides ATP
more rapidly, but also promotes the TCA cycle and acetyl-CoA
production (43). Sterol regulatory element-binding proteins (SREBPs)
and fatty acid synthase (FAS), both key regulators of fatty acid
synthesis, not only promote lipid biosynthesis in macrophages, but
have also been shown to be critical for the induction of M1 polarization
of macrophages (44-46). Different from M1, M2 macrophages possess
an intact TCA cycle and enhanced mitochondrial OXPHOS, which
depends on fatty acid uptake and FAO (43). CPT1 is involved in the
production and mitochondrial transport of fatty acid-derived acyl-
carnitine. Inhibition of CPT1 blocks mitochondrial FAO and has been
shown to inhibit IL-4-mediated M2 polarization of macrophages (47).
Thus, classical LPS/IFN-y-activated pro-inflammatory Ml
macrophages in vitro exhibit enhanced glucose uptake and anaerobic
glycolysis, whereas anti-inflammatory M2 macrophages induced by IL-
4/IL-13 exhibit enhanced FAO and OXPHOS (Figure 3). Lipid
metabolism in M1 macrophages favors lipid synthesis and
proinflammatory factor expression, whereas M2 macrophages receive
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their energy supply through FAO (48, 49). It has been shown that
inhibition of FAO inhibits M2 polarization in macrophages (50), while
LPS in combination with IFNYy inhibits IL-4-induced M2 repolarization
by suppressing OXPHOS in macrophages (51). Due to the high
plasticity, macrophages can be phenotypically “repolarized” or
“reprogrammed” when induced by the corresponding signals (16).
Thus, metabolic regulation may be central to the functional plasticity of
macrophages, and FAO plays an essential role in inflammatory and
metabolism-mediated phenotypic changes in immune cells.

4 Effect of lipid metabolic
reprogramming of macrophages
on NAFLD

The liver is an important organ of lipid metabolism. Based on the
close relationship between macrophage lipid metabolism and
inflammation, dysregulated lipid metabolism in NAFLD may promote
the progression of inflammation by affecting macrophage function.
Modulation of lipid metabolism may have potential therapeutic
implications for the progression of inflammation in NAFLD by
reshaping the M1/M2 balance. Therefore, it is necessary to further
clarify the changes in lipid metabolism of macrophages in NAFLD.
KCs express receptors such as MSR1, CD36, and TIM4, which recognize
and remove membrane lipid components of apoptotic cells and
circulating oxidized low-density lipoproteins (ox-LDL). Subsequently,
these lipids are degraded to FFAs and cholesterol by lysosomal acid lipase
(LAL), which is involved in HDL synthesis (52). This function of KCs is

frontiersin.org


https://doi.org/10.3389/fimmu.2023.1118449
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Xiao et al.

Glucose
\<— @
LPS /06/\
> =3 o @
N & \
7 Pentose phosphate \ Glycolysis 1
pathway v
J Y
P 1t Lactaty
Inflammatory Lipid yruvate —> Lactate
—— cYtokine biosynthesis
NF-kB
= / "OXPHOS |
T ) TC.
er2) (e
SREBP1 g
SREBP2 -
l__> <—[Fas | l
Citrate
Acetyl-CoA
Cholesterol
biosynthesis
M1 macrophage
FIGURE 3

10.3389/fimmu.2023.1118449

Lipoprotein

IL-4 /

e

Lysosomal
lipolysis

© g FFAs

l CAy OXPHOs *

FAO —>
_— yoly  FAO 4

CD36
CPT1

J %
PPAR \ l S
AT i Mitochondrial =
Va [S',I'ATG biogenesis Citrate
{ NNN!NN
5\ < Acetyl-CoA

-4

M2 macrophage

The relationship between lipid metabolism and phenotype of macrophages. Activation of the TLR signaling pathway induced by LPS promotes M1
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M2 polarization of macrophages is manifested as the increase in lipid intake, FAO, and OXPHOS. IL-4, interleukin-4; IL-4R, interleukin-4 receptor; 1-xB,
inhibitor of NF-kB; LPS, lipopolysaccharide; NF-kB, nuclear factor kappa-light-chain-enhancer of activated B cells; PPAR, peroxisome proliferative

activated receptor; SREBP, sterol-regulatory element binding protein; STAT6,
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highly conserved in several species (53), and their expression of genes
related to lipid metabolism are more abundant than in other tissue-
resident macrophages (54). Given the role of KCs in hepatic immune
homeostasis, they may maintain specific functions, particularly tissue-
specific functions, dependent on certain metabolites or nutrients (55).
Imbalance of lipid homeostasis may lead to pro-inflammatory
polarization of KCs thereby inducing inflammation in NAFLD.
Improvement of NASH by KCs elimination provides evidence for its
driving effect on early NASH (20). CD11c" macrophages may be an
important subset driving hepatocyte death-induced inflammation and
fibrosis, which promotes disease progression from steatosis to NASH,
while KCs are a major source of CD11¢" macrophages (56). Macrophage
scavenger receptor 1 (MSRI, CD204) mediates lipid uptake and
accumulation in KCs and correlates with the degree of steatosis and
steatohepatitis in patients with NAFLD. In a fatty acid-rich environment,
MSR1 induces a pro-inflammatory response through the JNK signaling
pathway, and its blockade inhibits lipid accumulation in KCs, thereby
suppressing their pro-inflammatory polarization and the release of
cytokines such as TNF-o (57). Similarly, the knockdown of myeloid
forkhead box Ol (FoxOl) induced a shift in macrophage polarization
from a pro-inflammatory M1 to an anti-inflammatory M2 phenotype
and reduced liver macrophage infiltration in a mouse model of high-fat
diet-induced NASH (58). At least for now, it seems that lipid overload
may promote M1 polarization of KCs and MoMFs through MSR1 and
FoxOl, respectively.

Nuclear receptors, including PPARs and liver X receptor (LXR),
are ligand-dependent transcription factors and involved in the

Frontiers in Immunology

60

signal transducer and activator of transcription 6; TLR4, toll-like receptor 4;

regulation of lipid and glucose metabolism genes and
inflammation-regulated genes (59). This provides another link
between macrophage lipid metabolism and inflammation. The three
isoforms of PPARs, PPARa, B/3, and v, play different but
complementary regulatory roles in lipid metabolism and
inflammation in the liver (48). The current studies have confirmed
the promotion and necessity of PPARy and PPARB/ on M2
polarization of macrophages (60, 61). And LXR can also induce the
anti-inflammatory phenotype of MoMFs by inhibiting TLR2, TLR4
and TLRY and related pathways (62). Interestingly, although LXR was
expressed in both hepatocytes and macrophages, an LXRa agonist,
DMHCA, selectively activated LXRow in macrophages (63), suggesting
the feasibility of targeting LXR in macrophages. In addition, retinoic
acid-related orphan nuclear receptor alpha (ROR0) is also thought to
regulate M2 polarization in macrophages in NAFLD (64). However,
the significance of RORo-specific deletion in macrophages for NASH
progression remains controversial (65). In addition to regulating lipid
metabolism and inflammation, nuclear receptors can also act as redox
sensors to sense metabolic stress and thus prevent oxidative damage
(66). Due to the important role of oxidative stress in promoting lipid
metabolism disorders and inflammation, targeting nuclear receptors
may improve NASH progression by regulating macrophage
phenotype through antioxidant, anti-inflammatory, and regulating
lipid metabolism.

Although the current study confirms the importance of lipid
metabolism reprogramming on the pro-inflammatory phenotype of
macrophages, changes in the phenotype and lipid metabolism of
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hepatic macrophage subsets need to be further explored. A recent study
showed that depletion of a subset of CD206"™ ESAM* KCs or silencing of
their fatty acid transporter protein CD36 reversed obesity and steatosis in
mice (67). CD36 and CD206 are both commonly considered to be M2
markers (68). These conflicting results further demonstrate the
complexity of macrophage function. Furthermore, the role of lipid
metabolism in macrophage polarization remains controversial,
although it is now generally accepted that glycolysis defines M1
macrophages and FAO defines M2 (43). Glycolysis, OXPHOS and
FAO may determine phenotypic shifts through complex interactions
rather than a single pathway, which remains to be elucidated.

5 Different types of PCD and lipid
metabolism in macrophages

Cells may die from accidental cell death (ACD) or regulatory cell
death (RCD). RCD is a strictly regulated form of cell death induced by
complex molecular mechanisms, and it is also known as PCD when it
occurs in the absence of external environmental interference (69).
PCD plays an important role in host defense against pathogens and
maintenance of body homeostasis, while its over-activation or
tolerance leads to the development of disease. Several types of PCD
have been identified including autophagy, apoptosis, necroptosis,
pyroptosis, and ferroptosis (Figure 4). We focused on these types of
PCD in macrophages in the NASH phase of NAFLD.

10.3389/fimmu.2023.1118449

5.1 Autophagy

Autophagy is a catabolic process that degrades damaged
organelles and abnormally accumulated proteins via lysosomes
(70). Autophagy can be classified as macroautophagy, chaperone-
mediated autophagy (CMA), and microautophagy according to the
pathways of cytoplasmic materials into lysosomes (71). In addition,
autophagy can be further classified into selective and non-selective
autophagy according to the specificity of degradation substrates.
Physiological autophagy is essential for maintaining cellular
homeostasis, and its regulation of macrophage function is widely
recognized (72). It has been demonstrated that autophagy is impaired
in human livers with steatosis or NASH and that promoting
autophagy inhibits the pro-inflammatory activation of human
macrophage cell lines (73). Typically, autophagy of macrophages in
most NAFLD-related studies refers to macroautophagy, the lack of
which amplifies hepatic steatosis and/or liver injury through
overactivation of the innate immune response. Macrophage-specific
deletion of macroautophagy-dependent autophagy-associated
proteins such as autophagy protein 5 (ATGS5) was shown to
increase IL1oe and IL1PB secretion thereby exacerbating liver
inflammation and fibrosis in mice (74). It is suggested that
autophagy contributes to the down-regulation of macrophage-
induced inflammatory responses, whereas insufficient autophagy
may lead to macrophage polarization toward pro-inflammatory M1.
Dysbiosis of intestinal flora and increased intestinal permeability in
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NAFLD patients lead to elevated serum LPS levels, which induce
increased secretion of pro-inflammatory factors and reactive oxygen
species (ROS) through binding to TLR4, a pattern recognition
receptor on the membrane surface of macrophages (75). High
concentrations of ROS activated the oxidative stress regulatory
switch nuclear factor erythroid 2-related factor 2 (Nrf2) and further
induced transcription of antioxidant genes and sequestosome 1
(SQSTML1, also known as p62), thereby inducing p62-dependent
selective autophagy in macrophages (76). In contrast, autophagy-
deficient hepatic macrophages promoted liver inflammation and
fibrosis by enhancing the mitochondrial ROS (mtROS)/NF-kB/IL-
1o/p pathway (77).

As a cellular energy sensor, adenosine 5’-monophosphate (AMP)-
activated protein kinase (AMPK) can promote macrophage M2
polarization through mitochondrial autophagy (78). However, both
free fatty acids and hyperglycemia can lead to autophagy deficiency
through the inhibition of AMPK, thereby inhibiting macrophage M2
polarization (79, 80). A study based on liver-specific SQSTM1
knockout mice showed that SQSTM1 induces hepatocyte autophagy
by promoting the interaction between AMPK and unc-51 Like
Autophagy Activating Kinase 1 (ULK1) and further activates the
kelch-1like ECH- associated protein 1 (Keapl)-Nrf2 signaling
pathway to protect the liver from lipotoxicity in mice (81). As an
important regulator of nutrient perception, growth, and metabolism,
the mammalian target of rapamycin complex (mTORC)
phosphorylates ULK1 to inhibit the interaction between AMPK and
ULK1 (82), exhibiting a regulatory role in autophagy in contrast to
SQSTMI. In addition, AMPK can also inhibit mTORCI function by
phosphorylating Raptor in the mTORCI complex (83). These studies
suggest an antagonism between AMPK and mTORCI on the
regulatory function of autophagy. However, previous studies have
demonstrated that SQSTMI also interacts with Raptor to activate
mTORCI (84). Persistent deficiency of mTORCI in macrophages has
also been shown to inhibit their M2 polarization by inducing
lysosomal dysfunction (85). The role of mTORCI in the regulation
of macrophage autophagy and phenotype remains puzzling.

Lipid deposition in the liver impairs local oxygen homeostasis,
followed by tissue hypoxia-induced adaptive responses that ultimately
affect the homeostasis of hepatic lipid metabolism (86). Since oxygen
is transported through the blood, hypoxia means impaired blood
microcirculation. Therefore, hypoxia and nutritional disorders occur
simultaneously. Nutrient depletion caused by hypoxia activates
AMPK and simultaneously inactivates mTORCI1 thereby inducing
autophagy to maintain cell survival. As a key regulator of hypoxia,
Hypoxia-inducible factor 1 subunit alpha (HIF-1o) can broadly
regulate the expression of hypoxia-inducible genes and the
activation of various signaling pathways (87). A study based on
methionine and choline-deficient L-amino acid diet (MCD)-fed
mice and NASH patients showed that HIF-1o expression in hepatic
macrophages was induced by palmitic acid, thereby reducing
autophagic flux and targeting inflammasomes to increase IL-1(
production (88). Although HIF-1oe and AMPK/mTORCI regulate
macrophage autophagy and phenotypic transformation as important
links of hypoxia and energy regulation, respectively, their interactions
are still not systematically elucidated.

Currently, studies on HIF-1lo. and AMPK regulation of lipid
metabolism in NAFLD are mainly carried out in hepatocytes
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(89, 90). The mechanisms by which lipid metabolism
reprogramming in macrophages regulates autophagy are still poorly
understood. Monoacylglycerol lipase (MAGL), the rate-limiting
enzyme in the degradation of monoacylglycerols, not only degrades
triacylglycerols to free fatty acids and glycerol, but also metabolizes
endogenous cannabinoid receptor ligand 2-arachidonyl acid glycerol
to arachidonic acid (91). During chronic liver injury, MAGL inhibited
macrophage autophagy to promote inflammation and fibrosis,
whereas inhibition of MAGL reduced the number of Ly-6C™
macrophages and increased the number of Ly-6C'® macrophages in
an autophagy-dependent manner (92). In high-fat diet-induced obese
mice, MAGL deletion also exhibited improved inflammation and
insulin resistance in adipose tissue and reduced triglyceride levels in
the liver (93). This provides evidence for a link between macrophage
autophagy and lipid metabolism reprogramming. In addition,
macrophage autophagy reduces programmed death ligand 1 (PD-
L1) expression and thus inhibits hepatocellular carcinogenesis, while
defective autophagy induces its immunosuppressive phenotype and
thus promotes hepatocellular carcinoma progression (94). Given the
increased incidence of NAFLD-associated HCC, regulation of
macrophage autophagy may be valuable in reducing NAFLD-
associated HCC.

5.2 Apoptosis

Apoptosis is a Caspase-dependent cell death that includes
intrinsic pathways induced by DNA damage, ROS accumulation,
and endoplasmic reticulum stress (also known as the mitochondrial
pathway) as well as exogenous apoptotic pathways initiated by the
binding of other cellular soluble or cell surface ligands including TNF,
FasL, or TRAIL to death receptors (95). The Caspase family is a family
of evolutionarily conserved cysteine-dependent endonucleases that
are primarily involved in cell death and inflammatory responses.
Caspases involved in apoptosis are divided into two main categories:
initiating Caspases (Caspases-2, 8, 9 and 10) and effector Caspases
(Caspases-3, 6 and 7) (96). Current studies have amply demonstrated
that Caspases-3, 6, 7, 8, and 9 promote the progression of NASH (97).
Among them, Caspases-8 is mainly involved in the exogenous
apoptotic pathway, while Caspases-9 is mainly involved in the
endogenous apoptotic pathway. Increased positivity of the terminal
deoxynucleotidyl transferase-mediated dUTP nick end labeling
(TUNEL) assay in liver tissue of NASH patients demonstrates the
involvement of apoptosis in the progression of NASH (98). Most of
the current studies on apoptosis have been conducted on hepatocytes
and few on macrophages. A study based on a high-fat diet-induced
mouse model of NAFLD and primary KCs demonstrated that IL-4-
activated M2 KCs could release IL-10 to promote apoptosis of M1
KCs thereby reducing liver inflammation and hepatocyte injury in
NAFLD (99). This study suggests an intrinsic regulatory mechanism
for the balance of M1 and M2 macrophages, i.e., M2 macrophages
induce protective apoptosis of M1 macrophages and their dysfunction
leads to the accumulation of M1 macrophages in the liver and the
progression of inflammation.

Endoplasmic reticulum stress is significantly associated with
lipotoxicity and NASH (100). C/EBP homologous protein (CHOP)
is a transcription factor downstream of protein kinase RNA-
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activated-like ER kinase. CHOP is induced by endoplasmic reticulum
stress and its deletion prevents apoptosis induced by endoplasmic
reticulum stress (101). As endoplasmic reticulum stress can induce
TRAIL receptors and activate Caspase-8 (102), this may string
endogenous apoptotic and exogenous apoptotic pathways together.
Early studies demonstrated that CHOP deficiency promotes
macrophage resistance to lipotoxicity and the progression of
inflammation in NAFLD (103). Therefore, CHOP may have the
effect of inducing apoptosis of M1 macrophages and thus regulating
hepatic macrophage homeostasis to protect the liver from
steatohepatitis. The role of LXRa in promoting M2 polarization in
hepatic macrophages has been discussed above. Paradoxically, a
peritoneal macrophage-based study demonstrated that LXRo. can
inhibit the CHOP pathway induced by endoplasmic reticulum
stress and thus inhibit macrophage apoptosis (104). The
relationship between CHOP and LXRo in M1 macrophages in the
liver obviously needs to be further explored.

The suppressor of cytokine signaling (SOCS) family is a class of
proteins with negative feedback regulation on cytokine signaling
pathways, including eight members of SOCS1 to SOCS7 and cytokine-
inducible SH2-containing protein (CIS) (105). Currently, SOCSI,
SOCS2 and SOCS3 are the most studied in macrophages. IL-4-induces
SOCS?2 expression, IFN-y induces SOCS3 expression, while SOCSI1 can
be induced by both (106). Differently, induction of SOCSI1 by IL-4 is
signal transducer and activator of transcription 6 (STAT6) dependent,
whereas induction of SOCS1 by IFN-yis STAT1 dependent. At the same
time, IL-4 induced SOCS1 can inhibit the expression of STAT6 and form
anegative feedback signal. A recent study showed that SOCS2 expression
in macrophages was negatively correlated with the degree of NASH
(107). The study also found that SOCS2 plays a role in inhibiting
inflammation and apoptosis via NF-kB and inflammasome signaling
pathway in macrophages during NASH. In addition, SOCS1 and SOCS3
have been shown to inhibit the exogenous apoptotic pathway in other cell
lines such as renal tubular epithelial cells and prostate cancer cells,
respectively (108, 109). Overall, SOCS2 may promote M2 polarization
and inhibit apoptosis in macrophages, while SOCS1 and SOCS3 may
promote M1 polarization and inhibit apoptosis. The three are induced by
different signals to inhibit exogenous apoptosis in macrophages of the
corresponding phenotype thereby regulating the progression of NASH.
Notably, both SOCS1 and SOCS3 have been shown to have inhibitory
effects on FAO (110-112). Although these studies were not performed in
macrophages, the mechanisms all involved inhibition of the Janus kinase
(JAK)/STAT pathway. Different from SOCS1 and SOCS3, the effect of
SOCS2 on lipid metabolism has received rarely attention. Although it has
been shown to prevent hepatic steatosis due to high-fat diet (113), some
studies suggest that it does not promote the increase of FAO in the liver
(114). In conclusion, it remains to be clarified whether the SOCS family is
involved in the regulation of macrophage polarization and apoptosis by
inhibiting FAO through the JAK/STAT pathway.

5.3 Necroptosis

Necroptosis is a caspase-independent necrotic cell death program
regulated by receptor interacting serine/threonine kinase 1 (RIPK1)
and RIPK3. It can be triggered by extracellular stimuli that activate
inflammation and cell death. Various innate immune signaling
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pathways such as TNFR, TLR and interferon receptors (IFNRs) can
induce the binding of RIPK1 and RIPK3, which then leads to
phosphorylation and translocation of mixed lineage kinase domain-
like pseudokinase (MLKL) to the cell membrane, ultimately leading to
necroptosis and release of damage-associated molecular patterns
(DAMPs) (115). Precisely, RIPK1 induces apoptosis rather than
necroptosis when Caspase-8 is present. When Caspase-8 is
inhibited, deubiquitinated RIPK1 does not bind to complex 2, but
to RIPK3, forming a necrosome complex and subsequently recruiting
and activating MLKL (116). Thus, inhibition of Caspase-8 is as
important as activation of RIPK3 for necroptosis. In contrast,
RIPK1, although involved in the induction of necroptosis, may not
be necessary for necroptosis. Depletion of nicotinamide adenine
dinucleotide (NAD+) is sufficient to trigger necroptosis in a RIPK3-
and MLKL-dependent manner (117), which provides a non-classical
necroptotic pathway.

Necroptosis plays an important role in macrophage polarization
and inflammation. A study based on aged mice showed that aging led
to increased necroptosis in liver macrophages and release of pro-
inflammatory factors including TNFo, IL-6 and IL-1f, while
necrostatin-1s, a necroptosis inhibitor, significantly reduced M1
macrophages and improved inflammation (118). This study
suggests that necroptosis promotes M1 polarization of
macrophages. O-acetylglucosamine glycosylation modification (O-
GlcNAcylation) is a specific glycosylation modification of
intracellular proteins that can affect the localization, function and
stability of substrate proteins (119). LPS-activated M1 macrophages
exhibit attenuated hexose biosynthetic pathway and protein O-
GlcNAcylation, while O-GIcNAc transferase (OGT) mediated O-
GlcNAcyclization of RIPK3 prevented the hetero interaction and
homo interaction of RIPK3-RIPK1, thereby inhibiting macrophage
necroptosis (120). A study based on patients with NASH and choline-
deficient L-amino acid-defined diet (CDAA)-induced NAFLD models
in mice showed that hepatic RIPK3 correlated with NAFLD severity
in humans and mice and RIPK3 deficiency ameliorated CDAA-
induced inflammation, fibrosis and carcinogenesis in mice (121).
Even though RIPK3 has now emerged as one of the promising
targets for the treatment of NASH, the mechanism by which
necroptosis regulates macrophage polarization has not been
systematically elucidated. Studies based on the RIP3-deficient
mouse model demonstrated that RIPK3 promotes the TLR4-NF-xB
pathway via Rho-associated coiled-coil-containing protein kinase
(ROCK)1 and thereby induces M1 polarization of macrophages in
the liver (122). The effect of necroptosis on M1 macrophage activation
and pro-inflammation may also be paracrine-related. Interestingly,
M1 but not M2 macrophages exhibited higher RIPK3 and MLKL
expression when BMDM:s were intervened with necroptosis inducers
(123). In contrast, another study expressed a different result. Blockade
of TAK1, the RIPK1 inhibitor, induced more intense necroptosis in
M2 but not M1 peripheral blood monocyte-derived macrophages in
the context of Caspase inhibition (124). The mechanisms underlying
these different results are still unclear. Necroptosis may be involved in
both depletion of M2 macrophages and activation of M1 to promote
the progression of inflammation in NASH.

There may be a correlation between the necroptosis of
macrophages and their lipid metabolism reprogramming. RIPK3
was downregulated in macrophages in HCC and promoted FAO
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via the ROS-Caspasel-PPAR pathway, which induced the
reprogramming of fatty acid metabolism and ultimately induced
M2 polarization in tumor-associated macrophages (125). An
atherosclerosis-based study found that MLKL deficiency
exacerbated lipid accumulation despite reducing the occurrence of
necroptosis in macrophages (126). Another study based on the high-
fat diet-induced NAFLD model in mice also showed that RIPK3
deficiency inhibited inflammation while exacerbating hepatic
steatosis (127). These studies suggest that the inhibition of
necroptosis may promote increased lipid uptake or de novo
synthesis of fatty acids. Therefore, the relationship between
necroptosis and the reprogramming of lipid metabolism in
macrophages remains to be further clarified.

5.4 Pyroptosis

Pyroptosis is a form of PCD mediated by inflammasome
activation, which is manifested by continuous cellular distension
until the cell membrane ruptures, thereby releasing cellular contents
to activate an intense inflammatory response. Classical pyroptosis is
regulated by the inflammasome composed of NLRP3, apoptosis-
associated speck-like protein containing a CARD (ASC), pro-
Caspase-1 and gasdermin D (GSDMD) (128). Various exogenous
and endogenous signals including LPS and ATP can induce
inflammasome formation followed by activation of Caspase-1.
Activated Caspase-1 cleaves pro-IL-1B and pro-IL-18 to mature IL-
1B and IL-18, while cleaving the pyroptotic substrate GSDMD and
forming membrane pores to induce pyroptosis and releasing IL-1f3
and IL-18 (129). The non-classical pyroptosis pathways are
cytoplasmic LPS-mediated activation of Caspase-4/5/11 and
cleavage by GSDMD (130). Xu et al. (131) showed that GSDMD
and its fragment GSDMD-N protein expression, which induce
pyroptosis, were significantly increased in liver tissues of NAFLD/
NASH patients and correlated with NAFLD activity score and
fibrosis. In contrast, MCD-fed GSDMD™" mice were free from
steatohepatitis and fibrosis, demonstrating the role of GSDMD-
mediated pyroptosis in promoting NASH. In addition to GSDMD,
most members of the gasdermin family can also induce pyroptosis
(132), but their role in NAFLD still needs further evaluation.

Most studies on pyroptosis have focused on hepatocytes, but
inflammasomes are mainly expressed in immune cells, especially
macrophages (133). As an important regulator of anti-inflammation
and antioxidant, Nrf2 is downregulated in the liver of NASH patients
(134). Macrophage-specific Nrf2 knockdown promotes ROS and IL-
1B production via a YAP-NLRP3-dependent manner thereby
exacerbating NASH progression (135), suggesting the promotion of
macrophage pyroptosis on NASH progression. Meanwhile, the
gasdermin family may also induce mtROS release by targeting the
mitochondrial membrane, thereby triggering NLRP3 inflammasome
activation (136, 137). These studies suggest that pyroptosis may
promote NASH progression by inducing ROS release and thus
amplifying the cascade of pyroptosis and inflammation. Given the
regulation of pyroptosis by the NLRP3 inflammasome, inhibition of
the NLRP3 inflammasome may attenuate the inflammatory response
of liver tissue by inhibiting macrophage pyroptosis (138). NLRP3
blockade also shows improvement in liver inflammation and fibrosis
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in atherogenic diet-fed foz/foz mice with NASH (139). In addition to
the NLRP3 inflammasome, other inflammasome complexes, such as
the NLR family CARD domain containing 4 (NLRC4)
inflammasome, can also be involved in NAFLD inflammatory
progression by promoting macrophage pyroptosis (140). In
conclusion, inflammasome activation induces macrophage
pyroptosis on the one hand and mediates macrophage polarization
on the other. This provides evidence for a close relationship between
liver macrophage pyroptosis and pro-inflammatory polarization
in NASH.

As mentioned above, macrophage polarization is regulated by
disorders of lipid metabolism. Previous studies have demonstrated
that lipids released from dead hepatocytes in NASH activate
macrophages to overexpress NLRP3 inflammasome and Caspase-1
(141). Therefore, macrophage pyroptosis may be associated with lipid
metabolism. Bile acids are endogenous ligands for nuclear receptors
that regulate lipid and energy metabolism (142). As a bile acid
receptor, G protein-coupled bile acid receptor 1 (GPBARI, also
known as TGR5)-mediated bile acid signaling plays a key role in
integrating glucose, lipid and energy metabolism (143). TGR5
activates PPARo. and PPAR-y coactivator 1 alpha (PGC-la) to
increase mitochondrial oxidative phosphorylation and energy
metabolism and inhibit NF-xB-mediated pro-inflammatory
cytokine production (144, 145), which is important for the
metabolic reprogramming of M2 macrophages. Shi et al. (146)
found that TGR5 expression was significantly reduced in the liver
tissue of NASH patients and mouse models, while TGR5 knockdown
exacerbated liver injury and inflammation and promoted macrophage
M1 polarization in mice. Mechanistically, TGR5 signaling inhibits
NLRP3-mediated macrophage M1 polarization thereby ameliorating
hepatic steatosis and inflammation. Although the available evidence
suggests an association between macrophage pyroptosis and lipid
metabolism, the regulatory mechanisms are still poorly understood.

5.5 Ferroptosis

Ferroptosis is a form of iron-dependent cell death mediated by
lipid peroxidation, whose main biochemical features are iron
deposition and lipid peroxidation (147). Both increased iron uptake
and decreased iron excretion may lead to iron overload, which in turn
leads to excessive ROS production and lipid peroxidation through
Fenton reaction and enzymatic oxygenation, subsequently triggering
ferroptosis. The liver is one of the most important organs for iron
storage and metabolism. Due to the abnormal lipid deposition in the
liver of NASH patients, this may promote the development of
ferroptosis. The correlation between disease progression and liver
iron overload in NAFLD patients has been demonstrated (148). A
bioinformatics study showed that the grading of liver steatosis was
associated with 8 iron death-related genes including ACSL3, ACSL4,
AKRICI, AKRIC2, CS, FADS2, GSS and PGD (149). Another study
also showed that the expression of SLCI1I1A2, CP, SLC40AI, and
ACSL5 was downregulated in the livers of NASH patients compared
to healthy livers, while the expression of FTL, FTHI, ACSL4, and
ACSL6 was upregulated (150). Actually, targeted ferroptosis has been
shown to improve inflammation in both MCD and choline-deficient,
ethionine-supplemented (CDE) diet-induced NASH models in mice
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(151, 152). Current studies on the role of ferroptosis in NAFLD
progression have focused on hepatocytes and HSCs (153). Since liver
iron is mainly distributed in hepatocytes and reticuloendothelial
system (macrophages), iron deposition in macrophages may play a
role in NASH. An earlier multicenter study that included 849 patients
with NAFLD has also demonstrated that iron deposition in
macrophages is associated with severe NASH and advanced liver
histological features (154).

Previous studies have confirmed that iron chelation in M1
macrophages may contribute to the development of chronic
inflammation, while iron export from M2 macrophages may
promote the growth of adjacent cells in the microenvironment
(155), suggesting that macrophage polarization is associated with
altered iron metabolism. A study based on BMDMs showed that iron
overload increased the levels of M1 products (e.g. IL-6, TNF-o. and
IL-1B), promoting their polarization to the M1 type while
exacerbating steatohepatitis and liver fibrosis (156). This study also
showed that iron overload inhibited M2 polarization in BMDMs in
the presence of IL-4. This differential performance may be associated
with higher expression of Hamp and ferritin heavy chain (FTH)/
ferritin light chain (FTL) and lower expression of ferroportin (FPN1,
also known as SLC40A1) and iron regulatory proteins 1/2 (IRP1/2) in
M1 macrophages compared to M2 (157). Moreover, the stronger
antioxidant capacity of M1 macrophages enhanced their resistance to
iron overload (158). Thus, under the same conditions, M2
macrophages may be induced to die, while the M1 type survives. As
iron may be involved in the regulation of energy production and
amino acid catabolism, the regulation of iron metabolism in polarized
macrophages may alter the macrophage phenotype. For example,
anti-inflammatory M2 macrophages in the tumor microenvironment
can be converted to pro-inflammatory M1 macrophages via
ferroptosis (159, 160). However, whether macrophages have this
property in NASH remains to be elucidated. Notably, a study based
on human monocytic leukemia THP-1 cell-derived macrophages
showed that macrophages exhibit M2 polarization rather than M1
in response to chronic iron overload (161), but this may be related to
metabolic changes in tumor-associated macrophages.

There is also a connection between ferroptosis and lipid
metabolism, which has been well summarized in a recent review
(162). Ferroptosis is characterized by iron-dependent peroxidation
with phospholipids containing polyunsaturated fatty acyl (PUFA)
chains as substrates. Monounsaturated fatty acids (MUFAs), as
inhibitor of iron death (163), can be synthesized de novo in cells
and participate in membrane lipid composition. Lipid metabolism
may control the composition of membrane lipid by regulating the
balance of PUFAs and MUFAs.Interestingly, sterol-regulatory
element binding protein 1 (SREBP-1), which regulates MUFAs
synthesis, is upregulated in M1 macrophages. One possible
explanation is that ferroptosis signaling induces M1 polarization in
macrophages, while reprogramming of lipid metabolism increases
their resistance to ferroptosis. Similarly, not only fatty acid B-
oxidation is increased in M2 macrophages, but also lipid transport
proteins such as CD36 are upregulated. Given that fatty acid B-
oxidation reduces the accumulation of PUFAs and thus inhibits lipid
peroxidation (164), and that CD36-mediated lipid uptake increases
susceptibility to ferroptosis (165), the ferroptosis-mediated shift in
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macrophage phenotype may ultimately depend on the disruption of
the balance between PUFAs and MUFAs.

6 Interaction of signals of different
types of PCD in macrophages

Due to the complex signal environment in the body, there is
significant crosstalk between different types of PCD (Figure 5). As one
of the main inducing pathways of exogenous apoptosis, the TNF
signaling pathway also induces necroptosis. The difference is that
necroptosis is RIPK3-dependent MLKL activation, while apoptosis is
manifested as activation of Caspase-8. A study based on the mouse
NASH model induced by MCD showed that Caspase-8 could balance
the over-activation of RIPK3-dependent necroptosis, suggesting the
mutual inhibition of RIPK3 and Caspase-8 (166). However, the study
was performed based on hepatocytes rather than macrophages.
Increased autophagy inhibits necroptosis by upregulating ATG16L1
(167) and inhibits apoptosis by inhibiting Caspase-8 activity (168).
MLKL, another key regulator of necrotic apoptosis, has been
demonstrated to participate in autophagy inhibition in a RIPK3-
independent manner in FFC diet (high in fat, fructose and
cholesterol) induced NASH mice and palmitic acid treated primary
mouse hepatocytes (169). These studies suggest that Caspase-8 is a
key node in balancing apoptosis and necroptosis, while MLKL may be
an essential node in balancing autophagy and necroptosis. In addition
to Caspase-8, Caspase-6 has also been shown to be involved in the
interaction between autophagy and apoptosis. As an important
participant in autophagy, AMPK can also inhibit apoptosis by
phosphorylating Caspase-6 to inhibit its function (170), suggesting
an antagonistic mechanism between autophagy and endogenous
apoptosis. Notably, the relationship between autophagy and
necroptosis is not merely antagonistic. For example, a recent study
showed that RIPK3 can directly bind and activate AMPK (171).
Considering the mutual inhibition of AMPK and mTOR to regulate
autophagic signaling in the downstream, this may be an important
link in the balance of autophagy and necroptosis. As an upstream
regulator of RIPK3, RIPKI regulates apoptosis and necroptosis
through Caspase-8 and RIPK3, respectively (115). Caspase-8 has
been shown to cleave GSDMD to induce pyroptosis (172). These
studies all illustrate the complex interaction network among
pyroptosis, apoptosis and necroptosis. In experimental and clinical
NASH, RIPKI is phosphorylated and activated mainly in liver
macrophages, especially in BMDMs (173). As mentioned above,
palmitic acid-induced a decrease in autophagic flux of macrophages
(88). However, palmitic acid also induced the activation of RIPK1
(173). Thus, fatty acid-induced inflammatory activation of
macrophages was accompanied by an inhibition of autophagy and
an increase in apoptosis, necroptosis, and pyroptosis, while the
predominant PCD type may be associated with different inducing
factors and cytokine expression.

Activation of the NLRP3 inflammasome is not only the initiating
link of classical scorch death, but also leads to other types of PCD,
including apoptosis, necroptosis, and ferroptosis (132).
Prostaglandin-endoperoxide synthase 2 (PTGS2), one of the
markers of iron death, regulates the synthesis of cyclooxygenase-2
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Association of different types of PCD in macrophages. The interaction between different PCD constitutes a complex regulatory network for survival or
death of macrophages. AMPK, mTOR, Casp-8, RIPK3, Bcl-2 and p62 may be important nodes in the interaction of autophagy, apoptosis, necroptosis,
pyroptosis and ferroptosis in this cell death network. ASC, apoptosis-associated speck-like protein; Casp, Caspase; CHOP, C/EBP homologous protein;
clAP, cellular inhibitor of apoptosis protein; COX-2, cyclooxygenase-2; FADD, Fas-associating protein with a novel death domain; FASL, Fas Ligand; FPN,
ferroportin; GSDME, gasdermin E; GSH, glutathione; GSSG, glutathiol; IFN, interferon; Jak, janus kinase; KEAP1, kelch-1like ECH-associated protein 1; LDs,
lipid droplets; mTOR, mammalian target of rapamycin; Myd88, myeloid differentiation primary response 88; NCOA4, nuclear receptor coactivator 4;
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domain protein; TRAF, TNF-receptor associated factor.

(COX-2). However, COX-2 increases pro-IL-1B and NLRP3
expression through NF-kB activation and mediates NLRP3
inflammasome activation by enhancing Caspase-1 activation
through promoting mitochondrial damage and ROS production
(174), which may lead to an increase in pyroptosis. As a major
member of the antioxidant system and an important regulator of
ferroptosis, glutathione peroxidases 4 (GPX4) also showed the
function of inhibiting macrophage pyroptosis (175). Therefore,
pyroptosis and ferroptosis may promote each other and thus
regulate macrophage pro-inflammatory polarization. The
relationship between selective autophagy and ferroptosis has also
been widely demonstrated (176). Autophagy promotes ferroptosis
through selective degradation of ferritin (177), GPX4 (178), SLC40A1
(179), aryl hydrocarbon receptor nuclear translocator-like (ARNTL)
(180), and lipid droplets (181). As a widely recognized inhibitor of
autophagy, mTORCI has also been shown to inhibit ferroptosis by
regulating GPX4 synthesis (182). Since DAMPs including
proteoglycan decorin (DCN) secreted by ferroptotic cells can bind
to advanced glycosylation end-product-specific receptor (AGER) on
macrophages and further trigger the production of pro-inflammatory
cytokines in an NF-kB-dependent manner. Macrophage-selective
autophagy and ferroptosis may promote each other and induce the
formation of the NASH inflammatory microenvironment (183).
Interestingly, although both pyroptosis and selective autophagy can
promote the occurrence of ferroptosis, they do not promote each
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other. The inhibition of macrophage autophagy has been previously
mentioned to be associated with increased pyroptosis. The inhibition
of macrophage autophagy has been previously mentioned to be
associated with increased pyroptosis. A recent study also confirmed
that Tim-4, a phosphatidylserine (PS) receptor, activates liver kinase
Bl (LKB1)/AMPKo-mediated autophagy to inhibit NLRP3
inflammasome activation, thereby improving the release of IL-1f
and IL-18 from macrophages (184), suggesting that Tim-4"
macrophages may inhibit the onset of pyroptosis through
autophagy. On the other hand, peritoneal Tim-4 macrophages
could inhibit CD8" T proliferation (185), while activated CD8" T
cells could release granzyme B to induce increased macrophage
pyroptosis and promote NAFLD progression (186). Thus, Tim-4-
mediated macrophage autophagy not only directly inhibits
pyroptosis, but also indirectly inhibits macrophage pyroptosis by
suppressing CD8" T cell activation, suggesting an antagonistic
relationship between autophagy and pyroptosis.

It is now generally accepted that the progression of NAFLD is
caused by liver lipotoxicity. Possible mediators of lipotoxicity include
free cholesterol, saturated free fatty acids, diacylglycerol,
lysophosphatidylcholine, sphingolipids, and ceramides (187).
Lipotoxic mediators not only induce damage and death of
hepatocytes thereby recruiting macrophages, but also directly
induce M1 polarization of macrophages. Mitochondria serve as
important sites of energy metabolism and regulate liver lipid
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metabolism and oxidative stress. Changes in mitochondrial
metabolism and physiology may underlie the corresponding
phenotypes of macrophage activation induced by various signals,
including alterations in oxidative metabolism, mitochondrial
membrane potential and tricarboxylic acid cycle, as well as the
release of mtROS and mtDNA and alterations in mitochondrial
ultrastructure (188). Excess ROS attacks biological membranes
leading to lipid peroxidation, which not only direct damages
phospholipids but also acts as a cell death signal to induce PCD.
Numerous studies have confirmed that mitochondrial ROS can
induce a variety of PCD in macrophages including pyroptosis
(189), autophagy (190), apoptosis (191), necroptosis (192),
and ferroptosis (193), suggesting that macrophage polarization and
death are closely related to disturbed energy metabolism and
oxidative stress. However, it is poorly understood that how
dysregulated lipid metabolism in the complex in vivo environment
leads to different types of PCD in macrophages. Mitochondria play an
important role as the energy center in different types of PCD (164),
and the development of single cell omics and mitochondriomics may
provide valuable information. This aspect is still poorly understood
and requires continuous and intensive research.

7 Potential drugs targeting PCD
of macrophages

As drivers of hepatic steatosis, inflammation, fibrosis and
important players in hepatic lipid metabolism, macrophages are
attractive therapeutic targets for the treatment of NAFLD. The
main strategies currently used to target macrophages include
inhibition of monocyte infiltration and inhibition of pro-
inflammatory macrophage polarization (194). The improvement of
liver inflammation by inhibition of MoMFs infiltration has been well
supported by evidence in preclinical studies. A randomized, double-
blind, multinational phase 2b study showed that canicriviroc, a dual
chemokine receptor CCR2/CCR5 inhibitor, doubled the proportion
of patients with at least 1 stage of fibrosis improvement after 1 year
despite no improvement in liver inflammation (34). The nuclear
receptor family mediates anti-inflammatory polarization of
macrophages, thus providing a link between inflammation and lipid
metabolism and may be a promising target for NAFLD treatment.
Drugs targeting nuclear receptors for the treatment of NAFLD
including pan-PPAR agonist (Lanifibranor), PPAR-0/8 agonists
(elafibranor), PPAR-0/y agonist (Saroglitazar) and FXR agonist
(Obecholic acid) have been well summarised (48). These drugs may
have the effect of modulating both lipid metabolism and phenotypes
of macrophages, but more evidence is needed.

PCD is involved in the regulation of the pro-inflammatory
polarization of macrophages. Although apoptosis does not induce
intense inflammation, apoptosis inhibition has also been considered a
therapeutic strategy for NAFLD. As mentioned above, the Caspase
family plays an important role in M1 polarization and apoptosis of
macrophages. A double-blind, placebo-controlled clinical trial
demonstrated that 28 days of treatment with the pan-Caspase
inhibitor emricasan significantly reduced ALT and Caspase-3/7
activation in patients with NAFLD (195). However, another clinical
study showed that 72 weeks of emricasan treatment did not improve
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liver histology in patients with NASH fibrosis and may have worsened
fibrosis and ballooning (196). Similarly, apoptosis signal-regulated
kinase 1 (ASK1) promotes the mitochondrial apoptotic pathway. A
multicenter phase 2 clinical trial showed that 24 weeks of treatment
with Selonsertib, an ASK1 inhibitor, had no effect on histological
inflammation or ballooning despite a reduction in liver fibrosis (197).
As the pro-inflammatory properties of hepatocytes and hepatic
stellate cells are also regulated by PCD, it is difficult to identify
which type or types of liver cells are targeted by these drugs in vivo.
Multiple types of PCD may act in combination to induce the pro-
inflammatory polarization of macrophages. These targeted drugs may
have induced other types of PCD and thus failed to improve liver
inflammation. Inhibition of Caspases, particularly Caspase-8, may
lead to a bias towards necroptosis. Necroptosis of monocytes induced
by LPS and pan-Caspase inhibitors increased CXCL1/2, TNF-o. and
IL-6 expression, whereas inhibition of RIPK3 resulted in a decrease in
CXCL1 and CXCL2 and an increase in TNF-o (127). This result
suggests that inhibition of a single type of PCD does not resolve
inflammation completely. In addition, some natural drugs and their
active ingredients have extremely strong anti-inflammation and anti-
oxidation capabilities (198), which help regulate the death of
macrophages, and are also potential therapeutic drugs for NAFLD.
Licochalcone B (LicoB), a main component of the traditional
medicinal herb licorice, is a specific inhibitor of the NLRP3
inflammasome which directly binds to never in mitosis A-related
kinase 7 (NEK7) and inhibits the interaction between NLRP3 and
NEK?7 (199). Glycyrrhetinic acid, another active ingredient of licorice,
can also improve the damaged autophagy flux and reduce the
excessive production of inflammatory cytokines such as TNF-o, IL-
6 and IL-1p by regulating the STAT3-HIF-1 pathway of macrophages
(200). Curcumin and berberine, two of the most studied natural
products for the treatment of NAFLD, have shown positive results in
several clinical trials (201, 202). Mechanistic studies have also
demonstrated the effect of both on macrophage polarization (203,
204). However, whether regulation of PCD is involved
remains unclear.

Given the possible relationship between PCD-regulated
macrophage polarization and lipid metabolism, drugs that regulate
lipid metabolism may also improve NAFLD by modulating PCD of
macrophages and thereby inhibiting the pro-inflammatory
polarization. For example, Ezetimibe blocks the NLRP3
inflammasome-IL-1B pathway in macrophages in an autophagy
dependent manner, and regulates the interaction between
hepatocytes and macrophages through extracellular vesicles (73). In
addition, sodium dependent glucose transporters 2 (SGLT2)
inhibitors not only control blood glucose by inhibiting the
reabsorption of glucose by the proximal tubules of the kidney, but
also show regulatory effects on lipid metabolism, such as lipid
synthesis and FAO (205). Empagliflozin, one of the SGLT2
inhibitors, also shows the role of regulating the AMPK/mTOR
signal pathway to enhance autophagy of liver macrophages in
T2DM mouse models with NAFLD (206). The therapeutic strategy
of targeting lipid metabolism and PCD for the treatment of NAFLD is
gradually being emphasized, and the research progress and clinical
trials of inhibitors of the relevant targets are well summarized in a
recent review (207). However, it is unclear whether these inhibitors
target hepatic macrophages. In Table 1, we briefly summarize
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TABLE 1 Potential small molecule drugs that regulate macrophage death to improve NAFLD.

Agent Model
Antcin A Mouse, high-fat diet;
LPS and Nigericin stimulated mouse liver Kupffer cell line
Benzyl Mouse, HECCD diet;
isothiocyanate LPS with or without cholesterol crystals stimulated primary mouse
Kupffer cells,
CpG ODN T-BHP stimulated RAW264.7 cells
Scoparone Mouse, MCD diet;
LPS stimulated RAW264.7 cells
Ezetimibe Mouse, MCD diet;
LPS and palmitate stimulated THP-1 cells
Empagliflozin Mouse, high-fat diet and streptozotocin intraperitoneally injected
Glycyrrhetinic Mouse, high-fat diet and drinking water containing fructose;
acid Palmitic acid stimulated RAW264.7 and Kupffer cells

MCD, methionine-choline deficient; HFCCD, high-fat diet containing cholesterol and cholic acid; LPS, lipopolysaccharide.

potential small molecule drugs that may improve NAFLD by
regulating PCD of macrophages. The safety and efficacy of these
small molecule drugs still need to be supported by more
clinical evidence.

8 Discussion

Lipid metabolism disorders are an important factor in the
development of NAFLD. Lipid deposition is not the main
inducement of cell damage, but it makes cells more vulnerable to
the influence of internal and external environments and aggravates
cell damage (211). Once the fuse is ignited, disordered lipid
metabolism can rapidly exacerbate the hepatic inflammatory
cascade. Compared to other liver disease, NAFLD is more likely to
be susceptible to severe damage from lipid peroxidation. This may be
part of the reason that NAFLD can progress to HCC without the stage
of liver cirrhosis. As an important regulator of hepatic inflammatory
homeostasis, the M1/M2 imbalance in macrophages leads to the
development and progression of inflammation. Based on the
important role and huge number of macrophages in liver immune
cells, targeting macrophages is of great significance to improve the
development and progression of inflammation in NAFLD. Lipids, as
key metabolites in macrophage polarization, are closely associated
with macrophage function. Conventional opinion suggests that M1
macrophages are dependent on glycolysis for energy while M2
macrophages are dependent on FAO. However, this view has been
challenged by some data in recent years, which demonstrate the
complexity of macrophage metabolism. Therefore, it remains difficult
to answer whether intervention in the lipid metabolic reprogramming
of macrophages can improve NASH, and the metabolic profile of
different phenotypes of macrophages still needs to be further clarified.

PCD is closely related to the polarization of macrophages.
Compared with M2 macrophages, M1 macrophages may be more
tolerant to various types of PCD, which leads to its survival in
inflammation. At present, most studies targeting macrophages to
treat NAFLD only focus on different types of PCD. As mentioned
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Target/pathway PCD Function = Ref
NLRP3 Pyroptosis Inhibition (138)
NLRP3 Pyroptosis Inhibition (208)
ERK1/2 and Akt signaling pathway Apoptosis Inhibition (209)
ROS/P38/Nrf2 axis and PI3K/AKT/ Autophagy | Promotion (210)
mTOR pathway
NLRP3 inflammasone-IL1B pathway Autophagy = Promotion (73)
AMPK/mTOR pathway Autophagy | Promotion (206)
STAT3-HIF-10. pathway Autophagy | Promotion (200)

above, various types of PCD crosstalk with each other, which makes it
difficult to obtain satisfactory results by blocking a single type of PCD.
Other types of PCD can continue to promote the progress of
inflammation as a complementary or alternative way. Therefore,
elucidating the relationship between different types of PCD and the
main regulatory factors will help to effectively regulate the
proinflammatory polarization of macrophages. Regulation of
macrophage polarization by targeting key regulators of specific
macrophage populations to inhibit the pro-inflammatory PCD may
be a promising therapeutic strategy for NAFLD. Most studies only
provided preliminary evidence for the correlation between PCD and
lipid metabolism of macrophages. Based on the regulation of lipid
metabolism reprogramming on macrophage polarization, exploring
the relationship between PCD and lipid metabolism may help to
clarify how PCD regulates the phenotypic transformation of
macrophages, and provide a basis for the strategy of targeting
macrophages in the treatment of NAFLD.

A suitable animal model is important for mechanistic studies and
pre-clinical evaluation of drugs. The pathology of NAFLD is
extremely complex. Animal models of NAFLD, whether induced by
high-fat, MCD, CDAA diets or specific gene deletions, are only
partially reflect the characteristics of NAFLD in humans. This may
have led to frustration in clinical trials of numerous drugs that
performed well in pre-clinical studies. In addition, the majority of
pre-clinical studies were conducted on mice. Species differences lead
to inconsistent expression of phenotypic, inflammation, and
metabolism-related genes in human and mouse macrophages. The
elucidation of the epigenetic and metabolic characteristics of human
macrophages is particularly important for the translation from pre-
clinical studies to clinical applications. Further exploration of the
links between various types of PCD in macrophages and the links
between PCD and lipid metabolism may help to identify specific
markers of macrophages. This will not only contribute to the
development of drugs targeting macrophages for the treatment
of NAFLD, but will also be important for the non-invasive
diagnosis and assessment of the degree of liver inflammation and
disease progression.
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Introduction: Inhalation of nanomaterials may induce inflammation in the lung
which if left unresolved can manifest in pulmonary fibrosis. In these processes,
alveolar macrophages have an essential role and timely modulation of the
macrophage phenotype is imperative in the onset and resolution of
inflammatory responses. This study aimed to investigate, the
immunomodulating properties of two industrially relevant high aspect ratio
nanomaterials, namely nanocellulose and multiwalled carbon nanotubes
(MWCNT), in an alveolar macrophage model.

Methods: MH-S alveolar macrophages were exposed at air-liquid interface to
cellulose nanocrystals (CNC), cellulose nanofibers (CNF) and two MWCNT (NM-
400 and NM-401). Following exposure, changes in macrophage polarization
markers and secretion of inflammatory cytokines were analyzed. Furthermore,
the potential contribution of epigenetic regulation in nanomaterial-induced
macrophage polarization was investigated by assessing changes in epigenetic
regulatory enzymes, miRNAs, and rRNA modifications.

Results: Our data illustrate that the investigated nanomaterials trigger phenotypic
changes in alveolar macrophages, where CNF exposure leads to enhanced M1
phenotype and MWCNT promotes M2 phenotype. Furthermore, MWCNT exposure
induced more prominent epigenetic regulatory events with changes in the
expression of histone modification and DNA methylation enzymes as well as in
miRNA transcript levels. MWCNT-enhanced changes in the macrophage phenotype
were correlated with prominent downregulation of the histone methyltransferases
Kmt2a and Smyd5 and histone deacetylases Hdac4, Hdac9 and Sirtl indicating that
both histone methylation and acetylation events may be critical in the Th2 responses
to MWCNT. Furthermore, MWCNT as well as CNF exposure led to altered miRNA
levels, where miR-155-5p, miR-16-1-3p, miR-25-3p, and miR-27a-5p were
significantly regulated by both materials. PANTHER pathway analysis of the
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identified miRNA targets showed that both materials affected growth factor (PDGF,
EGF and FGF), Ras/MAPKs, CCKR, GnRH-R, integrin, and endothelin signaling
pathways. These pathways are important in inflammation or in the activation,
polarization, migration, and regulation of phagocytic capacity of macrophages. In
addition, pathways involved in interleukin, WNT and TGFB signaling were highly
enriched following MWCNT exposure.

Conclusion: Together, these data support the importance of macrophage
phenotypic changes in the onset and resolution of inflammation and identify
epigenetic patterns in macrophages which may be critical in nanomaterial-
induced inflammation and fibrosis.

KEYWORDS

macrophage, polarization, nanomaterials, inflammation, fibrosis, epigenetic, miRNA

1 Introduction

Environmental and occupational pulmonary exposures may lead
to inflammation and fibrosis in the lung. Understanding the cellular
and molecular mechanisms regulating the onset of acute
inflammatory responses and development of chronic inflammation
and fibrosis is important. In these processes macrophages play pivotal
roles as they are involved not only in the onset but also the resolution
of inflammatory responses. The macrophage population is highly
heterogeneous and has a high phenotypic plasticity in response to
environmental cues. The intricate population of macrophages cannot
be easily characterized, and while it is generally accepted that the
phenotype is dynamic, the traditional M1/M2 phenotype
classification is still commonly used as an outline to assess
inflammatory responses (1). Similar to environmental pollutants,
inhaled nanomaterials may lead to inflammatory responses in the
lung and if left unresolved, poorly soluble and biopersistent materials,
e.g., high aspect ratio nanofibers, may bioaccumulate and induce
chronic inflammation and fibrosis in the lung and pleura (2, 3). In the
resolution and transition of immune responses, a timely alteration of
macrophage phenotypes is imperative. Albeit various nanomaterials
have been shown to possess immunomodulating properties, the
involvement of macrophage polarization in nanomaterial-induced
pulmonary inflammation and fibrosis is not well understood. The
transition of macrophage phenotypes is tightly controlled by
transcriptional and metabolic changes and is fine-tuned by
epigenetic regulation (1, 4, 5). The epigenetic regulation occurs
through histone modifications (e.g., methylation and acetylation
mostly at lysine residues), DNA (5mC) and RNA modifications
(e.g, m6A, m5C, mlA, 2’-O-Me, and Y), and non-coding RNAs.
Together these epigenetic events allow alterations in gene
transcription and translation by changing the promoter accessibility
and destabilizing target transcripts important for macrophage
functions. In the reprogramming of macrophages in response to
external stimuli, histone modifications have been most extensively
studied, and histone modifications at enhancers or promoters of
inflammation-related genes are heavily altered by epigenetic enzymes
(6). These enzymes, i.e., histone methyltransferases (HMTs) and
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demethylases (HDMs), acetyltransferases (HATs) and deacetylases
(HDAGC:s), are responsible for adding and removing histone
modifications and therefore dictate the magnitude and type of
immune response. Methylation of histones can result in either gene
activation or repression depending on the site. Methylation of
histones H3K4, H3K36, and H3K79 are commonly associated with
gene activation while H3K9, H3K27, and H4K20 marks indicate gene
silencing. HMTs are commonly associated with M2 macrophage
activation by repressing M1 genes and promoting M2 gene
transcription, while HDMs are generally linked to induction of M1
phenotype (5). Furthermore, certain histone acetylation marks have
been shown to contribute to macrophage phenotypes. H3 acetylation,
specifically H3K9 and H3K14, is important for M1 phenotypes. These
sites are modified by HAT and HDAC activity, and while the role of
HATSs has not been thoroughly investigated, extensive evidence
suggest a role of HDACs in macrophage polarization (7, 8).

There is also compelling evidence that non-coding RNAs play
pivotal roles in the fine-tuning of macrophage phenotypes and
resolution of inflammation. Non-coding RNAs e.g., miRNAs exert
transcriptional and post-transcriptional regulation of inflammatory
pathways. Several studies have confirmed that many different
miRNAs affect macrophage polarization (reviewed in 9, 10).
Furthermore, recent RNome work by Ma et al. identified several
miRNAs differentially expressed during M1 and M2 polarization (9).
Although, the regulation is complex and affected by many factors
such as species differences, macrophage population and surrounding
microenvironment, miR-21, miR-26a, miR-27a and b, miR-155 as
well as miR-125a, miR-146a and b, and let-7c have been identified as
critical regulators of M1 and M2 polarization (9-11). The
involvement of DNA and RNA modifications in the regulation of
macrophage polarization is less well known. While DNA methylation
may influence macrophage activity and the DNA methyltransferases
DNMTI1 and DNMT3b, are important in the regulation of
macrophage polarization (12-14), the role of RNA modifications is
unstudied. As the biologic roles of RNA modifications are starting to
emerge, it is however becoming increasingly evident that these
dynamic modifications represent a new layer of control of
genetic information.
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Although changes in macrophage polarization have been
implicated in the inflammatory and fibrotic responses to
nanomaterials, the regulation of their immunomodulating properties
needs further investigation. As such nanocellulose (NC) materials are
both inflammogenic and immunomodulating, and NC exposure
induces inflammation in the lung (15-21), increases the secretion of
proinflammatory cytokines and chemokines, e.g., IL1B, ILIRA, IL6,
IL8, TNFA, MCP1, CCL3, CCL4, CSF2, and GCF3 (22-26), and
enhances M1 macrophage phenotype (27). However, the
inflammatory response is timely resolved, and NC exposure does not
result in pulmonary fibrosis (17, 28). In contrast, multi-walled carbon
nanotubes (MWCNT) may, like asbestos fibers, induce pulmonary
fibrosis and mesothelioma in exposed animals (2, 3). The onset of
MWCNT-induced fibrosis is characterized by Th2-type responses
following the initial acute inflammation, which is manifested as an
induction in e.g,, IL4, IL5 and IL13 in the BAL and the lung of exposed
animals (29-33) as well as elevated levels of IL4 and IL5 in sputum of
MWCNT-exposed workers (34), and is suggested to involve
macrophage phenotypic changes (35-38). To evaluate the
immunomodulatory effects of these two classes of industrially
relevant nanomaterials, we here utilized a murine alveolar
macrophage model which was exposed to cellulose nanocrystals
(CNQ), cellulose nanofibers (CNF) and two MWCNT under air-
liquid interphase conditions. Furthermore, the potential contribution
of epigenetic regulation in nanofiber-induced macrophage polarization
was investigated by assessing the regulation of epigenetic regulatory
enzymes, miRNAs, and rRNA modifications following exposure.

2 Materials and methods
2.1 Particle preparation and characterization

CNC (12.1%) was purchased from University of Maine Process
Development Centre, ME, USA. CNF (1.0%) produced at Aalto
University, Finland, was a kind gift from Prof. H. Norppa, Finnish
Institute of Occupational Health, Finland. In addition, the two JRC
MWCNT materials NM-400 (JRCNMO04000a) and NM-401
(JRCNM04001a) were used. NC dispersions were prepared in sterile
ultrapure water and the MWCNT were dispersed in 0.05% Bovine
Serum Albumin (BSA; m/v in H,0). CNC dispersions were vortexed
for 30 s and CNF and MWCNT dispersions were sonicated using a
probe sonicator at 10% amplitude (Sonifier 450S, Branson
Ultrasonics, Danbury, CT, USA) for 16 min. Prior to nebulization,
MWCNT dispersions were passed through a 40 um filter to remove
large agglomerates. Endotoxin levels were assessed by kinetic
chromogenic limulus amebocyte lysate (LAL) assay according to the
manufacturer’s instructions (Lonza, Basel, Switzerland). Endotoxin
levels of CNC and MWCNT particles were below the detection limit
of 0.005 EU/ml. Endotoxin content in CNF was measured to 0.14 EU/
ml. Hydrodynamic diameter was measure for the crystalline particle
(CNC) by dynamic light scattering (DLS) (ZetaSizer Nano ZS,
Malvern Instruments Ltd, Malvern, UK). Scanning electron
microscope (SEM) specimens of nebulized samples were prepared
on newly cleaved poly-L-lysine-coated mica, essentially as previously
described (27). In brief, the specimens were sputter-coated with 2.4
nm platinum in a Cressington 208HR (Cressington Scientific
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Instruments, Watford, UK) sputter coater and analyzed with a
Hitachi SU 6600 (Hitachi High-Technologies Corporation, Tokyo,
Japan) field emission scanning electron microscope (FE-SEM). The
instrument was operated under the following conditions: accelerating
voltage of 15-20 kV and a working distance of 10 mm. High
resolution images of the particles were obtained by acquiring at
slow scanning speed. Length and diameter of the nanomaterials
were measured using Image] software (39). At least 150 fibers/
particles were measured for each material. Curved nanofibers were
measured using the Simple Neurite Tracer plugin in Image J (40).

2.2 Air-liquid interface cell exposure

Murine alveolar macrophages, MH-S (CRL-2019, ATCC,
Rockville, MD, USA) were maintained in ATCC-formulated RPMI-
1640 medium (Gibco, ThermoFisher Scientific, MA, USA)
supplemented with 10% ultra-low endotoxin FBS (Biowest, Nuaille
- France), and 50 UM B-mercaptoethanol (Gibco, ThermoFisher
Scientific) in 5% CO, at 37°C. MH-S cells were seeded in Falcon
cell culture inserts (PET membranes, 4.2 cm? growth area, 0.4 um
pore size, 1.6 X 10° pores/cm?; Corning, NY, USA) at a concentration
of 1.0E® cells/well. The cells were allowed to attach overnight and were
air-lifted immediately prior to exposure. Air-lifted cell cultures were
exposed at air-liquid interface (ALI) using Cloud 6 (Vitrocell,
Waldkirch, Germany) to nanoparticles at concentrations Cl1: 0.15
ug/cm? and C2: 2.7 pg/cm?. Cells exposed to the dispersant were used
as controls. Exposure experiments were performed in duplicates and
repeated three times. Aerosol generation was performed by Aeroneb
4.0 - 6.0 um nebulizers for CNC and Aeroneb 10 um nebulizers for
CNF and MWCNT dispersions. Shortly, the dispersions were
adjusted with 0.01% NaCl to optimize nebulization efficiency, and
200-1000 pl dispersion was nebulized to obtain the desired deposited
doses measured by the Quartz Crystal Microbalance (QCM). The
measured deposited doses were 0.20 + 0.04 ug/cm” and 2.4 + 0.3 ug/
cm? for CNC, 0.19 + 0.04 ug/cm” and 2.5 + 0.1 ug/cm?® for CNF, 0.14
+0.03 ug/cm” and 2.8 + 0.3 pg/cm? for NM-400, and 0.14 + 0.03 ug/
cm® and 2.8 + 0.4 pg/cm® for NM-401. After exposure, cells were
transferred to i) culture media (MO), ii) media with IFNG (20 ng/ml;
PeproTech, NJ, USA), or iii) media with IL4 and IL13 (20 ng/ml each;
PeproTech). IFNG-stimulated and IL4/IL13 stimulated cells are
hereafter denoted as M1 and M2 cells, respectively. Polarized MH-S
macrophages have been previously thoroughly characterized (27). M1
(IFNG) and M2 (IL4/L13) polarization was confirmed on air-lifted
MH-S cells, Supplementary Figure 1. A simplified classification of
macrophage M1 and M2 phenotype was performed by analyzing the
expression of classical M1 and M2 makers by qPCR. The classical M1
markers assessed included the proinflammatory cytokine (116), nitric
oxide synthase (Nos2), and Th1-cell attracting chemokines (Cxcl9 and
Cxcl10). The M2 phenotype was characterized by assessing the
expression of receptors required for phagocytosis and scavenging of
mannose (Mrcl, encoding CD206), markers involved in the arginase
pathway (Argl), as well as Th-2 cell response chemokines (Earll).
Four and 24h post-exposure, aliquots of cell media were collected for
analysis of cytokine/chemokine and LDH release, and 24h post-
exposure cells were collected for nanoparticle uptake, viability
analysis and RNA extraction.
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2.3 Uptake and cell viability

Uptake of nanomaterials was analyzed by transmission electron
microscopy (TEM) at the Electron Microscopy Lab, Oslo University,
Norway. In short, 24h after exposure cells were fixed with double
strength PHEM fix (41), postfixed in 1% OsO, (Electron Microscopy
Sciences, PA, USA) and stained with 1% UA (Electron Microscopy
Sciences). The specimens were dehydrated in an ethanol series,
embedded in EPON (Sigma Aldrich, MO, USA) which was
polymerized at 60°C and ultrathin sections (80 nm) were made with
a Leica ultramicrotome (Leica Microsystems, Wetzlar, Germany). For
visualization of NC materials, the sections were labeled with a
biotinylated carbohydrate binding module (CBM) of 3-1,4-glycanase
(EXG : CBM) which was a kind gift from Dr H. Wolff (Finnish Institute
of Occupational Health, Finland) and Prof. U. Vogel (National
Research Centre for Work Environment, Denmark) (42). In brief, the
sections were incubated with 1% fish skin gelatin for 30 min and
washed twice with 0.1% BSA-PBS. The NC materials were stained using
the biotinylated EXG : CBM protein at 1:500 dilution in 1% BSA-PBS
for 30 min. Samples incubated with 1% BSA-PBS for 30 min instead of
the EXG : CBM protein were used as negative controls. The EXG : CBM
protein was visualized by immunogold labeling. Accordingly, the
washed sections were incubated with a rabbit anti-biotin antibody
(ab53494, Abcam, Cambridge, UK) at 1:300 dilution in 1% BSA-PBS
for 30 min, followed by repeated washing in 0.1% BSA-PBS and
incubation with 10 nm protein A gold (Cell Microscopy Core, UMC
Utrecht, the Netherlands) at 1:50 dilution for 30 min. The stained
sections were washed and allowed to air dry. All incubations were
performed at room temperature. Images were taken in a JEOL 1400plus
TEM equipped with a Ruby camera at 120 kV (JEOL Ltd., Tokyo,
Japan). Cell viability and proliferation were assessed by acridine orange
DAPI live dead discrimination using Vial-Cassette on a
NucleoCounter NC-200 instrument (ChemoMetec, Allerod,
Denmark), and cell membrane leakage was analyzed by
CyQUANTTM LDH Cytotoxicity Assay (ThermoFisher Scientific),
according to the manufacturer’s instructions. In the LDH analysis,
lysed cells were included as a positive control indicating the maximum
LDH release (100% LDH release), furthermore, a negative control for
the spontaneous release of LDH was included corresponding to 0%
LDH release. These controls were utilized in the calculation of LDH
release according to the manufacturer’s recommendations.

2.4 RNA extraction and RT-qPCR analysis

Total RNA was extracted using RNA/DNA Purification Kit and
RNase-Free DNase I Kit (Norgen Biotek Corp., Ontario, Canada).
Purity and concentration were assessed by Nanodrop 2000
spectrophotometer and Qubit fluorometric measurement
(ThermoFisher Scientific). Gene expression was analyzed by RT-
qPCR using SYBR Green I technology on a QuantStudio 5 Real-
Time PCR System (Applied Biosystems, ThermoFisher Scientific).
For assessment of macrophage polarization, RNA was reverse
transcribed using qScript cDNA synthesis kit, according to the
manufacturer’s instructions (Quanta BioSciences, MA, USA).
Primer sequences (KiCqStartTM Primers, Sigma Aldrich) are
available in Supplementary Table 1. Expression of genes encoding
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epigenetic modification enzymes was assessed by a custom RT2 array
(Qiagen, Hilden, Germany), order information is available upon
request. Expression was normalized to the geometric mean of Ubc
and Hprt (for individual assays) and Hprt, Tbp and Ubc (for the RT2
array). Expression was assessed using the ddCt method.

2.5 Analysis of cytokine and
chemokine secretion

Concentrations of mouse cytokines/chemokines were measured
in culture media by Bio-Plex Pro'" Mouse Cytokine 23-plex,
according to manufacturer’s instructions (Bio-Rad Laboratories Ltd,
CA, USA). CCL3 was excluded from the analysis as the samples fell
outside of the standard curve.

2.6 miRNA sequencing and differential
expression analysis

miRNA libraries were prepared using QIAseq miRNA library kit
(Qiagen) and QIAseq miRNA NGS 96 Index IL according to the
manufacturer’s instructions. Library concentrations were measured
by Qubit 4.0 fluorometer using dsDNA HS assay kit (Invitrogen,
ThermoFisher Scientific). The size and purity of the libraries were
evaluated on Agilent 5200 Fragment Analyzer System using HS NGS
Fragment Kit (1-6000 bp) (Agilent Technologies, CA, USA). For
sequencing, the libraries were pooled at an equimolar concentration
and denatured according to the standard Illumina NextSeq Library
pooling guide. Sequencing was performed on Illumina NextSeq 550
system using NextSeqTM 500/550 High Output Kit v2.5 (75 cycles)
(Mlumina, CA, USA) following the manufacturer’s instructions. For
detection and quantification of miRNAs in sequencing data the
miARma-Seq v1.7.2 toolset was used (43). Specifically, adapters
were trimmed from raw reads using CutAdapt and sequences
between 18-26 bp and average quality >25 Phread score were
included in further analysis. The sequences were mapped to the
mouse reference genome (GRCm38) using Bowtiel with the following
parameters: —seedlen 19 -seedmms 0 -best -nomaqround. Reads
mapped to miRNA regions annotated in miRBase Release 22.1 were
counted using the featureCounts tool (44). Differential expression
analysis of detected miRNAs was performed with the DEseq2 v1.36.0
tool using default parameters (45). miRNAs with less than 10 reads in
total across all samples were excluded. CNF and NM-401-treated
samples were compared to control groups for M1 and M2 cells
respectively. Differentially expressed miRNAs with False Discovery
Rate, FDR < 0.1 were considered as statistically significant. Variance
stabilizing transformation was performed on raw count data prior
Principal Component Analysis. Heatmaps were generated using a
heatmap tool included in NMF v0.17.6 R package. Before plotting,
raw count data were RPKM-normalized and log-transformed. Color
scale in heatmaps represents row-normalized Z-scores. Volcano plots
were generated using the EnhancedVolcano v1.14.0 R package (46).
In the volcano plots a cutoff of FDR ==0.1 were utilized, this
corresponds to the plotted uncorrected p-values of -logl0(p-value)
==2.5 and to -log10(p-value)==2.0 in M1 and M2 cells, respectively.
mRNA targets of differentially expressed known miRNAs were
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estimated using miRDB v6 web service (47, 48). Only validated sets of
functional miRNAs (the FuncMir Collection in miRDB) were
considered. Genes with target prediction score <60 or more than
2000 predictions were excluded. Predicted target genes of significantly
differentially expressed miRNAs were then used for statistical
overrepresentation test in PANTHER Pathways v17.0 (49). It
should be noted that the results obtained from the pathway analysis
relies both on the prediction of differentially expressed miRNAs, and
on the consequent miRNA target prediction. To minimize potential
accumulative error effects, previously outlined filtering thresholds
were applied in each step. Whole set of mouse genes was used as a
reference set for Fisher’s Exact test. Results with False discovery rate
< 0.05 were plotted using the ggplot2 R package.

2.7 Quantification of RNA modifications
by LC-MS/MS

rRNA was extracted from total RNA using an Agilent 1260 Infinity
IT Analytical-Scale LC-UV Purification System with a Bio SEC-3 300 A,
2.1 x 300 mm column (Agilent Technologies) chromatographed
isocratically with 100 mM ammonium acetate pH 7 at 0.280 ml/min
and 40°C for 20 min. Chromatograms were recorded at 260 nm and
peaks corresponding to 18S and 28S rRNA were collected, lyophilized
and solved in 30 pl of water. The rRNA was enzymatically hydrolyzed
to ribonucleosides by 20 U benzonase (Santa Cruz Biotech, TX, USA)
and 0.2 U nuclease P1 (Sigma Aldrich) in 10 mM ammonium acetate
pH 6.0 and 1 mM magnesium chloride at 40 °C for 1h, then added
ammonium bicarbonate to 50 mM, 0.002 U phoshodiesterase I and 0.1
U alkaline phosphatase (Sigma Aldrich) and incubated further at 37 °C
for 1h. The hydrolysates were added 3 volumes of acetonitrile and
centrifuged (16,000 g, 30 min, 4 °C). The supernatants were lyophilized
and dissolved in 50 pl water for LC-MS/MS analysis of modified and
canonical ribonucleosides. Chromatographic separation was performed
using an Agilent 1290 Infinity II UHPLC system with an ZORBAX
RRHD Eclipse Plus C18 150 x 2.1 mm ID (1.8 um) column protected
with an ZORBAX RRHD Eclipse Plus C18 5 x 2.1 mm ID (1.8 pm)
guard column (Agilent Technologies). The mobile phase consisted of
water and methanol (both added 0.1% formic acid) run at 0.23 ml/min,
for modifications starting with 5% methanol for 0.5 min followed by a
2.5 min gradient of 5-15% methanol, a 3 min gradient of 15-95%
methanol and 4 min re-equilibration with 5% methanol. A portion of
each sample was diluted for the analysis of unmodified ribonucleosides
which was chromatographed isocratically with 20% methanol. Mass
spectrometric detection was performed using an Agilent 6495 Triple
Quadrupole system with electrospray ionization, monitoring the mass
transitions 268.1-136.1 (A), 284.1-152.1 (G), 244.1-112.1 (C), 245.1-
113.1 (U), 282.1-150.1 (m°®A and m'A), 282.1-136.1 (Am), 258.1-126.1
(m°C), 286.1-154.1 (ac’C), 298.1-166.1 (m’G and m’G), 296.1-164.1
(m®®A), 259.1-127.1 (m®U), 258.1-112-1 (Cm), 298.1-152.1 (Gm),
259.1-113.1 (Um), and 245.1-155.1 (Y) in positive ionization mode.

2.8 Statistics

Gene expression and cytokine/chemokine secretion data were
analyzed by linear mixed effects models using the Imer function in the
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Ime4 package for R 4.0.3. For analysis of gene expression,
observations, where the standardized residual was larger than 3 in
absolute values, were considered outliers and excluded from the
analysis. Nested random effects were included for treatment (i.e.,
nanomaterial), concentration and experiment number,
(concentration was nested in treatment, and treatment was nested
in experiment number). For statistical analysis of cytokine secretion,
treatment and experiment number were combined in to one variable
and then included as a random effect. For assessment of the combined
inflammatory potential, random effects were included for exposure
(i.e., treatment and experiment number combined) and protein level,
with protein level nested in exposure. p-values were adjusted with the
Benjamini & Hochberg (BH) step-up FDR-controlling procedure.
Cell viability data was analyzed by one-way ANOVA and Dunnett’s
test. p-values <0.05 were considered significant. Venn diagrams were
created using http://bioinformatics.psb.ugent.be/webtools/Venn/. If
not stated otherwise, graphs were created using GraphPad Prism 9.4.1
and multipaneled figures were created in GIMP 2.10.4.

3 Results
3.1 Characterization of nanomaterials

Physicochemical characterization of NC and MWCNT materials is
presented in Figure 1. Size distribution of nebulized nanomaterials was
determined by SEM analysis, with averages of 202 + 73 nm in length
and 15 + 3 nm in width for CNC, Figure 1A, and long fibers of 2.63 +
1.39 pm in length and 20 + 10 nm in width for CNF, Figure 1B.
Nebulized NM-400 fibers had an average length of 0.77 £ 0.50 um and a
width of 18 + 4 nm, Figure 1C, and NM-401 had longer fibers of an
average length 0f 4.10 + 2.90 um and a width of 93 + 26 nm, Figure 1D.
DLS measurements showed that CNC was well dispersed and had a
hydrodynamic diameter of 119 + 1 nm (polydispersity index: 0.14). The
materials had calculated aspect ratios of 13.5 (CNC), 131.5 (CNF), 42.8
(NM-400), and 44.1 (NM-401), indicating that the fibrous particles
included in this study are high aspect ratio nanomaterials.

3.2 Cellular uptake and effects on
cell viability

Cellular uptake of nanomaterials was investigated by TEM or
immuno-TEM. Cellular uptake 24h post-exposure was not affected
by polarization status, Supplementary Figure 2. Representative images
of cellular uptake of nanomaterials in M1 macrophages are shown in
Figure 2. M1 macrophages exposed to dispersion media only (control
cells), Figure 2A. CNC was highly taken up by all three macrophage
phenotypes and was found predominantly within endosomes, as
exemplified in M1 cells, Figure 2B. It should be noted that the uptake
of nanocellulose materials were identified using immuno-TEM. Thus,
the signal emanates from the gold labelled antibody used to detect the
EXG-CNC complex and does not give any information to the size or
shape of the particles taken up. CNF particles were not observed within
exposed cells, Figure 2C. However, while CNF was not taken up,
exposed cells had a high prevalence of lysosomal structures in the
cytoplasm compared to controls, Figure 2C. In NM-400-exposed cells,
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fibers were found both within endosomes and in the extracellular space
between adjacent cells, Figure 2D. NM-401-exposed cells showed fibers
within endosomal structures but also partially in the cytoplasm,
Figure 2E. Acridine orange staining, showed that nanomaterial
exposure did not induce cytotoxicity at the investigated doses,
Supplementary Figure 3. Altogether, these data show that CNC, NM-
400 and NM-401 particles were taken up, whereas CNF particles were
not phagocytosed by MH-S macrophages. Moreover, cells exposed to
NM-401 had an increased dose-dependent leakage of LDH to the
medium after 24h of exposure suggesting that NM-401 fibers may
penetrate the cell membrane leading to LDH leakage, Figure 2F. This
increase was not evident after 4h of NM-401 exposure nor in cells
exposed to NC and NM-400, data not shown.

3.3 Effects of nanomaterial exposure on
macrophage polarization markers

Effects of nanomaterial exposure on macrophage phenotype were
assessed based on the expression of classical M1 and M2 markers. CNF
exposure led to an enhanced M1 polarization with increased expression
of Cxcl9, Cxcl10, Il6 and Nos2 in M1 cells, Figure 3A. On contrary,
MWCNT exposure led to an increase in M2 markers. Both NM-400
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FIGURE 1

Characterization of nanomaterials. Representative SEM images and length measurements in um of (A) CNC, (B) CNF, (C) NM-400, and (D) NM-401.
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and NM-401 induced the expression of the Ear11 independent of dose,
Figure 3B. Furthermore, NM-401 increased the expression of Argl and
Mrel independent of dose, while NM-400 increased Mrcl expression
only at the high dose (C2) in M2 macrophages, Figure 3B. Similarly,
NM-400 (C1) treatment gave a 2.3-fold increase in Mrcl expression as
well as a 0.4-fold decrease in Cxcl10 expression in unpolarized MO cells
(p=0.010 and p=0.012, respectively), Supplementary Table 2. Exposure
with CNC at the assessed doses did not affect the expression of
macrophage polarization markers, Figures 3A, B. These data indicate
that CNF induces the expression of common M1 markers, whereas
NM-400 and NM-401 induce the expression of M2 macrophage
markers at the tested doses.

3.4 Effects of nanomaterial exposure on
cytokine and chemokine levels

Secretion of a panel of predominantly pro-inflammatory
cytokines and chemokines were quantified after 4h and 24h of
nanomaterial exposure at the high dose (C2). Nanomaterial
exposure led to an induction in the secretion of several cytokines
and chemokines. This effect was especially prominent for M0 but also
M1 cells, which both had similar response patterns at 4h,
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Supplementary Figure 4. Furthermore, NC materials induced stronger
effects than MWCNT. At 4h, NC exposure induced the secretion of
CCL2, CCL5, IL10 and IL1A independent of polarization phenotypes,
while IL5, IL12p70 and TNF secretion was induced only in MO cells.
Interestingly, in M1 cells, the largest effects of exposure was observed
at 4h, while in M2 cells the number of proteins affected were higher at
24h, Figure 4A. Analysis of the effects of treatment on the total
cytokine release rather than on each individual cytokine separately
(used as an estimation of inflammatory potential) showed that CNF
exposure had the most pronounced overall effect on cytokine release
in M1 macrophages at both 4 and 24h of exposure, whereas responses
in M2 cells by both CNF and CNC exposure was delayed and evident
only after 24h, Figure 4B. In M1 cells the largest effect of CNF
exposure was observed in CCL2 (3.4-fold, p=0.017) and CCL5 (7.0-
fold, p<0.001) at 4h, and in IL6 (14.3-fold, p<0.001) at 24h, Figure 4C.
While MWCNT gave overall lower changes in the measured cytokine
levels, an early response to MWCNT were observed in M2 cells,
Figure 4B, where CCL5 levels were induced (2.4-fold, p=0.049) and
IENG levels reduced (0.4-fold, p=0.047) following 4h of NM-401
exposure, Figure 4C. Notably, CCL5 secretion was uniformly
increased in both phenotypes and by both NC and
MWCNT materials.

3.5 Epigenetic regulation of nanomaterial-
modulated macrophage polarization

3.5.1 Genes regulating epigenetic modifications
The expression of genes regulating histone methylation (Prtl,
Smyd2, Smyd3, Smyd5, Kmt2a, Ezhl, Ezh2, Suv39h2, Dotll, Wdr5,

FIGURE 2

Cellular uptake and effects on membrane permeability at 24h post-exposure. Uptake of nanomaterials was investigated by TEM or immuno-TEM in M1
macrophages. Representative images of (A) Control, (B) CNC, (C) CNF, (D) NM-400, and (E) NM-401-exposed cells. C1: 0.15 ug/cm? and C2: 2.7 pg/cm?.
The experiment was repeated twice. Black arrows indicate endosomal structures with nanomaterials. White arrows indicate fibers in cell cytoplasm. L
indicates lysosomal structures. (F) Membrane leakage as measured by medium lactate dehydrogenase (LDH) release following NM-401 exposure. Data

indicate mean + SD, (n=3-5), *p<0.05, **p<0.01.
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Ashll, Setd7, Kdmla, and Kdmé6b), histone acetylation (Hdac2,
Hdac3, Hdac4, Hdac9, Sirtl, Sirt2, Kat3a, Kat3b/Ep300, Kat5,
Kat6a, and Kat6b), and DNA methylation (Dnmtl, Dnmt3a, and
Dnmt3b), was assessed in M0, M1 and M2 macrophages exposed to
nanomaterials for 24h, Figure 5A, Supplementary Table 3. MWCNT
exposure resulted in more alterations in the analyzed markers
compared to NC, which only showed trends to an increase in
Kdm6b and a reduction in Hdac9 expression, Figure 5A. MWCNT
exposure reduced the expression of several genes regulating DNA
methylation and histone modifications. Although the overall effects of
nanomaterial exposure on the expression of epigenetic regulators
were moderate, the most prominent effect was observed in M2 cells
exposed to NM-401 high dose (C2), where 12 genes were found to be
differentially regulated, Figure 5B. Of these, 7 genes (Dnmt1, Dnmt3a,
Ezhl, Dotll, Hdac4, Hdac9, and Sirtl) were exclusively regulated by
NM-401, whereas 5 genes (Dnmt3b, Kdm6b, Kmt2a, Smyd5, and
Ep300) were regulated by both MWCNT materials, Figures 5C, D.
Only Kmt2a and Smyd5 were regulated by both MWCNT in both cell
types, Figures 5C, D. Exposure at the low dose resulted in similar
trend in effect as the high doses for each nanomaterial, Figure 5A,
Supplementary Table 3.

3.5.2 miRNAs

The involvement of miRNA regulation in CNF and NM-401-
induced macrophage polarization was assessed by miRNA NGS. CNF
and NM-401 were selected based on their observed ability to enhance
M1 polarization (CNF) and M2 polarization (NM-401).
Nanomaterial exposure altered the expression (FDR < 0.1) of 11
and 52 miRNA in CNF-exposed M1 macrophages and NM-401-
exposed M2 macrophages, respectively. Of these, 4 miRNAs were
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significantly regulated in CNF-exposed M1 cells and 11 miRNAs were
significantly regulated in NM-401 exposed M2 cells, (FDR < 0.1,
p<0.05), Figures 6A, B. Figure 6C shows heatmap and clustering
analysis of the identified miRNAs. Moreover, six miRNAs (miR-26a-
2-3p, miR-26a-1-3p, miR16-1-3p, miR155-5p, miR-27a-5p and miR-
25-3p) were regulated by both nanomaterials indicating that these
miRNAs may be common regulators of macrophage phenotypic
alterations following nanofiber exposure, Figure 6D. CNF led to a
>2-fold increase in the expression of miR-122-5p and >2-fold
reduction in miR-16-1-3p and miR-27a-5p expression in M1
macrophages. Of the 52 miRNAs regulated following NM-401

10.3389/fimmu.2023.1111123

exposure, miR-511-3p, miR-677-3p, miR-5121 and the unverified
miRNAs miR-6238, miR-6239 and miR-6240 were >2-fold
upregulated whereas let-7c-1-3p, miR-708-5p, miR-26a-2-3p and
miR27a-5p were >2-fold downregulated. Fold changes and adjusted
p-values are available in Supplementary Data Sheet 1. Predicted
mRNA targets for the differentially expressed miRNAs, Figure 6E,
Supplementary Data Sheet 2, were used for statistical
overrepresentation test in PANTHER Pathways. Pathway analysis
showed that targets of the regulated miRNAs were enriched in growth
factor (PDGF, EGF and FGF), RAS/MAPK, CCKR, GNRHR, integrin,
and endothelin signaling pathways, Figures 6F, G. These pathways are
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FIGURE 3

Effects of nanomaterial exposure on the expression of common macrophage polarization markers. Changes in gene expression were assessed by qPCR
following exposure to CNC, CNF, NM-400 and NM-401 in (A) M1 and (B) M2 macrophages. C1: 0.15 pg/cm? and C2: 2.7 ug/cm?. Expression was related
to the mean expression in unexposed control cells which was set to 1. Data represent mean + SE, (n=5), *p<0.05, ***p<0.001.
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important in inflammation or in the activation, polarization,
migration, and regulation of the phagocytic capacity of
macrophages. In addition, pathways involved in interleukin, WNT
and TGFB signaling were highly enriched for the NM-401
differentially expressed miRNAs, Figure 6G.

3.5.3 rRNA modifications

To assess the potential involvement of epitranscriptomic
regulation on nanomaterial-induced macrophage polarization,
posttranscriptional base modifications of rRNA were assessed. CNF
and NM-401 were selected based on their observed ability to enhance
M1 polarization (CNF) and M2 polarization (NM-401). The
confirmed rRNA modifications (50): m'A, m®A, m®°A, m°C, ac’C,
m’G, m®G, Y, m°U, and the 2’-O-Me (Am, Cm, Gm, and Um) were
analyzed. Exposure to CNF and NM-401 did not induce changes in
the analyzed rRNA modifications, Supplementary Table 4.

4 Discussion

Inhalation of high aspect ratio nanomaterials evokes
inflammatory responses in the lung, which if left unresolved may
evolve into pulmonary fibrosis and cancer (18, 29, 51-54). It is well
documented that the inhalation of persistent NC leads to acute

10.3389/fimmu.2023.1111123

pulmonary inflammation which is gradually time-dependently
alleviated and does not result in fibrosis (15, 17-20, 28). In
accordance with previous studies (23, 26, 27), we here show that
NC materials trigger proinflammatory responses and enhance
macrophage M1 phenotype. CNF alone did not alter the expression
of the analyzed macrophage polarization markers in MO cells,
however induced the secretion of the proinflammatory cytokines
IL5, IL12 and TNF. Furthermore, CNF exposure enhanced the
expression of the M1 markers Cxcl9, Cxcl10, 16, and Nos2 in
IFNG-activated M1 macrophages, and resulted in a marked
increased secretion of e.g., CCL5 and IL6 after 4h exposure. Thus,
CNF exposure highly induced the expression of IL6 both on mRNA
and protein level. Similarly, NC exposure enhances both CXCL9
mRNA and protein expression (27). CNC did not affect the
expression of macrophage polarization markers at the doses
investigated. We have previously shown that CNC enhanced M1
phenotype and trigged secretion of proinflammatory cytokines at
higher doses (15 ug/cm?) (27). Interestingly, CNC materials typically
induce more pronounced inflammation than CNF materials in
exposed animals. Concurrently, CNC is rapidly internalized by
macrophages and found within endosomes in the cell cytoplasm at
24h of exposure. We have previously demonstrated that CNC
particles are taken up through phagocytosis/micropinocytosis via
actin and PI3K-dependent mechanisms already after 2h of exposure
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Effects on the secretion of cytokines and chemokines following exposure to CNC, CNF, NM-400 and NM-401 (high C2 dose). (A) Venn diagram
illustrates the temporal differences in affected cytokines and chemokines in exposed M1 and M2 cells. (B) The combined inflammatory potential of
nanomaterial exposure was illustrated by the p—values (-log;o) of treatment effects for the deregulated proteins. The cutoff line indicates the significance
level corrected for multiple testing. Filled symbols indicate values above the cutoff line where the exposure significantly affected the total secretion of
cytokines in the specified macrophage subclass. (C) Cytokines and chemokines with significant changes in their secretion in M1 cells and M2 cells at 4
and 24h of exposure compared to controls. Data indicate mean + Cl, (n=4), *p<0.05, **p<0.01, ***p<0.001.
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(27). CNF on contrary, is not effectively internalized by alveolar
macrophages in vitro as demonstrated here by immuno-TEM
analysis, however exposed cells showed an increased presence of
lysosomal structures. These findings are supported by previous
studies showing increased presence of vacuoles in the cytoplasm of
CNF exposed cells despite low or no particle uptake (24, 55). Previous
studies also suggest that CNF may absorb to the plasma membrane
resulting in limited uptake and that its effects may involve receptor-
mediated mechanisms (23, 56, 57). Thus, these findings indicate that
the pulmonary inflammation induced by CNC and CNF materials
may involve different cellular mechanisms. Furthermore, the different
shape and physical characteristics of these two materials likely
influence their effects and the fiber shape of CNF may contribute to
the stronger pro-inflammatory effects observed. Indeed, it is well
acknowledged that fibers and high aspect nanomaterials may induce
prominent sustained inflammation upon inhalation and may even
result in pulmonary fibrosis or cancer (58).

Despite the high aspect ratio of CNF materials, their toxic
pulmonary responses differ from that caused by MWCNT and
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FIGURE 5

Effects on the expression of genes regulating epigenetic modifications. Changes in gene expression were assessed by qPCR following exposure to CNC,
CNF, NM-400 and NM-401. C1: 0.15 pg/cm? and C2: 2.7 ug/cm?. (A) Heatmap of the mean fold changes in requlated genes following 24h of
nanomaterial exposure in MO, M1 and M2 macrophages. (B) Venn diagram illustrates commonly regulated genes in M1 and M2 cells after NM-400 and
NM-401 exposure. (C) Genes significantly regulated following exposure to NM-400. (D) Genes significantly regulated following exposure to NM-401

Data represent mean + SD, (n=5), p<0.05.

Frontiers in Immunology

Fold change

83

10.3389/fimmu.2023.1111123

asbestos (18, 28). Contrary to NC, MWCNT, similarly to asbestos,
are inefficient cleared and retained in the lung resulting in chronic
inflammation, fibrotic lesions, lung cancer and mesothelioma in long-
term exposed animals (51, 59-64). In addition to differences in
chemical composition, CNF particles are also highly coiled and
branched, affecting their uptake. It is generally acknowledged that
high rigidity of particles highly influences their clearance and the
physiological responses upon inhalation, as they may induce damage
to endosomes and phagosomes or directly pierce the cells leading to
prolonged and more prominent inflammatory responses (65-68). For
MWCNT, a progression from acute inflammation to chronic fibrotic
changes suggests that a resolution of inflammation involving Th2
responses may underlie the fibrotic events (38). It is also evident that
long and rigid MWCNT typically induce more prominent
inflammation and fibrotic responses than shorter coiled MWCNT
(61, 64, 69). In agreement, this study showed that the long and rigid
NM-401 fibers gave more severe effects on macrophage markers, as
illustrated by increased M2 markers Argl, Earll, and Mrcl, and
cytokine secretion, compared to the shorter and more coiled NM-400

M1 NM-401 M2 NM-400

T T 1 1 1
Q Q © v
g g &£ 59
4—.
¢ M * M2
“3
e
< K 3
s *% §0§§§ $3ed
SN 7 i o e
= - = Al
88 885 IEEB
QES X 4 IT W
* M * M2

frontiersin.org


https://doi.org/10.3389/fimmu.2023.1111123
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Erdem et al.

FIGURE 6

fibers. As both materials have similar aspect ratios (NM-400: 42.8 and
NM-401: 44.1), these differences could possibly to some extent be
attributed to the rigidity of the materials. It is well described that rod-
like CNT may induce more severe fibrotic responses (61, 64) and may
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disrupt macrophage function due to unsuccessful uptake resulting in
frustrated phagocytoses and damage of surrounding tissues (58, 67).
Analyzes of cellular uptake showed that although both NM-400 and
NM-401 were internalized and found within endosomes in alveolar
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macrophages, NM-401 fibers were also found in the cytoplasm after
24h of exposure. Previous studies have demonstrated that MWCNT
may be taken up by macrophages already after 1h of exposure (70).
Further analyzes indicated that NM-401-exposed cells showed signs
of membrane leakage at the sub-toxic concentrations tested. This may
suggest that the more rigid NM-401 fibers induce cellular membrane
damage which may contribute to the enhanced effects observed by
these fibers. In agreement with our findings, a grouping effort of
MWCNT for risk assessment (69) conclude that NM-400 occurs as
tangled agglomerates which are not able to induce frustrated
phagocytosis (65), while NM-401 cause lysosomal disruption,
intracellular ‘vesicle escape’ (66) and frustrated phagocytosis in
macrophages both in vitro and in vivo (65). As several studies have
demonstrated that MWCNT-induced fibrosis is Th2-type response
mediated (reviewed in 38), the involvement of M2 polarization events
has been suggested (35-37). Our data confirm an enhanced M2
phenotype following MWCNT exposure, which is more prominent
for long rigid fibers. This further supports the involvement of M2
macrophage phenotype in the onset of MWCNT-induced
lung fibrosis.

The involvement of epigenetic events in the observed fine-tuning
of macrophage phenotype in response to nanofiber exposure has not
been clarified. Here we demonstrate that the enhanced M1 phenotype
observed after CNF exposure did not involve histone or DNA
modification events. However, the MWCNT-induced M2
phenotype showed regulation of several histone and DNA
modifying enzymes which may be of importance in fibrosis onset
following MWCNT exposure. The epigenetic regulation of M1
macrophage phenotypes has been extensively studied and involves
KDMS6B (previously known as JMJD3), KMT®6, several HDACs and
DNMT1 (6). However, fever studies have focused on the role of
histone and DNA modifying enzymes in M2 macrophage polarization
(71-74). In murine macrophages, alternative M2 phenotype is
mediated by the histone H3K27 demethylase Kdm6b which may
regulate the expression of e.g., Irf4, Chi3I3, Retnla, and Argl (71, 74).
Furthermore, Kdmé6a deficient mice show enhanced M2 macrophage
polarization (75). These findings indicate that the KDM6 family is
important in regulating the M2 phenotype. Interestingly, in this
study, both MWCNT decreased the expression of Kdm6b in M2
cells, supporting a potential role of H3K27 methylation in the
regulation of macrophage phenotype associated with increased
expression of Argl, Mrcl, and Earll following MWCNT exposure.
Furthermore, the expression of the H3K4 methyltransferases Kmt2a
(previously known as MIl) and Smyd5 mRNA was reduced by
MWCNT in both M1 and M2 macrophages, while the Ezhl and
Dotll mRNA were downregulated exclusively by NM-401 in M2
macrophages. The HMT family members hold diverse roles in
macrophage polarization as they regulate the expression of
inflammatory genes. In general, HMTs promote M2 phenotype by
repressing the expression of pro-inflammatory cytokines e.g., Tnf,
I11b, 116, and Cxcl10 (76, 77). On the other hand, KMT2A is required
for M1 macrophage polarization as it leads to enhanced CxclI0
expression (72). In addition to alterations in HMT expression, we
also observed a reduction in the expression of Hdac4, Hdac9 and Sirt1
as well as the HAT Kat3b (Ep300) in M2 cells following NM-401
exposure. HDACs are recognized as important regulators of
polarization as their inhibition results in altered levels of cytokines,
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chemokines and macrophage activation markers (5, 78). Accordingly,
Hdac9 deficiency has been shown to exaggerate M2 macrophage
polarization in mouse and human macrophages by upregulating M2
markers e.g., Mrcl (also known as Cd206) and Pparg and repressing
markers involved in M1 polarization e.g., TNF, IL6 and CXCL10 (79,
80). Similarly, HDAC4 inhibits NFKB signaling and increase Tnf and
Il6 expression in M1 cells (81). On contrary, SIRT1 represses M1
phenotype by reducing the expression of IKK/NFKB and JNK
regulated inflammatory target genes e.g., Tnf, Il1b, 116, 1112, Nos2,
and Mcpl (82, 83).

While histone modifications are important in the regulation of
macrophage polarization and their involvement in nanomaterial-
induced pulmonary effects is evident (84, 85), the role of histone
modifications during macrophage phenotypic changes in response to
nanomaterial exposure has not been previously explored. Thus, while
it is difficult to infer the direct effects the epigenetic regulatory
enzymes have on the genetic profiles of activated macrophages it is
evident that they are important in the fine-tuning of macrophages’
responses to MWCNT exposure. For the MWCNT-enhanced changes
in macrophage phenotype our data emphasize the role of the HMTs
Kmt2a and Smyd5 as their expression is universally downregulated by
both MWCNT and shows the largest effect of all modifying enzymes
investigated in this study. In support of our data, it is well known that
KMT?2A is essential for M1 polarization and its downregulation by
MWCNT may be important for the triggering of an enhanced M2
phenotype. SMYDS5 is a relatively unknown member of the SMYD
family proteins. To date, there is only one study proposing a role of
SMYD5 and H4K20me3 in the repression of TLR4 target genes in
macrophages (76). However, our data indicate that SMYD5 may also
have a role in the regulation of the alternative M2 phenotype. Thus,
the downregulation of HMTs observed in our study suggests that their
activity is important in MWCNT-induced macrophage polarization
and that methylation of H3K4, H3K27 and H3K79 may be critical in
modifying macrophage phenotypes in response to nanomaterial
exposure. Furthermore, our data support a role of HDACs in
nanomaterial-induced inflammation and more specifically our
findings indicate that histone acetylation events regulated by
HDAC4, HDAC9 and SIRT1 may be critical in the Th2 responses
to MWCNT.

The interplay between histone modifications and other epigenetic
mechanisms such as nucleotide modifications may add further
complexity and may be critical for macrophages’ ability to adjust and
reprogram to changes in their environment. It has been shown that
MWCNT induce changes in DNA methylation in the lungs of exposed
animals (86-88), as well as in MWCNT-exposed workers (89).
Furthermore, NM-400-exposure of monocytes induces DNA
hypomethylation of inflammation-related genes and genes involved
in macrophage polarization, e.g., the JAK-STAT pathway (90). In this
study changes in DNA methylation were not directly measured,
however, a deregulation of the expression of DNA methyltransferases
was observed following MWCNT exposure, where MWCNT induced
Dnmtl and reduced Dunmt3a and Dnmt3b expression in M2
macrophages. DNMT1 and DNMT3B are important in the
regulation of macrophage polarization as their overexpression usually
results in induced expression of proinflammatory cytokines and
concurrent M1 polarization, whereas their depletion leads to
enhanced M2 macrophage polarization (12-14). Altogether, these
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finding support a potential role of DNA methylation events in
MWCNT induced M2 polarization.

A well-recognized level of epigenetic regulation is exerted by non-
coding RNAs, which affect the expression of various genes involved in
macrophage polarization. In this study, both CNF and NM-401
exposure induced changes in miRNA transcript levels. The target
genes of the differentially expressed miRNA were involved in several
different signaling pathways, e.g., growth factor, RassMAPK, CCKR,
GnRH-R, and integrin signaling, which are important for
inflammation and for the activation, polarization, and function of
macrophages. More specifically, CNF exposure resulted in a 2-fold
upregulation of miR-122-5p and downregulation of miR-16-1-3p,
and miR-27a-5p expression in M1 cells. Recent studies suggest a role
of miR-122-5p in pulmonary inflammation and in the regulation of
pro-inflammatory cytokine expression e.g., TNF, IL1B, IL6, and
MCPI1 (91, 92). Furthermore, miR-122-5p may induce M1l
polarization (93). While the role of miR-16-1-3p in macrophage
polarization has not been investigated, it is suggested to modulate
the IL6-JAK-STAT3 signaling pathway (94). On contrary, more
targets are described for miR-16-5p which has been suggested as a
promotor of M2 polarization (95). These finding are consistent with
our data showing that miR-122-5p is highly upregulated and miR-16-
1-3p downregulated following CNF exposure, which is associated
with increased secretion of IL6, CCL2, and CCL5 and an enhanced
M1 phenotype. Interestingly, a 0.4-fold change in miR-27a-5p
expression levels was observed for both CNF and NM-401. The role
of miR-27a-5p in macrophage polarization is not well understood, as
different studies have demonstrated induced expression of miR-27a-
5p in both M1 and M2 polarization (96, 97). Furthermore, miR-27a is
suggested to suppress PPARG signaling which is involved in the
control of inflammatory responses by repressing pro-inflammatory
signaling pathways such as JUN (previously known as AP-1), NFKB
and STATS3, consequently enhancing M1 polarization (98). Thus,
while it is evident that this miRNA is important in macrophage
polarization more studies are needed to understand the exact
regulation it exerts. Moreover, while the role of miR27-a has not
been previously demonstrated in nanofiber-induced macrophage
polarization, TiO, exposure decreases the expression of miR-27a-5p
in murine macrophages (99). Furthermore, miR-155-5p and miR-25-
3p were also regulated by both CNF and NM-401 exposure in this
study. Especially, miR-155 is recognized as a major regulator of
inflammation and macrophage polarization and has several known
target mRNAs involved in cytokine signaling. miR-155 alters
macrophage phenotype through various signaling pathways
including the STAT6 and JNK pathways (100-102). In addition,
CEBPB is a direct target of miR-155 (103). MWCNT exposure has
previously been shown to reduce the expression of miR-155-5p in
BEAS-2B cells (104). Moreover, both polystyrene and TiO,
nanomaterials reduce the expression of miR-155-5p in THP1
monocytes (105). Together these data indicate that miR-27a-5p and
miR-155-5p may be common regulators of macrophage phenotypes
in response to various nanomaterial exposures.

NM-401 exposure also led to a prominent upregulation of miR-
511-3p and miR-677-3p and a downregulation of miR-708-5p, miR-
26a-2-3p and let-7¢c-1-3p. While very little information is available on
the function of miR-677-3p, miR-708-5p, miR-26a-2-3p and let-7c-1-
3p in macrophage polarization, they have been indicated roles in
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immune responses. Accordingly, miR-708 has been suggested as a
suppressor of TNF/IL1B signaling leading to reduced IL6 levels in
pulmonary cells (106). Furthermore, let-7c-1-3p is induced in M2
macrophages and both let-7¢c-1-3p and miR-26a-2-3p are involved in
cytokine-cytokine receptor interactions (97). Accordingly, let-7¢c-1-3p
targets immune response genes e.g., Ccr9, Il15, Cxcll0 and Ccl2,
whereas miR-26a-2-3p targets e.g., Il15ra, Ccl7, Cx3cll, Cxclll and
I11b (97). On contrary, miR-511-3p is acknowledged as regulator of
M2 polarization. miR-511 is a putative positive regulator of Toll-like
receptor 4 in macrophages and is involved in the Th cell polarization
through modulation of MRCI expression (107, 108). Moreover,
downregulation of miR-511-3p alters PPARG activity leading to
downregulation of pro-inflammatory cytokine production in
dendritic cells (109). In accordance, MRC1 has been shown to
regulate macrophage polarization through miR-511-3p in mice.
MRCI1 depletion resulted in reduced miR-511-5p levels and
enhanced M1 polarization whereas, enhanced miR-511-3p levels
resulted in M2-driven anti-inflammatory responses (110).
Furthermore, miR-511 has been shown to be highly expressed in
IL4-stimulated (M2a) macrophages (111). Thus, while the
contribution of miR-677-3p, miR-708-5p, miR-26a-2-3p and let-7c-
1-3p on MWCNT-enhanced M2 polarization need further
investigation, the increased miR-511-3p expression levels observed
in this study could suggest a role of miR-511-3p in the enhanced M2
macrophage phenotype observed following MWCNT exposure.

Finally, RNA modifications have been recently suggested as an
additional level of epigenetic regulation in response to various
environmental stimuli. For instance, air pollution and PM2.5
exposure has been shown to affect the global N6-methyladenosine
(m®A) and mRNA 5-methylcytidine (m°C) levels (112, 113).
Moreover, RNA modifications, specifically m°A, have critical roles
in immune cell function and immune responses, and have been
implicated in various aspects of macrophage biology, including
macrophage polarization (114-116). Considering this, RNA
modifications could contribute to adjustment of macrophage
responses to various nanomaterials. However, our data show that
CNF and MWCNT did not induce any changes in the levels of known
rRNA modifications.

Altogether, this study demonstrates that CNF exposure enhances
M1 macrophage, while MWCNT exposure enhances M2 macrophage
polarization, congruent with the observed effects of these materials in
triggering inflammation and fibrosis, respectively, in exposed animals.
These data support the importance of macrophage phenotypic
changes in the onset and resolution of nanofiber-induced
inflammation and fibrosis and emphasize the importance of
epigenetic regulation in the fine-tuning of macrophages. In
correspondence with its stronger immunogenic effects, the
MWCNT-induced changes in macrophage polarization involved
more prominent epigenetic regulatory events i.e., histone
modifications, DNA methylation and miRNAs. Whilst, epigenetic
modifications are often investigated separately, there is substantial
cross talk between mechanisms to establish the epigenetic landscape.
In light of this, our study provides important novel evidence
illustrating the intricacy of the epigenetic regulation in
macrophages in response to environmental changes. Further,
identifying epigenetic patterns in macrophages which may be
important in nanofiber-induced inflammation and fibrosis.
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Intervertebral disk degeneration (IDD) is a chronic inflammatory disease with
intricate connections between immune infiltration and oxidative stress (OS).
Complex cell niches exist in degenerative intervertebral disk (IVD) and interact
with each other and regulate the disk homeostasis together. However, few studies
have used longitudinal approach to describe the immune response of IDD
progression. Here, we conducted conjoint analysis of bulk-RNA sequencing and
single-cell sequencing, together with a series of techniques like weighted gene
co-expression network analysis (WGCNA), immune infiltration analysis, and
differential analysis, to systematically decipher the difference in OS-related
functions of different cell populations within degenerative IVD tissues, and
further depicted the longitudinal alterations of immune cells, especially
monocytes/macrophages in the progression of IDD. The OS-related genes
CYP1Al1, MMP1, CCND1, and NQO1 are highly expressed and might be
diagnostic biomarkers for the progression of IDD. Further landscape of IVD
microenvironment showed distinct changes in cell proportions and
characteristics at late degeneration compared to early degeneration of IDD.
Monocytes/macrophages were classified into five distinct subpopulations with
different roles. The trajectory lineage analysis revealed transcriptome alterations
from effector monocytes/macrophages and regulatory macrophages to other
subtypes during the evolution process and identified monocytes/macrophage
subpopulations that had rapidly experienced the activation of inflammatory or
anti-inflammatory responses. This study further proposed that personalized
therapeutic strategies are needed to be formulated based on specific monocyte/
macrophage subtypes and degenerative stages of IDD.

KEYWORDS

intervertebral disk degeneration, monocytes/macrophage subtypes evolution,
oxidative stress, trajectory lineage analysis, single-cell transcriptome landscape,
longitudinal approach
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Introduction

Low back pain (LBP) has continuously been the major cause of
disability in human adults, affecting almost 80% of the population
worldwide, leading to heavy socioeconomic burden (1, 2). There are
lots of triggers of LBP, and intervertebral disk degeneration (IDD) is
considered as one of the common reasons (3). IDD progression is a
commonly seen musculoskeletal disorder, accompanied by gradual
structure alteration with several metabolic homeostasis process, spinal
stenosis, disk herniation, lumbar spondylolisthesis, spinal segmental
instability, nerve root compression, etc. (4, 5). Consequently, a better
understanding of the potential pathological mechanisms has
continuously been a research hotspot, which may help to promote
the knowledge of IDD progression and finally find novel
biological treatments.

Increasing evidence has reported that despite multifactorial
etiology like loading changes, smoking, senescence, and poor
nutrient supply, genetic factor is the essential risk of IDD, which
accounts for more than 70% of the risks (2). Meanwhile, as the largest
avascular organ within body, IVD consists of the middle nucleus
pulposus (NP), surrounding annulus fibrosis (AF), and cartilage
endplate (CEP) on the inferior and superior sides. This special
structure makes it an immune-privilege organ and avoids
infiltration by immune and inflammatory factors (6, 7). When IDD
occurs, the blood vessels infiltrate and inflammatory factors aggregate
at the IVD tissue, destroying the homeostasis of IVD (8).

Redox homeostasis is a pivotal process for the physiological
maintenance of many cellular activities; the dysregulation of redox
homeostasis is tightly related to diversity pathological conditions that
influence human health, including different kinds of neoplasms and
degenerative skeletal disease (9-13). Oxidative stress (OS) is regarded
as the imbalanced state of redox homeostasis with higher reactive
oxygen species (ROS) production; OS also plays essential roles in the
progression of IDD (12, 14). It has been elucidated that OS could
induce autophagy, apoptosis, and calcification of CEP chondrocytes
(15-17). Existing studies also reported that the excessive
accumulation of ROS would cause OS reaction and injure the
normal functions and integrity of NP cells, thereby triggering
inflammatory reactions and promoting IDD progression (18, 19).

Recent advanced techniques in single-cell RNA sequencing
(scRNA-seq) have provided powerful algorithm for exploring and
analyzing the interactive roles and functional heterogeneity of
different cell populations (20-22). These methods have been widely
performed in different fields like transcriptomic atlas construction
and novel populations identification, which have revolutionized
studies of gene expression (23, 24). Existing studies have already
depicted the transcriptomic atlas for the IVD tissue based on scRNA-
seq, which discovered and defined different or new cell
subpopulations, providing comprehensive interpretations and novel
insights in cellular heterogeneity of IVD, including physiological and
degenerative states (25-29).

Immune cells, especially monocytes/macrophages, are reported to
produce ROS and promote the onset of OS, causing severe metabolic
disorders and even cell death; ROS could also activate transcriptional
factors and pro-inflammatory factors and further accelerate
inflammation reactions (30). Consequently, identifying functional
OS-related immune cells can increase our understanding of OS
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mechanisms and provide novel antioxidative avenues in the
treatment of IDD. However, due to the intrinsic limitations that
most scRNA studies have in providing cell atlas in a specific tissue
without lucubrating the cell subtypes, the current available
transcriptomic analyses of immune cells are from cross-sectional
studies, with rare longitudinal description of the immune response.
This study performed conjoint analysis of bulk RNA-seq and scRNA-
seq to analyze OS functions in different cell populations from early to
late degenerative IDD patients. This is the first such landscape to
depict the longitudinal alterations of NP cells and monocytes/
macrophages heterogeneity in the progression of IDD. Importantly,
we revealed the evolution process of monocytes/macrophages,
identified different subtypes based on their unique gene expression
patterns, and described their temporal transcriptome changes from
early to late degenerative IVD tissue. Intriguingly, the highly dynamic
populations, effector monocyte/macrophages, and regulatory
macrophages were mainly enriched in early degenerative stage,
while the homeostatic and activated tissue macrophages were more
like terminal differentiated populations that increased during disease
progression, which could provide reference for monocyte/
macrophage targeted therapy at different stages of IDD.

Materials and methods
Data collection and preprocessing

Microarray datasets were retrieved and downloaded from Gene
Expression Omnibus (GEO, https://www.ncbi.nlm.nih.gov/geo/)
database. Bulk RNA-seq data GSE70362 was obtained for OS
functional analysis between different degenerative stages, which
contained 48 IDD patients with Pfirrmann grade from I to V; grade
<3 was considered as early degenerative, and grade >3 was late
degenerative stage (31). GSE147383 was applied to evaluate OS
functional levels and immune infiltration situation and construct
weighted gene co-expression network analysis (WGCNA) of
degenerative IVD tissues (32). Then, GSE165722 series data were
used for scRNA-seq analysis to analyze the OS functional levels
between different cell populations and depict transcriptome atlas
during different degenerative stages, which included eight patients
with degenerative stages from II to V. Only NP tissues were harvested,
following a standard surgical protocol. No AF tissues and blood were
contaminated the into NP tissue upon collection (25). This study
included multiple datasets for analysis to avoid the bias from the same
dataset and make the results more convincing.

Identification of differentially
expressed OS genes

According to Pfirrmann grade, bulk RNA-seq data (GSE70362)
totally contained 16 early degenerative samples and 32 late
degenerative samples. This study divided patients into two groups
and further screened differentially expressed genes (DEGs) with
“limma” package (3.50.0) in R, followed by a cutoff threshold with
adjusted p-value < 0.05 and |FC| (fold change) > 1.5, which was
considered as statistically significant. To identify DEOSGs, we further
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extracted 824 OS-associated protein domains from GeneCards
database (https://www.genecards.org/) with a relevance score > 7
(see in Supplementary Table S1); then, DEOSGs were screened by
taking the intersection of DEGs and OS-related genes to generate a
more accurate result, based on Venn plot analysis (“VennDiagram”
package in R, 1.7.1).

Immune infiltration analysis

The proportions of the 22 types of immune cells in IVD tissues
were estimated using “CIBERSORT” algorithm (33). The proportions
and contents of immune cell members from mixed IVD tissues were
assessed through gene expression profiles, followed by correlation
heatmap and differential expression patterns between different
groups. Immune infiltration analysis demands strict requirements
on data; only high contents of estimated immune cells are appropriate
for analysis. After evaluation of the immune cells components,
GSE147383 possessed the highest quality, which was conducted for
immune infiltration to analyze the potential existing immune cells,
which contained eight samples.

Construction of weighted gene co-
expression network and immune-related
DEOSGs identification

The top 5,000 most variable genes were included for WGCNA
(“WGCNA” package in R, 1.71) construction, based on their median
absolute deviation (MAD) values according to official introduction
(34). Hierarchical clustering analysis was performed to detect outliers
of these tissues, and the soft threshold power () was calculated to
build a scale-free network. Weighted gene co-expression network was
constructed based on B-value; then, co-expression modules were
identified according to the heterogeneity of different genes. The
relationships between each module and differentially infiltrating
immune cells were then calculated and visualized. As Li et al.
described, the module with the highest correlation coefficient was
considered as the candidate module, which was compared
horizontally to discover the most essential genes targeting specific
immune cell (35). The intersection of DEGs, OS-related genes, and
genes in the interested module was considered as the most related
genes (hub genes) for the progression of IDD.

Hub genes validation by principal
component analysis and gene
expression detection

Principal component analysis (PCA) was used to reduce the
dimension of these hub genes from high dimension into three
dimensions (PC1, PC2, and PC3), to observe the separating ability
between early and late degenerative IVD tissues, based on “prcomp”
and “princomp” functions in R. The results were visualized in three-
dimensional coordinate system (“scatterplot3d,” “ggplot2,” and “rgl”
packages in R, 3.3.5). Human primary NP cells were obtained from
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iCellbioscience (HUM-iCell-s012) and were maintained in
Dulbecco’s modified Eagle’s medium (DMEM)/F12 (1:1) (DF12;
Gibco, Grand Island, NY, United States) with 10 fetal bovine serum
(FBS; Invitrogen, Carlsbad, CA, United States) and 1% antibiotics
(penicillin/streptomycin) (Gibco) in an incubator at 5% CO, and
37°C (36, 37). Tert-butyl hydroperoxide (TBHP) was purchased from
Sigma-Aldrich (St. Louis, MO, United States), to trigger oxidative
stress and thus simulate high-ROS environment, which is a stable
form of hydrogen peroxide and widely used as an in vitro model to
induce extracellular matrix (ECM) degeneration and the apoptosis of
NP cells (38). To establish the apoptosis and degenerative model of
NP cells, complete culture media with different concentrations (0, 50,
and 100 uM) of TBHP were added for 24 h (38). Then, the expression
levels of those hub genes under different conditions of degenerative
NP cells were detected by quantitative real-time PCR (qRT-PCR). The
primers of corresponding genes were listed as follows (5-3'): CCND1,
(F) GATGCCAACCTCCTCAACGA and (R) ACTTCTGTT
CCTCGCAGACC; CYP1Al, (F) CAAGGGGCGTTGTGTCTTTG
and (R) GTCGATAGCACCATCAGGGG; MMPI, (F) TG
TGGTGTCTCACAGCTTCC and (R) CGCTTTTCAACTTGC
CTCCG; and NQOI, (F) TTTGGAGTCCCTGCCATTCT and (R)
TTGCAGAGAGTACATGGAGCC.

Single-cell RNA data integration
and processing

The raw scRNA-seq data of NP tissues (Pfirrmann grade II-V)
stages were retrieved and obtained (based on GSE165722). After the
whole data were read and presented in R, filtering criteria were
followed by rigorous procedure, and low-quality cells were removed
as follows: cells had fewer than 200 expressed genes and mitochondria
UMI counts rate >20%.

After quality control, we created Seurat objects from scRNA-seq
data based on each tissue according to “Seurat” package in R (4.1.0)
(39). Then, RPCA algorithm wrapped in “Seurat” package was
applied to integrate the expression matrix of each tissue and correct
batch effects among different tissues; “FindIntegrationAnchors”
function was used to merge samples with common anchors among
variables (dims = 1:30, k.anchors=10). Then, the integrated matrix
was followed by cell normalization and scale. In brief, the top 2,000
highly variable features were analyzed after normalization, which
were selected for downstream analysis. Then, PCA was constructed
using “RunPCA” function based on the scaled data with the top 2,000
highly variable genes, and the top 30 principles were further chosen
for uniform manifold approximation and projection (UMAP) and t-
distributed stochastic neighbor embedding (tSNE) dimensional
reduction. The unsupervised cells were clustered together by
“FindClusters” and “FindNeighbors” functions based on the top 30
PCA principles, to cluster the similar types of cell populations
together, with resolution setting as 0.3. The marker genes of each
cell cluster were detected by “FindAllMarkers” function with the
following criteria: min.pct > 0.1, logfc.threshold > 0.25 and p-value <
0.01. Immune cells were further extracted out and conducted for
subsets subdivided, followed by re-tSNE and re-UMAP
dimensional reduction.

frontiersin.org


https://www.genecards.org/
https://doi.org/10.3389/fimmu.2023.1090637
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Li et al.

GSVA algorithm assessed the OS
functional levels

To evaluate the differences in OS-related functions in different
degenerative grade samples, we retrieved and downloaded GO BP
terms from the MsigDB database (Molecular Signatures Database,
https://www.gsea-msigdb.org/gsea/msigdb/) to screen the required
OS-related functional items (40). “Single sample GSEA (ssGSEA)”
algorithm was conducted in R (“GSVA” package, 1.42.0) to calculate
functional scores in each sample. Higher scores indicated higher levels
of the functional item in each sample. We obtained the following
items to fully assess the OS-related functions in IVD tissues:
“GO_RESPONSE_TO_OXIDATIVE STRESS,” “GO_REGULATI
ON_OF_RESPONSE_TO_OXIDATIVE_STRESS,” “GO_CEL
L_DEATH_IN_RESPONSE_TO_OXIDATIVE_STRESS,” and
“GO_CELLULAR_OXIDANT_DETOXIFICATION,” as Yu et al
described (41). OS-related scores of different cell populations were
calculated to evaluate these OS functions.

Differentially gene expression analysis

“FindMarkers” function was applied to detect DEGs among
different groups or cell populations within scRNA-seq data,
followed by the following criteria: Wilcox rank sum test algorithm,
min.pct > 0.1, logfc.threshold > 0.25, p-value < 0.01, and
only.pos = TRUE.

Functional and pathway enrichment analysis
of DEGs and sub-populations

DEGs and marker genes of each cell population were analyzed
by R (“clusterProfiler” package, 4.2.1) and DAVID database (https://
david.nciferf.gov/ ) to get understanding of functional annotations
and interpretations, including Gene Ontology (GO) and Kyoto
Encyclopedia Genes and Genomes (KEGG) results. p-value < 0.05
and false discovery rate (FDR) < 0.25 were considered as
significantly enriched. For each cell population, the top 50 genes
(prioritized by fold change when comparing each cluster with the
rest) were conducted to the enrichment analysis, and ontology terms
with near-duplicated terms were eliminated using custom script.
The exclusion criteria of GO terms were “POSITIVE,”
“NEGATIVE,” “EOSINOPHIL,” “T_HELPER,” or “T_CELL,” as
Lee described (42).

Monocytes/macrophages
evolvement analysis

To analyze the evolvement procedure of monocytes/
macrophages, this study applied CytoTRACE analysis to decode the
relative evolutionary states of different subtypes, which was one of the
computational methods for depicting the states of cell fate without
any prior information (43). The monocytes/macrophages evolvement
process was thus analyzed by CytoTRACE with the default parameter.
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Differentiation trajectory of monocytes/
macrophages by pseudotime analysis

The trajectory analysis of monocytes/macrophages was
performed by Monocle2 algorithm (44). After the calculation of size
factor and dispersions estimation, DEGs along the trajectory branch
were further identified. Seurat clustering results and raw expression
counts matrix of cells were prepared before monocle analysis,
followed by “DDR-Tree” method and other default parameters to
reduce dimensions. Based on pseudotime results, evolvement
procedure of monocytes/macrophages were conducted by branch
expression analysis modeling (BEAM) analysis.

Cell—-cell interaction analysis

To investigate cellular interactive communications among different
cell populations, this study conducted CellPhoneDB (based on Python
3.7) and CellChat to get a systematic understanding for cell-cell
communication molecules (45, 46). CellPhoneDB and CellChat were
public databases for ligands, receptors, and their interactions, where the
membrane and secreted and peripheral proteins of the clusters were
annotated. The normalized cell expression matrix was prepared by Seurat
normalization; the significant mean and cell communication significance

were calculated based on each interactive role, setting as p-value < 0.05.

Transcription factor network inference

To further decode the gene regulatory network of different
monocyte/macrophage subtypes, we performed single cell
regulatory network inference and clustering (SCENIC) algorithm to
identify specific regulons involved in different cell subpopulations
(based on pySCENIC and R-SCENIC) (47). After extraction of count
expression matrix, the transcription factor (TF) activities (AUCell) for
each cell were calculated through motif library (version “mc9nr”), and
the TF regulation strength was assessed using the 20,000 motifs
database according to RcisTarget and GRNboost.

Statistical analysis

Data statistical analysis and visualization in this study was
achieved by R (version 4.1.3, based on different packages and
algorithms mentioned above) and GraphPad Prism (version 8.3.0).
One-way ANOVA analysis was chosen flexibly to compare three or
more groups, and Student’s t-test was used for statistical analysis
between two groups. The difference of p< 0.05 was considered as
statistically significant.

Results

Oxidative stress levels increased gradually
with degenerative stages

The human body is always within a balanced state between the
oxidant and antioxidant system. The imbalance refers to
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overexpression of ROS and reduction in antioxidant capacity. Thus,
we compared and analyzed the OS functional levels of IVD tissues
under different degenerative stages, based on GSE70362
and GSE147383.

According to the relevant functional items retrieved from MsigDB
database, we performed GSVA algorithm to score each different
degenerative IVD tissue from Pfirrmann grades I-V. We evaluated
the OS-related functions like “GO_RESPONSE_TO_OXIDATIVE
STRESS,” “GO_REGULATION_OF_RESPONSE_TO_OXIDATIV
E_STRESS,” and “GO_CELL_DEATH_IN_RESPNSE_TO_OXID
ATIVE_STRESS.” Results illustrated that the OS-related levels in
severe degenerative IVD tissues were significantly higher than that in
early degenerative tissues among different datasets (Figure 1A). Then,
we analyzed the OS-related scores in each degenerative stage. Results
revealed that the OS levels elevated with the degenerative stage, and

10.3389/fimmu.2023.1090637

OS levels in grades IV and V were significantly higher than that in
grade I, which demonstrated the close correlations of OS reactions
with the progression of IDD, as shown in Figure 1B.

Identifying DEOSGs related with the OS
functions during IDD progression

This study divided the total gene expression matrix of GSE70362
into two groups (early and late degenerative group), followed by
linear model fitting and Bayes detection. With cutoff criteria setting as
adjusted p < 0.05 and |FC| > 1.5, 259 DEGs were totally screened, with
124 upregulated and 135 downregulated genes. The volcano plot
visualized the distribution of these DEGs between early and late
degenerative IVD tissues (Figure 1C). Then, the DEOSGs were
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FIGURE 1

(A) Differences in cellular oxidative stress response in GSE70362 and GSE147383, respectively. (B) OS-related functional scores in each degenerative
stage. The higher the score, the more active function. (C) Volcano plot of the identified DEGs. (D) Venn diagram indicating 31 genes were commonly
expressed as DEOSGs. (E) The expression situations of these 31 DEOSGs in CON and IDD groups. (F, G) Representative analysis of GO, KEGG categories
showing different functions of the screened 31 DEOSGs. “CON" group represented “early degenerative patients,” and "IDD" group represented “late
degenerative patients”, *p < 0.05, **p < 0.01, ***p < 0.0001, ns: none significance, which were the same as below.

Frontiers in Immunology

95

E|

frontiersin.org


https://doi.org/10.3389/fimmu.2023.1090637
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Li et al.

further identified by the intersection of 259 DEGs and 824 OS-related
genes. Altogether, 31 genes were filtered as DEOSGs, which were
associated with the progression of IDD (Figure 1D). We further
analyzed the gene expression values of each DEOSG, as shown
in Figure 1E.

Functional enrichment analysis was further applied to understand
the roles in the progression of IDD. GO analysis suggested that the
upregulated DEOSGs were primarily correlated with biological

» «

functions like “response to oxidative stress,” “response to xenobiotic

» o« » o«

stimulus,” “response to toxic substance,” “peroxidase activity,”
“oxidoreductase activity,” and “aging”; besides, the cellular
components were mainly located in the endoplasmic reticulum
lumen (Figure 1F). These results indicated the essential roles of OS
in the progression of IDD. The KEGG pathway illustrated that these
DEOSGs were mainly involved in “chemical carcinogenesis
production-ROS,” “DNA adducts,” “receptor activation,”

» o«

“ferroptosis,” “tryptophan and tyrosine metabolism,” and

“metabolism of xenobiotics by cytochrome P450” (Figure 1G).

Immune-infiltrating cell analysis

To understand the compositions of immune cells between normal
and degenerative IVD tissues, this study applied “CIBERSORT”
method from GSE147383 to discover the correlated immune cells
involved in the progression of IDD. The “CIBERSORT” method was
designed to estimate the relative proportion of different types of
immune cells via deconvolution algorithm. Figure 2A and
Supplementary Figures SIE, F displayed the enrichment fraction of
immune-infiltrating cells in IVD tissue. Results illustrated that T-cells
regulatory (Tregs), plasma cells, and monocytes/macrophages were
significantly activated and T-cell follicular helper (Tths) were
significantly inhibited in late degenerative IVD tissues, as shown in
Figure 2B, which suggested the potential regulatory roles of these
immune cells in the progression of IDD.

Construction of co-expression network and
identification of interested modules

After samples heterogeneity detection, all samples were included
in the WGCNA workflow, together with their immune cells’
information (Figure 2C). Soft threshold power was determined as
18 based on the scale-free network construction (Figure 2D). Then,
hierarchical clustering tree analysis was performed based on the
mutual genes’ co-expression; altogether, 20 modules were
generated, and each module had unique gene expression patterns
(Figure 2E). Furthermore, the relationships between modules and
clinical traits (infiltrating immune cells) was demonstrated in
Figure 3A. The genes in these generated modules are associated
with the progression of IDD, the color depth, and correlation
coefficient, and the p-value is correlated with the weights of IDD
occurrence. Since the immune infiltration analysis algorithm was
developed based on gene expression, the real monocytes/
macrophages subtypes could not be analyzed accurately. Results
discovered several interested modules like pink, yellow, and green
yellow modules targeting macrophages M0 (Cor = 0.89, p = 0.003),
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monocytes (Cor = 0.88, p = 0.004), plasma cells (Cor = 091, p =
0.002), and Tregs (Cor = 0.93, p = 9e-04), respectively. Pink and
yellow modules were further merged together as essential modules of
monocytes/macrophages and conducted for further analysis to avoid
the loss of gene information.

Identification of differentially expressed
immune-related oxidative stress genes and
hub genes validation

The differentially expressed immune-related OS genes, namely,
hub genes, were finally identified by Venn plot analysis; the
intersection of the three parts included screened 259 DEGs, 824
OS-related genes, and genes in pink and yellow modules. Totally,
four genes were obtained: CYP1A1l, MMPI, CCNDI, and
NQOI1 (Figure 3B).

Then, the robustness of these four genes was validated by PCA
dimensional reduction analysis among different databases. PCA was
performed to reduce the dimension of these hub genes into three
principal components PC1, PC2, and PC3, where each dot plot
indicated each sample in the three-dimensional coordinate system.
Based on the gene expression matrix of each database, these dot plots
showed significantly distinguishment ability in spatial
distribution (Figure 3C).

Based on the four genes identified in this study, we further
conducted ROC curve analysis to assess the predictive ability of
each feature to observe their diagnostic ability of IDD. As shown in
Figure 3D, results indicated high area under curve (AUC) value of
each gene among different datasets. The AUC of CYP1A1 was 0.63,
0.66; AUC of MMP1 was 0.73, 0.66; AUC of CCND1 was 1.00, 0.89,
0.82; and AUC of NQOL1 was 0.75, 0.76, respectively. Meanwhile, the
PCR results further validated that these four hub genes were
significantly upregulated in degenerative NP cells with the
concentration of TBHP, which further proved the essential roles of
these genes in the progression of IDD. Consequently, these four genes
were determined as hub genes in this study, which had the most
connections with the progression of IDD.

Single-cell profiles landscape revealed the
immune cellular heterogeneity within
different degenerative stages of IVD tissues

In the above analysis, we found that some immune cells like
Tregs, plasma cells, and monocytes/macrophages were upregulated
aberrantly in IDD groups. Therefore, we further depicted immune
cells heterogeneity atlas within IVD tissues at single-cell level (based
on GSE165722). After rigorous quality control workflow to eliminate
cells with low gene detection (<200 genes) and high mitochondrial
gene content (>20%), a total of 42,960 cells with 18,142 expressed
genes were included for subsequent analysis (Figure 4A). The number
of the detected genes was significantly correlated with the sequencing
depth, and mitochondria UMI rate of each cell was lower than 20%
(Figure 4B). The variance analysis revealed the top 2,000 highly
variable genes of each sample, and PCA method was performed to
identify available dimensions based on these principals; dot plots and
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FIGURE 2

(A) Heatmap displaying the distribution of 22 types of immune cells in different groups. (B) The relationships of immune infiltration levels between
different groups. (C) Cluster dendrogram of samples to detect outliers. The color is from white to red; the redder color represented higher contents of
immune cells. (D) Selection of the soft threshold power value. The left panel represents scale-free model fit index; the right panel represents the mean
connectivity of these values. (E) Cluster dendrogram of genes enriched based on dissimilarity measure and assignment modules

heatmap also displayed the significant correlated genes for cell
clustering (Supplementary Figures SIA-C). After elimination of
different samples by RPCA integration algorithm, PCA and UMAP
scatter plot suggested a high overlap of these cells, whether by grades
or patients, indicating good integration result (Figure 4C and
Supplementary Figure SID). Then, the top 50 PCs were calculated
based on the top 2,000 genes, and the top 30 PCs with the lowest p-
values were chosen for subsequent dimensional reduction analysis.
Unsupervised dimensional reduction method was performed for
cell subtype clustering by UMAP algorithm; totally, 18 cell clusters
were generated in the NP tissue, and according to marker genes
detection of each cluster, different cell populations showed high
heterogeneity with each other (Figure 4D). The detailed types of
cell clusters were referenced by singleR, combined with the existing
literatures and databases (48). The heterogeneity of different cell
clusters was classified by gene expression (Figure 4E), and 11 clear
separations of cell subtypes were annotated, including six types of
immune cells and the rest types of NP-related cells. The representative
gene expression patterns of specific markers are shown in Figures 4F,
G: the core genes encoding anabolic metabolism like COL2A1 and
ACAN were highly expressed in NP cells, together with highly
expressed SOX9 gene (25, 29); PDGFRA and PRRX1 were mainly
expressed in NP progenitor cells (NPPCs), which were the two
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mesenchymal progenitor markers (28); stromal cells highly
expressed COL1A1 and COL3A1l genes (27); endothelial cells
mainly included specific marker genes of CDH5 and PECAM1 (49);
erythroblast cells consist of CA1, HBB, GYPA, ALAS2, and AHSP; in
terms of immune cells, monocytes/macrophages were identified by
CD14, CD163, CD86 and MRC1 (50); B cells were identified with
MS4A1 and IGKC (49); NK/T cells were identified with TRAC,
TRBC2 and SPOCK?2; neutrophils mainly expressed FCGR3B and
CXCL8 (51); granulocytic myeloid-derived suppressor cells (G-
MDSC) highly expressed marker genes of ITGAM and ARGI (52,
53); and granulocyte macrophage progenitor (GMP) cells were
identified by marker genes of ELANE, MPO, and MS4A3 (54, 55).
The distribution of distinct cell populations between different
degenerative stages is shown in Figures 4H, I.

Oxidative stress levels among different cell
populations of IDD

Based on the classified cell populations, we also performed
“GSVA” algorithm to calculate the scores of OS-related functions
for each single cell and observed the OS levels in real IVD
microenvironment. The results of single cells in IDD were
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(A) Module-trait relationships between different clustered modules and immune infiltration cells. Green represents negative correlation, and red
represents positive correlation; the darker colors indicated higher weights. Each square also contained corresponding correlation (first line) and p-value
(second line), which were consistent with the shade of the color. (B) Venn diagram showing the hub genes among three parts. (C) 3D scatter plot after
PCA dimensional reduction in these hub genes in different datasets. (D) ROC curve analysis for predicting IDD in different datasets; qRT-PCR was used to
detect the mRNA expression of CCND1, CYP1Al, MMP1, NQO1 in human NP cells treated with TBHP for different concentrations.

consistent with the bulk-RNA seq;, in that the OS-related functions in
late degenerative IVD tissues were significantly higher than that in
early degenerative tissues (Figure 5A). Moreover, we evaluated the
OS-related functions for each cell subtype. Results illustrated that the
NP and NPPC cells had the highest OS-related scores. As for immune
cells, monocytes/macrophages were shown as the most correlated
immune cells with OS-related functions. Intriguingly, we also
observed high OS levels in endothelial cells (Figures 5B, C). We
next observed the OS-related functions among different cell subtypes
between early and late degenerative IDD. Results suggested that most
cell populations had higher OS-related levels in late degenerative IVD
tissues except GMP and G-MDSC, as shown in Figure 5D and
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Supplementary Figure S2, which may behave protective roles to
ameliorate IDD progression, at least by reducing OS levels.

Sequential alterations of monocyte/
macrophage populations during IDD

In immune cells, monocytes/macrophages possessed the highest
OS-related functions in degenerative IVD tissues, whether by bulk-
RNA-seq or scRNA-seq analysis. We next analyzed monocyte/
macrophage-specific features that dynamically changed during IDD.
Therefore, we extracted and performed re-clustering analysis of the
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(A) Scatter plot after quality control and filtering of cells. (B) The left panel indicates that the mitochondria were the same with sequencing depth; the
right panel suggests that the numbers of the detected genes were significantly related to the sequencing depth. (C) PCA scatter plot displayed the dot
distribution after sample integration. (D) UMAP visualization of degenerative IVD, which identified 17 cell clusters. (E) The heatmap displays the top 5
genes of the identified markers genes of each cluster. (F) The violin plot shows the mean expression of the selected marker genes used for annotation in
each cell cluster. (G) UMAP visualization after annotation for each cell cluster. (H) UMAP visualization of cell populations distribution between early and
late degeneration stage. (I) The numbers of each cell type in different degeneration stage.

monocyte/macrophage population through UMAP dimensional
reduction method. Totally, we analyzed 1,824 monocyte/
macrophage cells based on variable genes and identified six
different sub-clusters (Supplementary Figure S3A). Based on the
distinct gene signatures, we identified the following five monocyte/
macrophage subtypes with distinct biological significance for
downstream analysis: OS related macrophages (EREG" ILIA"
macrophages), activated tissue macrophages (APOC1" CLU"~
macrophages), effector monocytes/macrophages (CTGF" COL3A1"
monocytes/macrophages), regulatory macrophages (AZU1" ELANE"
macrophages), and homeostatic macrophages (CTSL® MRC1"
macrophages) (shown in Figures 6A, B; Supplementary Figure S3B).
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Supplementary Figure S3D also displayed the normalized expression
levels of representative marker genes for each subtype.

Although there were no significant number changes in
monocytes/macrophages as a whole during early and late stages, we
observed an interesting trend of subtypes after monocytes/
macrophages re-clustering. The proportion of each subtype
underwent distinct changes during IDD: the subpopulation of
effector monocytes/macrophages and regulatory macrophages was
dominant at grade II but was drastically decreased from grade III;
with the progression of degenerative grade, we observed increased
proportions of OS related macrophages, activated tissue
macrophages, and homeostatic macrophages, while effector
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(A) Differences in cellular oxidative stress response of different groups at the single-cell level. (B) The OS-related functions among different cell
populations. (C) The heatmap shows each OS-related function among different cell populations. (D) Comparison of OS-related functions between early

and late stage in G-MDSC and GMP.

monocytes/macrophages and regulatory macrophages barely existed
(Figures 6C, D). Dynamic changes in the proportions of the subtypes
are summarized on UMAP plot in Supplementary Figure S3C.

To characterize the subtypes of monocytes/macrophages in detail,
we identified DEGs for each subtype, and the top 50 DEGs of each
subtype were analyzed by GO biological functions (Figure 6E). DEGs of
OS-related macrophages (the dominant population in late degenerative
IVD tissues) were enriched in functions like “acute inflammatory
response,” “ROS metabolic process,” and “response to oxidative
stress”; besides, they mainly expressed markers of M1 (IL1A, IL1B,
TLR4, and IL6), which were considered to act roles like M1. Activated
tissue macrophages had DEGs that were mainly associated with
activated inflammatory response like “response to lipopolysaccharide”
and “regulation of inflammatory response.” As expected, DEGs of
homeostatic macrophages and effector monocytes/macrophages were
chiefly enriched in protective functions like “tissue remodeling” and
“collagen binding;” meanwhile, both two subtypes highly expressed M2
markers (CSF1R, MRC1, C1QB, and C1QC), which may behave roles
like M2, and effector monocytes/macrophages also highly expressed
monocytes marker (CD14) and proliferative markers (CTGF and
PCNA) (56, 57). As for regulatory macrophages, they were mainly
involved in functions of regulating effects, such as “cytoplasmic
translation” and “humoral immune response” (Figure 6F;
Supplementary Figure S3D). Overall, we totally defined five distinct
subtypes of monocytes/macrophages, which suggested extensive
heterogeneity with each other in different degenerative stages of IDD.

Evolution lineage trajectory of different
monocyte/macrophage subtypes in IDD

We next performed the CytoTRACE analysis to further evaluate
the evolutionary dynamics of the monocyte/macrophage subtypes,
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which could reveal the direction of evolution and predict cell lineage
trajectories using gene counts and expression (43). Few kinetics were
observed in activated tissue macrophages, while regulatory and
effector monocytes/macrophages formed complex kinetics during
IDD (Figure 7A). To quantify the kinetic dynamics of CytoTRACE
results, we calculated the scores of each cell in Figure 7B, which
represent the evolutionary ability. Regulatory macrophages had the
highest levels of dynamics. In contrast, activated tissue macrophages
and homeostatic macrophages both had low levels of dynamics, which
were consistent with the findings from UMAP embedding (shown in
Figure 7A). The results suggested that regulatory and effector
monocytes/macrophages contributed to the formation of the rest
macrophages during IDD.

To investigated the dynamic transcriptome changes of these
subtypes, we next constructed monocle pseudo-time trajectory analysis.
The trace displayed that effector monocytes/macrophages that
accumulated at the root of the trajectory, homeostatic, and activated
tissue macrophages were distributed alongside different branches from
the root, while regulatory and OS-related macrophages accumulated
together at the tail end of the track (Figures 7C, E). The pseudo-time tree
branch diagram further demonstrated the detailed evolution process of
these monocyte/macrophage subtypes (Figure 7D). Results illustrated
that effector monocytes/macrophages were located at the father node,
which further divided into homeostatic and activated tissue
macrophages. Regulatory and OS-related macrophages clustered
together at the end of child nodes, which were consistent with the
trajectory evolution results. These data indicated that separate trajectories
of these subtypes were useful to depict their distinct evolution pathways;
effector monocytes/macrophages could evolve into homeostatic and
activated tissue macrophages, while regulatory macrophages could
evolve into OS-related macrophages.

For the trajectory towards OS-related macrophages (OS route)
(Figure 7F), we defined three distinctive clusters showing different
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FIGURE 6

(A) The distribution of macrophages among all cell populations and the further re-clustering of macrophages with UMAP visualization. (B) Five different
macrophage subtypes and their specific marker gene expression levels, with brightness indicating log-normalized average expression, and circle size
representing the percent expressed. (C) The number cells of macrophage subtypes in different degeneration stage. (D) UMAP visualization of
macrophage subtypes in different degeneration stage. (E) Heatmap of the top 5 of cluster-specific DEGs for each macrophage subtype; the color
indicated the relative gene expression. (F) Bar plots showing the —logl10 (p-value) from enrichment analysis of representative GO biological functions

among different macrophage subtypes.

modular gene expression alterations. We summarized the top 5 GO
biological functions in Figure 7G; notably, clusters 1 and 2 of the OS-
related macrophages route (which was exclusively expressed in highly
activated OS-related macrophages) suggested increased expression of
IL1B and IFN. In addition, highly activated OS-related macrophage
clusters displayed predominant enrichment of pro-inflammatory
mediators like IL1A, IL1B, CXCL8, and TNF (Supplementary Table
S2). These findings pointed that the specific subpopulation that
derived from regulatory macrophages had experienced IDD-
dependent activation of macrophage inflammatory responses.
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As for the trajectory from effector monocytes/macrophages, we
performed BEAM analysis for branch fate-determined gene analysis
according to node 1, branch heatmap visualized significant gene
expression alterations in different subtypes, cell type I represented
the smaller state ID (namely activated tissue macrophages), and cell
type II indicated bigger state ID (namely, homeostatic macrophages),
as shown in Figures 8A, B. We totally defined six distinct clusters and
analyzed their biological functions. Results suggested that genes in
cluster 4 became highly expressed in activated tissue macrophages,
with their biological functions associating with immune response,

frontiersin.org


https://doi.org/10.3389/fimmu.2023.1090637
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Li et al. 10.3389/fimmu.2023.1090637
A B Predicted ordering by CytoTRACE
CytoTRACE Phenotype
.»E PY o N & o ® o
‘ 5 %@
/»6
"3 Tal e
] o %, % -
£ s %,
c f =4
I} 5] ° e %,
o o 6%'0 ‘}%
§ £ o ] |
o frgced O g %"%
10 (Less i) . @ Regulatory macrophage K
08 9%
iﬂe © OSrelated macrophage %, %,
04 Effector mu_naz:yme/macmphageq%,b“7 % -
02 © Homeostatic macrophage %,
ooMowdt)  —10 @ Active tissue macrophage %,
-10 -5 0 5 10 -10 -5 0 105
Component1 Component1
Cc
o OS reated macrophage §
S e B b
@ Regulatory macrophage -
© Homeostatic maciophage A, ) 1
4 by
o [ GO BP (top 5)
I oot oo
Antinicrobalhumoral response-
Cell killing-
RNA metabolic process-
Cytoplasmic translation-
o 1 2 3 s
Cellular response to biotic stimulus-
Cellular response to lipopolysaccharide-
Cytokine-mediated signaling pathway-
© e aeiny matenn
."ﬁ 08 relted macrophage Cellular response to interleukin-1
¥ Response to tumor necrosis factor-
h o 5 10 15
/ Response to oxidative stress-
Cellular response to oxidative stress-
\ Response to reactive oxygen species-
Intrinsic apoptotic signaling pathway-
EY T P38MAPK cascade-
o L~ IR
—-— = ~Log10(p-value)
FIGURE 7
(A) Plot of the CytoTRACE pseudo-time order for the macrophage subtypes. (B) Calculation of CytoTRACE scores of each macrophage cell according to
predicted order. (C) Monocle pseudo-time analysis revealed the macrophage subtypes lineage progression. The left panel displays the different
macrophage subtypes along lineage progression; the right panel indicates the pseudo-time results of these subtypes. (D) Tree branch diagram of the
macrophage subtypes; the legend of macrophage subtypes is the same as in panel (C). (E) The detailed location of different macrophage subtypes along
the lineage progression. (F) Pseudo-time trajectory initiated from regulatory macrophages toward OS-related macrophages. (G) The left panel shows the
alterations of relative expression patterns of representative genes along the pseudo time. The right panel analyzed the GO biological functions in clusters
1-3, as defined in the left panel.

including cellular response to oxidative response and inflammatory
response. In contrast, genes in the rest clusters were mainly
overexpressed in homeostatic macrophages, with their biological
enrichment with protective functions like regulation of cell
proliferation, collagen fibril organization, and extracellular matrix
organization; they also showed increased expression of CIQA and
TGFB2, which were known to be key genes of well-differentiated M2
macrophages (42).

In brief, the monocyte/macrophage subpopulations experienced
time-dependent and subtypes-specific alterations during IDD
progression. These subpopulations exhibited a continuous spectrum
changes at the transcriptome level, which mainly began with effector
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monocyte/macrophages and regulatory macrophages from early
degenerative stage.

Signaling network for the intercellular
crosstalk regulating the homeostasis
of NP Cells

To seek further insights about the critical factors and the
pathways that contribute to the activation or homeostasis of NP
cells, especially between different monocyte/macrophage subtypes
and NP cells, we investigated the signaling network in the whole
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FIGURE 8

(A) Pseudo-time trajectory initiated from effector monocytes/macrophages toward activated tissue and homeostatic macrophages. (B) Branch trajectory
heatmap of the DEGs revealed gene expression alterations under different lineage progression directions, together with the main functions of these
genes in each cluster displayed. (C—E) Overview of the cellular inter-regulatory network and the correlation among different cell populations. (F) The
bubble plot shows each statistically significant ligand—receptor pair between NPPC and macrophage subtypes.

cell populations based on CellphoneDB and Cellchat analysis. Results
displayed highly regulated cellular communications from the
bidirectional interactions among those cell populations; the more
and thicker lines indicated more participated signaling pathways and
more interaction weights, and the size of circles represented the
numbers of each cell population (Figure 8C). Communication
correlation heatmap quantified the numbers or weights among
different cell populations, which demonstrated that the NPPC, NPs,
and monocytes/macrophages had actively regulated roles (Figure 8D);
thus, monocytes/macrophages were determined as the essential
immune niche components in degenerative IVD tissues. We further
divided monocytes/macrophages into distinct subtypes, and
regulatory network indicated that each subtype had distinct active
interactions with other cell populations (Figure 8E). The detailed
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signaling communication results between different subtypes and other
cell populations are shown in Figure 8F.

Notably, only regulatory and OS-related macrophages were
involved in vascular endothelial growth factor (VEGF) signaling
pathway through autocrine, which also served as receiver of VEGF
signals, while NPs and NPPC functioned as the main regulators of the
communication (Figure 9A). The SPP1 pathway had significant
changes in NPPC, NP cells, NK/T cells, and endothelial cells, which
were especially participated by monocytes/macrophages (except
regulatory and OS-related macrophages subtypes) (Figure 9B).
Moreover, the tumor growth factor beta (TGF-B) pathway was
modulated by regulatory macrophages and NPPC, mainly through
autocrine or paracrine mediation by TGFB1-TGFBRI or TGFBI-
ACVRI interactions. Intriguingly, the OSM signaling pathway was
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mainly observed in regulatory and OS-related macrophages through
paracrine, targeting NPPC. In the platelet-derived growth factor
(PDGF) signaling network, the effector monocytes/macrophages
acted as critical contributions by secreting PDGFA, PDGFB, and
PDGEFC ligands, leading to the paracrine from effector monocytes/
macrophages to NPPC and NP cells. In addition, the TWEAK
signaling pathway was mainly mediated by effector monocytes/
macrophages and homeostatic macrophages through paracrine
targeting NPPC and NP cells; the detailed information of these
activated signaling pathways is shown in Figures 9C-F. These
findings could also advance the intervention targeting potential
signaling pathways to ameliorate IDD.

Transcription factors regulatory network
among monocytes/macrophage subtypes

To explore the gene regulatory networks that determined cell fate
in the monocyte/macrophage subtypes, we performed SCENIC
analysis to decipher the regulatory activity (regulons) from the co-
expression of transcription factors (TFs). Totally, we discovered 357
regulons that were used to discriminate the different monocytes/
macrophage subtypes (Figure 10A). After the calculation of regulon
specificity score (RSS), totally, 25 regulons were further determined as
the core regulons that modulate the downstream functions. As shown
in Figures 10B, C, results illustrated that different subtypes
upregulated the expression of different TF regulatory networks. The
highly enriched regulons in activated macrophages included RXRB,
HOXA3, ZNF559, ZNF285 and MGA. The SIX4, SOX8, SOX9, ZIC1,
and TEF TFs were specific to effector monocytes/macrophages.
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Homeostatic macrophages exhibited strong enrichment of MTA3,
GTF3C2, MYC, ZNF567, and peroxisome proliferator- activated
receptor gamma (PPARG) TFs. OS-related macrophages were
enriched in regulons such as ERG, GATA2, HOXA9, TALl, and
SOHLH?2. As for regulatory macrophages, they mainly overexpressed
MZF1, HES6 CEBPE, FLI1, and POU3F1 TFs. The representative
motifs of each monocyte/macrophage subtype are illustrated in
Figure 10C. These identified TFs helped researchers further realize
the gene regulatory network by monocytes/macrophages and made it
possible for cell therapies to mitigate the IDD.

Discussion

The cellular heterogeneity of IVD tissues has been a long-debated
controversy due to the complexity of IDD (28). Although recent
studies have reported several single-cell transcriptomes of
physiological or degenerative IVD tissues, none have used a
longitudinal approach along with the natural disease course.
Inflammatory responses are closely related to oxidative stress and
immune processes (58), while few studies have focused on the
aberrantly expressed biomarkers associated with immune
infiltration and oxidative stress in degenerative IVD tissues.

Herein, based on the differential analysis, WGCNA, and immune
infiltration results, we finally determined four hub genes, namely,
CYP1A1l, MMPI1, CCND1, and NQOI1, which suggested tight
associations with the progression of IDD. The functional
enrichment annotations of DEOSGs further helped us realize the
potential mechanisms of IDD that oxidative stress responses,
xenobiotic stimulus, ferroptosis, and metabolism of cytochrome
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P450 were mainly involved in the pathological processes of IDD. We
previously discovered that lipid-metabolism gene CYPIB1 from
blood tissues could promote the development of IDD through
immune infiltration (59); this study further found that CYP1Al
behaved OS-related functions in IDD. The characteristic feature of
cytochrome P450 (CYPs) enzyme could produce H,O, directly or
indirectly via superoxide anions, which were also known as “NADPH
oxidase” activity. H,O, produced by CYPs could lead to the
accumulation of cytotoxic ROS, which thereby impairs cell
functions and causes tissue damage (60). This is the first time that
the essential roles of CYPs family with oxidative stress and immune
responses were connected with the pathological process of IDD,
which were worth of subsequent in-depth research. Existed studies
have reported the essential roles of MMPs family and their inhibitors
screening in the progression of IDD, among which MMPI1 may
participate partially through OS-related functions and inflammatory
reactions (61, 62). NQO1 served as antioxidant genes and played
essential roles in ameliorating inflammatory responses, reticulum
stress, and apoptosis of degenerative NP cells, which were partially
regulated by the antioxidant transcription factor Nrf2 (14, 63).
According to the immune infiltration analysis based on bluk-
RNA seq, Tregs, plasma cells, and monocytes/macrophages were
aberrantly activated in the progression of IDD. The results of the
significant changes in immune cells by immune infiltration analysis
could give us evidence in the following focused research by scRNA-
seq. The immune infiltration analysis is a developed algorithm based
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on gene expression. The 22 immune cell types have already been
determined since the algorithm was developed. Thus, single-cell
results further verified the above findings that different immune cell
infiltrations occurred in the early stage of IDD.

The number of neutrophils increased with the degenerative
stages, which also played essential roles in OS-related functions.
This study further intuitively demonstrated the importance of
neutrophils infiltration in mediating the development of IDD from
the single-cell level, which confirmed our previous deduction that
neutrophils could arrive and accumulate in degenerative IVD through
blood vessels and acted directly on NP cells by releasing inflammatory
factors, thereby undermining the immune privilege of IVD (59). G-
MDSC was widely defined as immature neutrophils, with
immunosuppressive functions that inhibit T-cell activation and
ROS production, which has been widely studied in neoplasms,
acting as a suppressor of anti-tumor immune response (64-67).
The numbers of G-MDSC were found to be decreased in late
degenerative IVD, and the potential protective roles of G-MDSC
have been reported by Tu et al. in IDD (25). This study further
determined that this protective process may be achieved by reducing
the levels of oxidative stress. In addition, GMP also possessed low
levels of OS-related functions, and the numbers were found to be
decreased in late degenerative IVD, which may behave similar
protective roles with immunosuppressive functions to ameliorate
IDD as G-MDSC did. Moreover, we observed that endothelial cells
also possessed high OS scores except monocytes/macrophages in
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IDD. Endothelial cells are vascular, non-conventional immune cells
that participated in angiogenesis, homeostasis, and the regulation of
vascular tone; they are also essential and active components of
immune responses (68, 69). Existing studies have reported the OS
functions of endothelial cells in different diseases like sepsis, acute
inflammation, and neurovascular defects of the retina, and that OS
activated endothelial cells, changed multiple endothelial cells
functions, and promoted pro-inflammatory, pro-coagulant, and
pro-adhesive phenotype (70, 71). Our findings further indicated the
essential connections between endothelial cells and the progression of
IDD on OS levels.

The inaccurate classification of monocytes/macrophages subtypes by
immune infiltration analysis resulted in the module difference in WGCNA
network. Based on the high levels of OS-related functions of monocytes/
macrophages in degenerative IVD, we further extracted monocytes/
macrophages to explore the longitudinal alterations of distinct
phenotypes during the different degenerative stages. Monocytes/
macrophages are heterogeneous, and their phenotypes and functions are
regulated by the surrounding microenvironment. The detailed
classification of monocytes/macrophages could help better understand
the different roles in the progression of diseases. Lee et al. have
conducted longitudinal approach based on scRNA-seq to reveal the
sequential changes of macrophages during severe acute respiratory
syndrome coronavirus 2 (SARS-CoV-2) infection, which classified nine
distinct macrophage subtypes and exhibited exciting results in the
progression of SARS-CoV-2 infection (42). In our study, we have
provided the evidence that monocytes/macrophages infiltration occurred
in the early degenerative stage of IVD. Importantly, we depicted the
longitudinal alterations of monocytes/macrophages and NP cells
heterogeneity within degenerative IVD tissue based on single-cell level.
We discovered and annotated five different subpopulations among
monocytes/macrophages, with their sequential and subtypes alterations
from early to late degenerative IVD. There remained complex monocyte/
macrophage subtypes in early degenerative IVD, with different pro- or anti-
inflammation functions. We also observed distinctive and stepwise
evolution lineage among those subtypes. The predominant dynamic
changes in the transcriptome mainly involved effector monocytes/
macrophages and regulatory macrophages, which drastically decreased at
degenerative grade III, suggesting that these populations experienced shift
of transcriptome features towards other populations. Based on the
CytoTRACE and pseudo-time trajectory analysis, we could infer that
OS-related macrophage clusters were derived from regulatory
macrophage clusters, which also indicated that OS-related macrophages
increased with degenerative stages, while with insufficient infiltration at
early stage. The effector monocytes/macrophages could further shift into
two subtypes of homeostatic and activated tissue macrophages with
distinctive functions, demonstrating that although inflammation-related
macrophages increased in severe degenerative IVD, protective
macrophages also existed against inflammation.

Increasing studies have reported not only that blood cells are
composed of endothelial cells but also that vascular-like structures
could be generated by non-endothelial cells (18, 72). Macrophages are
reported to regulate blood vessels growth, the new blood vessels could
serve as passage for macrophages into ECM, and the interactions
between macrophages and NP cells are potentially proangiogenic in
degenerative IVD (73-76). Notably, Barnett et al. have demonstrated
the significant finding that macrophages could form vascular mimicry
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channels in tumors or other hypoxic environments the same as cancer
stem cells did (77). In intercellular crosstalk signaling network, we
found that regulatory and OS-related macrophages mainly
participated in VEGF signaling pathway, which may behave similar
functions in degenerative IVD tissues, to form vascular mimicry
channels themselves. The identification of this novel type of
channels may help understand the development of IDD. Targeted
clearance of regulatory macrophages from early stage and OS-related
macrophages from late stage could reduce the angiogenesis. In
addition, we also analyzed and reported other regulatory pathways
between different monocyte/macrophage subtypes and NPPC or NP
cells. These potential signaling pathways may provide personalized
treatment targeting different subtypes through certain interactions.

Finally, a group of specific TFs were identified with distinct functions
in different monocyte/macrophage subtypes, together with their
corresponding binding motifs. Some TFs were reported to behave
different functions to modulate the homeostasis of NP cells. SOX9
played essential roles in chondrocytes differentiation. Existing study
demonstrated that the deletion of SOX9 could cause severe IDD
characterized by apoptosis and matrix remodeling (78, 79). PPARG
was reported to regulate osteoclast and osteoblast differentiation. Baroi
et al. have already reported its essential roles in the treatment of
osteoporosis (80). MTA3 is a latest identified member in the MTA
family. It usually downregulates the expression of SNAIL, a major
regulator of epithelium-mesenchymal transition, and subsequently
inhibits the invasion and migration of tumor cells (81). More
relationships between MTA3 and IDD are worth discovering. Zhang
et al. have confirmed the negative correlations of HOXA9 and IDD, in
which HOXA9 played pivotal roles in FAS-mediated apoptosis of NP
cells and HOXA9 could serve as potential therapeutic target in the
treatment of IDD (82). FLI1 belongs to the Ets transcription factor family
and is highly expressed in activated immune cells, which modulates the
development of monocytes/macrophages by the C-terminal
transcriptional activation domain. In addition, FLI1 also participated in
affecting the function of immune cells by regulating cytokines and
chemokines (83, 84). These identified TFs made it possible for cell
therapies to mitigate the IDD. Through the TFs, we can definitely
advance the development of NP cell homeostasis by combining the
potential TFs and downstream therapeutic targets in specific monocyte/
macrophage subtypes, within the degenerative IVD microenvironment.

Collectively, this study combined transcriptome and single-cell
sequencing results to systematically decipher the difference in OS-
related functions of different cell populations within degenerative IVD
tissues and further depicted the longitudinal alterations of immune cells,
especially monocytes/macrophages in different degenerative stages of
IDD. These findings further enhanced the understanding of the distinct
functions of monocyte/macrophage subtypes during IDD progression.
This study proposed that specific therapy strategies need to be formulated
on different stages of IDD, thereby providing personalized treatment
based on specific monocyte/macrophage subtypes.
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The macrophage is an essential part of the innate immune system and also serves
as the bridge between innate immunity and adaptive immune response. As the
initiator and executor of the adaptive immune response, macrophage plays an
important role in various physiological processes such as immune tolerance,
fibrosis, inflammatory response, angiogenesis and phagocytosis of apoptotic
cells. Consequently, macrophage dysfunction is a vital cause of the occurrence
and development of autoimmune diseases. In this review, we mainly discuss the
functions of macrophages in autoimmune diseases, especially in systemic lupus
erythematosus (SLE), rheumatic arthritis (RA), systemic sclerosis (SSc) and type 1
diabetes (T1D), providing references for the treatment and prevention of
autoimmune diseases.

KEYWORDS

macrophage, systemic lupus erythematosus, rheumatic arthritis, systemic sclerosis, type
1 diabetes

1 Introduction

According to whether tissues and organs are targeted by the damaging immune response,
autoimmune diseases classified into systemic autoimmune disease, such as systemic lupus
erythematosus (SLE) and systemic sclerosis (SSc) and rheumatoid arthritis (RA), or organ-
specific autoimmune diseases, such as thyroid disease, type 1 diabetes (T1D), myasthenia
gravis and multiple sclerosis (1, 2). The autoimmune diseases are clinically diverse but share a
fundamental etiology: the form of self-reactive antibodies, presence of self-reactive T cells,
and activation of the innate immune system (3). Although the exact pathogenesis remains
unclear, it is interesting to note that genetic, immunological, hormonal and environmental
factors are important triggers for autoimmune diseases (4).

However, it is difficult to precisely inhibit the abnormal immunity activation triggered by
pathogenic factors. The current treatment of autoimmune diseases is limited and relatively
conservative, which mainly depends on the overall inhibition of the immune response.
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However, blindly suppressing the immune response can cause
inevitable side effects such as infection. Therefore, there is an urgent
need to understand the pathological mechanism that causes the
initiation and development of autoimmune diseases so as to provide
new ideas for the prevention and treatment of autoimmune diseases.

The innate immune system exerts immune function independently
of antigens, which form the body’s immune defense system interacting
with the adaptive immune system. Abnormal innate immune response
is a significant reason for the breakdown of autoimmune tolerance,
which is closely related to the occurrence and development of
autoimmune diseases (5). Macrophage is a crucial part of the innate
immune system and participates in almost every biological process such
as tissue homeostasis, resisting infection, repairing after infection,
metabolism and inflammation, affecting the body’s development and
immune response (6, 7). This review summarizes the impaired
functions and abnormal macrophage activation and their roles in the
pathogenesis of autoimmune diseases showed in Figure 1, especially in
SLE, RA, SSc and T1D. In addition, the potential value of macrophages
in the treatment and prevention of autoimmune diseases is
also summarized.

2 Macrophage
2.1 The origin of macrophages

It has been universally accepted that macrophages in tissues are
differentiated from monocytes that originate in bone marrow (8).
However, studies in recent years have found that monocytes are not
the only source of macrophages. Tissue macrophages are also derived
from the yolk sac and fetal liver, which have self-renewal properties
independent of monocyte recruitment (9, 10). According to the tissue
distribution, macrophages can be divided into alveolar macrophages,

Pro-inflammatory
cytokines such as IL-6,
iNOS, IL-1B, TNF-a, et al.

M2
Anti-inflammatory
cytokines
immune tolerance
T Angiogenesis
Fibrosis

FIGURE 1

The possible abnormal macrophage activation in autoimmune diseases. The phagocytic function of macrophages is weakened in autoimmune diseases,
which inhibits the clearance of apoptotic cells. Increased apoptotic cells promotes the production of autoimmune antigens and antibody, and further
exacerbates inflammatory inflammation. In addition, macrophages promote the migration and abnormal activation of T cells including increased Th1/
Th17 differentiation and downregulated Treg differentiation, and ultimately cause abnormal activation of B cells. Besides, the imbalance of M1/M2
macrophages also involved in autoimmune. Abnormal M1 macrophage activation promotes the production of proinflammatory cytokines such as IL-6,
iINOS, TNF-o and IL-1B, which promote inflammation in targeted organs. Decreased M2 polarization inhibited the production of anti-inflammatory
cytokines and the immune tolerance. Besides, abnormal M2 macrophage polarization also affects vascular proliferation, fibrosis in autoimmune disease

such as SSc.
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intestinal macrophages, osteoclasts in bone, microglia in the brain,
Kupfter cells in the liver, Langerhans cells in the epidermis (10).
Secondary lymphoid organs also have distinct macrophages,
including marginal zone macrophages (MZMs) and metallophilic
macrophages in the spleen, which involved in clearance of apoptotic
cell and tolerance to auto-antigens (11). It is worth noting that
microglia and partial Langerhans cells are derived from yolk sac
progenitor cells as shown by pedigree tracing experiments. In
contrast, macrophages in other tissues, such as intestinal lamina
propria and dermis, are mainly derived from hematopoietic stem
cells (12-16). Macrophages are, therefore, key tissue sentinel cells that
react to tissue-specific signals, while retaining the ability to execute
physiological functions such as phagocytes. During chronic
inflammation such as autoimmune diseases, tissue-resident
macrophages fail to solve aggravated inflammation that leads to
immune system abnormal activation and damage. And peripheral
monocytes are recruited and differentiated into macrophages non-
homeostatically in combination with injury-associated signals
including pro-inflammatory cytokines, which are further activated
and participated in the body’s immune responses (17, 18). The tissue-
resident macrophages participate jointly in protecting tissue
homeostasis, and form the first line of defense against invading
pathogens. Miriam. et al. considered that embryonically derived
and monocyte-derived tissue-resident macrophages are likely to
promote the development of the disease through the maintenance
of tissue homeostasis through phagocytosis of cell fragments,
resistance to pathogen invasion, while recruited monocyte-derived
macrophages by disease-associated signals drives disease progression
(19). Similarly, recruited monocyte-derived macrophage also plays an
important role in autoimmune related diseases. For example,
infiltrated macrophages, especially proliferating macrophages was
seen in glomerulonephritis from patients with lupus, which may be
a potential diagnostic and prognostic indicator for renal injury (20).
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Ly6C is a marker for circulating monocytes in mice. Different
monocyte subpopulations Ly6C™ and Ly6C' exist in mice, which
express different adhesion molecule and chemokine receptor and gene
expression profile. Response to inflammatory signals Ly6C™
monocytes could rapidly infiltrate in inflamed tissues mostly
dependent on chemokine receptors C-C motif chemokine receptor
2 (CCR2), CCR6 and CCRS8 and results in enhanced liver fibrosis (21).
Inhibiting migration of blood monocyte into liver alleviated
macrophage infiltration in liver, and decreased pro-inflammatory
cytokines such as interferon gamma (IFNY), IL-6 expression in
chronic hepatic injury (22). Besides, inhibiting monocyte
recruitment by blocking C-C motif chemokine ligand 24 (CCL24)
or CCL2 may be an appealing novel therapy to limit fibrotic
manifestations of SSc (23).

The complex origin of macrophages has caused great difficulties
in the study of macrophage functions in autoimmune diseases.
Although the construction of mice with myeloid knockout has
brought a lot of convenience for the study of macrophages in vivo,
it also has certain limitations. On one hand, there are many kinds of
myeloid cells, and it is difficult to accurately study the function of a
single macrophage. On the other hand, macrophages in different
tissue are heterogeneous and plastic, showing different morphologies
and surface molecules. With the development of scientific research,
especially in flow cytometry and single cell sequencing technology, the
macrophage markers in different tissues are gradually discovered, and
the research of macrophages ushers in new opportunities and
challenges. At present, the studies about macrophage from different
sources is limited, and mostly current studies focus on the abnormal
function and mechanism of macrophages infiltrated in targeted
organs and tissues. How to specifically distinguish unbalanced
macrophages, specially manufacture macrophages that promote
disease, and supplement and maintain tissue stable macrophages
are the key and difficult points in autoimmune disease research.

2.2 Regulation in innate and
adaptive immunity

Macrophages are vital participant of innate immunity, which
recognize and effectively respond to invading pathogens, thus
providing an early defense against external attack. Pattern
recognition receptors (PRRs) on the surfaces of macrophage
including toll-like receptors (TLRs) and the NOD-like receptors
(NLRs) recognize pathogen-associated molecular patterns (PAMPs)
and endogenous danger-associated molecular patterns (DAMPs)
presented in the invaders and promote macrophage activation.
Macrophages further release antimicrobial mediators to target the
invading pathogen, chemokines to recruit immune cells to the
inflammatory site, and pro-inflammatory cytokines to aggravate
further inflammation, and even induce the adaptive immune
response for the particular invading pathogen. Besides, macrophage
forms a bridge connecting innate and adaptive immunity by
presenting endogenous or exogenous antigen. It has been well
known that antigen cross-presentation is crucial for initiating of
adaptive immune responses against cancer, infection and immune
tolerance. During this process, antigen-presenting cells (APCs)
present intracellular and extracellular peptides derived from
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ingested antigens on primary histocompatibility complex class I
(MHCI) protein complex to T lymphocytes (24). Although the
cross-presentation of antigens by macrophages is not understood as
well as that by dendritic cells (DCs), it is becoming clear that the
cross-presentation by macrophages especially in spleen, liver and
lymph nodes may help activate CD8" T lymphocytes (25).

Macrophage can participate in antigen presentation to Thl cells
and proliferation of T cells by surface co-expression molecules CD86
and MHCII, which indicate the significant role of the macrophage in
the development of cancer, autoimmunity and viral infections (26—
29). The CD8" T cells in mice with spontaneous autoimmune
peripheral neuropathy (APN) exhibit an effector/memory
phenotype required for the disease initiation. However, only
effector/memory CD8" T (CD8" TEM) cells are not sufficient to
induce autoimmune-mediated peripheral neuropathy and
macrophages are additionally required (30). The early depletion
of regulatory T cells (Tregs) in mice with acute cardiac injury
enhances the inflammatory activation of macrophages by increasing
the production of IFN-7y, which restrains muscle regeneration (31).
Human macrophages activated by Clq can inhibit the T helper (Th)
17 and Thl but promote Treg proliferation, orchestrating the
adaptive immune system to avoid autoimmunity (32). Hence, the
role of macrophage in connecting innate/adaptive immunity provides
opportunities to prevent disease onset, reduce relapses and develop
new therapeutic strategies. Intervening macrophage-T cell
communication signals to prevent excessive activation of T cells
may be an important research direction in the treatment of
autoimmune diseases

2.3 Phagocytic, efferocytosis and
secretory functions

Phagocytosis is an essential process for the uptake of particulate
matter, including microbes and dying cells. Dying cells can expose
and secrete signals that attract phagocytes and promote their
phagocytosis. Several studies have shown that macrophage
phagocytosis is affected by a variety of signaling pathways including
TLRs (26). Reactive oxygen species (ROS) generated by the
nicotinamide adenine dinucleotide phosphate oxidases (NADPH
oxidase-2, also known as NOX2) in macrophages is dispensable for
phagocytosis (33). The liver X receptors (LXRs) and the peroxisome
proliferator-activated receptors (PPARs), nuclear receptor families
that regulate genes involved in lipid metabolism and transport are
important components of macrophage phagocytosis (34). The
phagocytosis of dead and dying cells is a process known as
efferocytosis, which is performed by macrophages, other immune
phagocytes such as monocyte and DCs and non-phagocytes including
epithelial cells. Efficient efferocytosis limits the release of intracellular
PAMPs that drive inflammation and disrupting homeostatic
efferocytosis can also lead to accumulation of uncleared apoptotic
cells in autoimmune diseases. Efferocytosis mechanisms depends on
the signaling programs depicted: chemoattractant-mediated
recruitment of phagocytes, receptor-mediated recognition such as
PtdSer receptor cell immunoglobulin mucin receptor 4 (TIM4), TAM
family receptor tyrosine kinase receptor, engulfment of apoptotic
cells, and the processing of engulfed cellular material (35). Disrupted
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efferocytosis of macrophage promoted the accumulation of uncleared
apoptotic or necroptosis cells in autoimmune, which is a universal
feature of damaged tissues (36).

In response to exogenous danger signals or exogenous signals
recognized by pattern-recognition receptors (PRRs), macrophages
undergo physiological changes to initiate signal transduction cascades
and result in abnormal production of chemokines, cytokines and
toxic mediators, which can further enhance inflammation and
contribute to autoimmune pathologies (37). The anti-inflammatory
mediators by macrophages contribute to the dissolution of the
inflammatory response. Cytokines such as tumor necrosis factor
(TNF)-o, Interleukin (IL)-6, IL-1f, IL-12, 1L-18, IL-23 and
chemokines such as CXC chemokine ligands (CXCL)1, CXCL3 are
secreted by macrophages, which are essential mediators and drivers of
chronic inflammation and autoimmune diseases (38-40). Besides,
macrophages contribute to angiogenesis by secreting proangiogenic
proteases such as matrix metalloproteinases (MMP)-9 and MMP-12
(41-43). TNF-o. occupies a pivotal position in RA pathogenesis. The
TNF blockade reduced stromal cell activation, angiogenesis, and
sustain regulatory pathways by mediating cytokine and chemokine
and MMPs expression. And IL-6 signaling pathway promotes T cell
activation and migration by regulating chemokine expression (44). In
addition to clearing dead cells, macrophages significantly mediate
wound healing and tissue homeostasis by producing anti-
inflammatory molecules and tissue remodeling growth factors like
IL-10 and transforming growth factor beta(TGF-B) (45). Cytokines
including IL-6, IL-23, IL-10 and TGF-B all shaped Thl7 cell
differentiation placed at the center of autoimmune inflammation
(46). IL-18 contributes to Th1/2 differentiation, participate in
cytotoxic T cells (CTLs) and natural killer (NK) cells activation,
and ultimately IgE production from B cells (47). Besides, tissue
macrophages synthesize chemokines CXCL1/CXCL2 to increase
neutrophil recruitment, which is an important early step in
controlling tissue infections or injury (48). Islet-resident and islet-

10.3389/fimmu.2023.1080310

infiltrating macrophages can exacerbate P-cell destruction by
synthesizing TNF-o,, IL-12, IL-1f, and NOX2-derived ROS, which
mature autoreactive CD4 and CD8 T cell effector responses (49).

2.4 Regulation in metabolic processes

Macrophages are also involved in a variety of metabolic processes,
including arginine metabolism and glucose metabolism, which was
indicated in Figure 2. The M1 macrophages express nitric oxide
synthase (NOS) to metabolize arginine into NO and citrulline, which
further promotes the synthesis of downstream active nitrogen, finally
facilitating inflammatory response (50, 51). In addition, M2
macrophages regulate arginine metabolism and thus regulate cell
proliferation, tissue repair and inhibited inflammation by medicating
polyamine/proline synthesis (52). Macrophages maintain adaptive
responses to oxygen gradients and hypoxia by regulating their glucose
oxidative phosphorylation, glycolysis and fatty acid oxidation (53).
Based on the demands for energy and the production of specific
functional-associated factors, pro-inflammatory macrophages and
anti-inflammatory macrophages opt for distinct metabolic pathways
upon activation. Instead of M2 macrophage, M1 macrophages carry
out glycolysis and rely on fatty acid biosynthesis, and increased
glycolysis causes succinate accumulation and promote inflammation
by ROS/(hypoxia-inducible factor-1ot) HIF-10/IL1B pathway (54,
55). On the other hand, M2 macrophages possess a high basal
mitochondrial oxygen consumption rate (OCR), carry out oxidative
phosphorylation (OXPHOS), and require the induction of fatty acid
oxidation (55, 56). Different fatty acid metabolism, particularly
mitochondrial fatty acid oxidation in macrophage modulates
inflammatory signatures and macrophage phenotype, which
indicated the vital function of macrophage in hyperlipidemia-
associated autoimmune diseases include psoriasis, RA, and SLE.
Programmed macrophages by setting metabolic commitment for
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ROS/HIF/IL1B

Arginie metabolism gy

Glucose metabolism

Fatty acid metabolism

fatty acid biosynthesis

ciated

%

OXPHOS

fatty acid oxidation

JInflammation(iL-1p)
Tlmmune regulation
Treg differentation

Hyperlipi

FIGURE 2

Macrophages polarization and function in metabolism processes. Macrophage are also involved in a variety of metabolic processes, including arginine
metabolism glucose metabolism and fatty acid metabolism, to exert different immunological functions. The M1 macrophages express nitric oxide
synthase (NOS) to metabolize arginine into NO and citrulline, which further promotes inflammatory response. Instead, M2 macrophages inhibited
inflammation by medicating polyamine/proline synthesis. M1 macrophages carry out glycolysis, and causes succinate accumulation and promote
inflammation by ROS/HIF-1a/IL1B pathway. And M2 macrophages carry out oxidative phosphorylation (OXPHOS) could decrease IL-1B after pro-
inflammatory activation in macrophage, and promoted Treg differentiation to increase the regulatory function in immune system. M1 macrophage rely
on fatty acid biosynthesis and M2 macrophage require fatty acid oxidation. The function of macrophage on fatty acid metabolism modulates
inflammatory signatures and involved in hyperlipidemia-associated autoimmune diseases include psoriasis, RA, and SLE.
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OXPHOS increased programmed death ligand 1 (PD-L1) expression,
decreased IL-1f after pro-inflammatory activation in macrophage,
and promoted Treg differentiation to increase the regulatory function
in immune system (57). Moreover, macrophages resist parasite
infection by regulating glutathione and redox metabolism and
participate in tissue repair, tumor growth and anti-inflammatory
response by regulating iron metabolism (58-60). Furthermore, the
metabolites, in turn, mediate the macrophage response to
inflammation. Recent study has found that citrulline levels in
lipopolysaccharide (LPS) and IFNy-stimulated macrophages are
significantly reduced, which promotes inflammatory signals by
activating Janus kinase 2 (JAK2)- signal transducer and activator of
transcription 1 (STAT1) pathway (61). Citrulline can inhibit bacterial
load in the spleen and liver of Listeria monocytogenes-infected mice
by impeding pro-inflammatory macrophage activation (61).

2.5 Macrophage polarization

Macrophages display specific phenotypes and rapidly change their
functions under the local microenvironment, called macrophage
polarization (62). The phenotypes of macrophage polarization are
generally divided into two types: one is classically activated
macrophages (M1), which are pro-inflammatory and involved in the
elimination of pathogens and resist infection. The other is alternative
activation macrophages (M2) that are anti-inflammatory and involved
in tissue repair and reconstruction (63). The Th1 cytokine, such as IFNy
or LPS, can induce M1 polarization, while Th2 cytokines, such as IL-4,
can induce M2 polarization. Intracellular metabolite profiles of each
macrophage activation state presented a unique metabolic signature.
The 1D 1H NMR-based metabolomics identified increased adenosine
triphosphate (ATP) and decreased intracellular nicotinamide adenine
dinucleotide (NAD") in M1 macrophage, and increased adenosine
diphosphate (ADP), guanosine triphosphate (GTP), adenosine
monophosphate (AMP) in M2 macrophage (64). The Ml
macrophages express high levels of pro-inflammatory cytokines,
active nitrogen and oxygen intermediates, promote the responses of
Th1 and Th17 by secreting IL12 and IL23, and have strong bactericidal
and tumor-killing activity (63, 65). However, the M2 macrophages
indicate high phagocytic activity and high expression of scavenger
receptor (SR), macrophage mannose receptor (MMR), arginase-1(Arg-
1), IL10, TGF-B, which are mainly involved in parasite containment,
phagocytosis, promote tissue repair, wound healing, angiogenesis,
fibrosis and immune regulation (66, 67). In fact, depending on
induced agents, expressed markers, secreted mediators and functions,
M2 macrophages are further classified as M2a, M2b, M2c, as well as
M2d macrophages. The M2a macrophages induced by IL-4 or IL-13,
also known as wound healing macrophages, can increase endocytosis
activity and have immunity to parasites, tissue repair, collagen
formation and fibrogenesis (68). M2b macrophages stimulated by
immune complexes, TLR ligands or IL-1f, also known as regulatory
macrophages, have strong anti-inflammatory and immunosuppressive
effects (69). M2c macrophages induced by glucocorticoids, IL-10 or
TGF-B promote phagocytosis and clearance of dead cells (70). M2d
macrophages induced mainly by TLR antagonists, also known as tumor
associated macrophages (TAM), can promote angiogenesis and tumor
progression (71). However, M1 and M2 macrophages are the two
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extremes of the activation state of macrophages which cannot fully
represent macrophages in the complex microenvironment in vivo. The
dynamic balance of M1/M2 is crucial to maintain homeostasis.
Response to foreign stimulation such as microbial infection or tumor,
M1 macrophage is activated and promote inflammation to perform
robust antimicrobial and anti-tumoral function. And to protect against
the chronic inflammatory response, M1 macrophage is inhibited by
regulatory mechanisms driven by anti-inflammatory function of
enhanced M2 macrophages differentiation and promote tissue
regeneration, angiogenesis and wound healing (72). And the
imbalance contributes to the occurrence and development of many
diseases including infection, tumor and autoimmune diseases (73-75).
Fortunately, the high degree of plasticity allows macrophage switch
from one phenotype to another depending on encountered micro-
environment signals in each specific tissue, which providing a potential
treatment target for autoimmune disease.

3 Macrophages in SLE

SLE is a chronic systemic autoimmune disease with diverse
clinical manifestations characterized by immune system infiltration
and inflammation in damaged organs covering skin, lungs, joints,
kidneys and central nervous system (76). The abnormalities in the
activation state of circulating and tissue macrophages in patients with
SLE are crucial factors in the occurrence and development of the
disease (77, 78). Depleting macrophage attenuated skin and kidney
disease severity, which suggested the vital function in SLE
pathogenesis (79, 80). The pro-inflammatory patrolling monocytes
(PMOS) accumulated in the glomeruli in SLE patients and lupus mice
are the main components of lupus glomerular or kidney
inflammation (81). Emerging evidence has demonstrated that
macrophage infiltration is associated with lupus nephritis in mice
and humans (82, 83). Renal macrophage infiltration appears in
spontaneous NZB/W nephritis and IFN-accelerated models of lupus
nephritis (84). The function and numbers of MZMs are also reduced
in autoimmune BXD2 mice (85). The absence of MZMs results in
retention of apoptotic cell debris within the marginal zone and drives
follicular Ag-transportation by marginal zone B (MZB) cells to
stimulate an autoimmune response (85). The abnormal functions of
macrophage in SLE are indicated in Figure 3.

The phagocytic ability of macrophages from SLE patients is
weakened, which results in the production of autoantibodies and
SLE-like autoimmune nephropahy (78, 85). Hence the dysfunction of
macrophage phagocytosis may partly explain the gathering of
apoptotic cells in the germinal center of lymph nodes in SLE
patients (86). The mechanism response to the reduced clearance
rate of macrophages has been widely demonstrated. It has been shown
that the absence of PPARY in macrophage cannot obtain an anti-
inflammatory phenotype in the presence of apoptotic cells, finally
resulting in glomerulonephritis and the autoantibodies production of
nuclear Ags (87). The transcription factors Kruppel-like factor 2
(KLF2) and KLF4 also control apoptotic cells clearance program in
tissue macrophage and maintain the homeostasis (88). Moreover, the
increased autophagy and apoptosis in macrophage also contribute to
the pathogenesis of SLE. The autophagy-related genes (Atg5, Atgl2
and Beclin 1) were significantly upregulated in the splenic and renal
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The abnormal activation of macrophage in SLE. The abnormal microenvironment in SLE patients, such as the high expressed IFN-I, promotes monocyte
to recruit and differentiate into macrophages. In addition, increased antigen presentation of macrophage promotes B cell activation assisted with Th cells
and further promotes the production of autoantibodies. Macrophages can also cause cardiovascular risk by promoting foam cell formation with
increased SR-A and decreased ABCAL expression. The dysfunction of macrophage phagocytosis may increase the gathered apoptotic cells and results in
retention of apoptotic cell debris in SLE patients. Increased macrophage apoptosis and autophagy could contribute to autoantibody formation and organ
damage by increased apoptotic load and impaired clearance of apoptotic material, finally exacerbated the production of autoantigens. Besides,
macrophage infiltration the kidney promoted glomerular cell proliferation and early fibrosis by IL-10, MMP, osteopontin and growth factors. Besides,
increased apoptotic cells serves as autoantigen to aggravate autoimmune reaction and may cause multiple targeted organs such as skin, joint, or blood.

macrophages in activated lymphocytes-derived DNA (ALD-DNA)
induced lupus mice and in the peripheral blood mononuclear cells
from SLE patients. And adoptive transfer of autophagy-suppressed
macrophages alleviated lupus symptoms in SLE mice (89). Increased
monocyte/macrophage apoptosis could contribute to autoantibody
formation and organ damage by increased apoptotic load and
impaired clearance of apoptotic material, finally exacerbated the
autoimmune phenotype in NZB x SWR lupus-prone mice (90).
Besides, research about lupus nephritis in NZB/W mice suggested
that macrophage infiltration in the kidney promoted glomerular cell
proliferation and early fibrosis by IL-10, MMP, osteopontin and
growth factors (91).

SLE is a prototype autoimmune disease in which genetics play a
major role. Researchers have identified many new loci which are
attributed to the pathogenesis of SLE by genomewide association
studies (GWAS). SLE susceptibility loci related to macrophages are
mainly concentrated in genes that affect type I interferon (IFNI)
signaling, NFkB activation, TLR signaling, phagocytosis and immune
tolerance. Currently, more than 100 genetic risk sites related to SLE
and more than half of them are closely related to the production or
response of IFNI (92). IFNI promotes monocyte differentiation and
the expression of MHCII and costimulatory molecules (such as CD40,
CD80 and CD86) of macrophages to promote T cell activation (93,
94). Besides, increased IFNI levels in SLE patients can further
promote the recruitment and adhesion of monocytes, and
accumulation of macrophages in kidney and vascular lesions of SLE
patients (95-97). In addition, IFNT enhances scavenger receptor SR-A
and reduces ATP binding cassette subfamily A 1 (ABCA1) expression
to promote cholesterol efflux, oxidation low lipoprotein (ox-LDL)
uptake in macrophage and foam cell formation, which increasing the
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risk of cardiovascular diseases (96). Abnormal increased IFNI
promotes the translocation of MZB cells to the follicular region of
the spleen and disrupts the interaction between MZBs and MZMs,
preventing clearance of apoptotic cells debris and follicular entry
deterrence of apoptotic cells by MZMs (98, 99). The amplified TLR7
signaling in macrophage activation during antiviral responses and
autoimmune diseases can occur product IFNI in turn by promoting
phosphorylation and activation of MAP kinase p38 and transcription
factor STAT1 (100). TNIPI(TNFAIP3-interacting protein 1, also
known as ABIN1), a characteristic susceptibility gene for SLE
identified by GWAS can regulate IFN-I production in DCs and
macrophages through the TLR7 pathway (101). Large numbers of
renal myeloid cells in patients with lupus nephritis, including
macrophages, are activated. Almost all known susceptibility genes
that affect innate immune signals may potentially affect the
progression of lupus nephritis by activating myeloid cells in the
kidney (102). Some genes such as ITGAM and FCR can potentially
affect the recruitment of myeloid cells to the glomerular matrix by
binding to the immune complexes in the glomerulus (103). DCs,
macrophages and endothelial cells engulf C1q-coated apoptotic cells,
and deficient in the complement protein Clq inhibit the clearance of
apoptotic material and intensify lupus-like skin manifestations in
mice and humans (100). ITGAM is an established SLE susceptibility
locus, which impairs phagocytosis of complement-opsonized targets
in monocytes, neutrophils and macrophages. In conclusion, these
susceptible genes promote SLE pathogenesis through IFN-I-
macrophage immune axis, and rebalancing macrophage functions
may resist the damage of highly expressed IFN-I.

Abnormal macrophage polarization also has been identified in the
occurrence and development of SLE. The overwhelming M1
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macrophages promote the exposure of autoantigens and the
occurrence of autoimmune reactions (104, 105). The gene
expression profiles of myeloid cells from active SLE patients
expressed higher MIl-related genes and tend to promote
inflammation. In comparison, myeloid cells from inactive SLE
patients expressed higher M2-related genes and participated in
immune repair (106). Aberrantly expanding M1 macrophages were
dominating in MRL-Fas(Lpr) mice, hastened the onset of lupus
nephritis, mediated defective renal repair and non-resolving
inflammation (107). In the early stage of apoptosis, M2
macrophages can promote the production of anti-inflammatory
factors and phagocytize apoptotic cells in an anti-inflammatory way
called “bubble drink” (108, 109). Increased M2 macrophages reduced
pro-inflammatory cytokines expression and increased the secretion of
anti-inflammatory cytokines, which could be used for anti-
inflammatory therapy in SLE (110). TIPE2 overexpression by AAV-
TIPE2 induced M2 macrophage polarization, induced serum anti-
dsDNA autoantibody and pathological renal damage, increased urine
protein levels in the ALD-induced SLE mice (111). Adoptive
transplantation of M2 macrophages or stimulating monocytes to
differentiate into M2-like macrophages significantly reduced the
severity of SLE, while M1 macrophage metastasis aggravated the
development of SLE (112, 113). Virgin olive oil and its phenolic
components have been shown to prevent various inflammatory and
immune diseases, which may be related to inhibiting M1 and
promoting M2 macrophage polarization (114, 115). The above
studies show that the abnormal polarization of macrophages plays a
vital role in SLE, which will be a potential target for SLE therapy.
Current therapies for SLE are designed to resolve inflammation
with the goal of preventing permanent organ injury, and reduce
clinical symptoms. Mycophenolate mofetil (MMF), an inhibitor of
purine synthesis, inhibits the recruitment of monocytes and the
production of nitric oxide and superoxide in activated macrophages
to restrain tissue damage (116). The heterogeneity of disease
mechanisms in SLE suggests that cell- and cytokine- or pathway-
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specific therapies for macrophage would be effective in treatment
for SLE.

4 Macrophages in RA

RA is an autoimmune disease characterized by chronic
inflammation that eventually results in joint damage and even joint
dysfunction. It has been found that macrophage infiltration is
positively correlated with the degree of joint erosion, and increased
synovial macrophage infiltration in synovial tissue is an early sign of
RA (117-119). Clodronate could reduce knee swelling, inflammation
and joint destruction by eliminating synovial macrophages in rats
with antigen-induced arthritis (AIA) (120). Various mechanisms
generally lead to increased macrophage infiltration in inflammatory
sites, such as facilitating the expression of chemokines and pro-
inflammatory cytokines, local survival rate/reducing apoptosis
(121). Inhibited macrophage infiltration in synovial tissue may be a
protential target for RA treatment. Increased apoptosis of Ly6C*
monocyte derived macrophages, reduced monocyte migration into
the ankles and enhanced macrophage migration from the inflamed
synovial tissue to the draining lymph nodes are responsible for the
reduction of macrophages in synovial tissue after infliximab
treatment alleviated disease progress in hTNF-Tg mice (122).

The infiltrated macrophage further mediated various
inflammatory cell states, significantly contributing to the initiation
and perpetuation of synovitis in RA by orchestrating cytokine
network (123), as shown in Figure 4. Macrophages expedite
inflammation by promoting the production of Thl7 cells and
stimulating osteoclast differentiation by secreting cytokines
including IL-26 (124, 125). Besides, macrophages in synovial tissue
and synovial fluid mediate the chemotaxis and proliferation of
endothelial cells, promote the formation of pannus and infiltration
of inflammatory cells, and further expand the inflammatory response
in RA by producing vascular endothelial growth factor (VEGF) (126,

Osteoclast

inflammation

[ angiogenesis disorder ]

FIGURE 4

The function of macrophage in RA. The infiltrated macrophage further mediated various inflammatory cell states in synovitis by orchestrating cytokine
network. Macrophages promote inflammation by promoting Th17 cell differentiation and stimulating osteoclast differentiation by secreting cytokines
including IL-26. Besides, macrophages in synovial tissue and fluid mediate the chemotaxis and proliferation of endothelial cells, promote the formation
of pannus and infiltration of inflammatory cells, and further expand the inflammation in RA by producing endothelial growth factor (VEGF). And
macrophage-derived IL-8 also promote angiogenesis disorder in RA. The abnormally activated macrophage in RA patients show a proinflammatory

profile, which may be supported by activated B or T cells.
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127). And macrophage-derived IL-8 also promote angiogenesis
disorder in RA (128). The mechanism of abnormal activation of
macrophages is not clear at present. Burbano. et al. found that
increased circulating microparticles (MP) forming immune
complexes in SLE and RA patients favored the polarization of
monocyte-derived macrophages into a proinflammatory profile,
which promoted T and B cell activation, and B-cell survival (129).
Transcriptome profiles of highly inflamed RA synovial tissue (RA-ST)
also demonstrated that monocytes/macrophages show similar gene
patterns induced by bacterial and fungal, and activated B or T cells
also activate monocytes/macrophages (130).

Current conventional synthetic and biologic disease-modifying
anti-rheumatic drugs (DMARD:s) used in the clinic to treat of RA are
related to adjusting macrophage activation and reducing synovial
macrophage infiltration. Methotrexate, leflunomide or sulfasalazine
reduces macrophage accumulation by promoting apoptosis and
inhibiting Th1 response (123). Besides, the anti-TNF biological
anti-rheumatic drugs such as etanercept, adalimumab decreased
inflammatory cytokines production and increased phagocytosis in
monocyte derived macrophages, which all alleviated inflammatory
reactions (131). In addition, various monoclonal antibodies targeting
biomolecules produced by macrophages are available for the
therapeutic options of RA. The therapeutic efficacy of blocking
granulocyte-macrophage colony stimulating factor receptor (GM-
CSF) pathway like anti-GM-CSFR monoclonal antibody
mavrilimumab is linked to inhibited production of pro-
inflammatory mediators such as VICM (citrullinated and MMP
degraded vimentin fragment) biomarker released by activated
macrophages (132, 133). A monoclonal antibody to folate receptor
B (FR-B) produced by macrophages specifically accumulates in
inflamed lesions of murine RA and peritonitis disease models,
facilitating immune cells, including T cells, B cells, neutrophils and
DCs, to exit from the inflamed lesions and allative disease
processes (134).

The imbalance of macrophage polarization also occurs in RA. The
blood monocytes from RA patients had a propensity for preferential
differentiate toward M1-like macrophages that contributed to
synovial inflammation (135). Transcriptional omics study showed
that synovial macrophages facilitate the expression of pro-
inflammatory genes (INHBA, FCERIA, SLC2A1, MMP12, EGLN3,
NOS and CCR2) but restrain anti-inflammatory genes (IGF1, HTR2B,
FOLR2 and CD36) expression (136, 137). Besides, M1 macrophages
are characterized by decreased heme uptake and iron output but
increased iron storage, which could partly explain the phenomenon of
anemia in RA patients (138). The M1-to-M2 macrophage re-
polarization can also serve as a promising treatment for RA.
Targeted biologics that selectively regulate the function of
macrophages have broad research prospects for the treatment of
RA and also could solve the adverse effects of non-targeted drugs to a
certain extent. Interfering with glycolytic pathways activated in M1
macrophages can reduce pro-inflammatory factors production and
IgG antibodies, finally alleviating joint inflammation and damage in
CIA mice (139). The administration of Wilforlide A reduced clinical
scores, joint swelling and histological damage of collagen-induced RA
mice by inhibiting the secretion of pro-inflammatory factors (MCP1,
GM-CSF and M-CSF) and iNOS in the synovium (140). Angiotensin
II type 2 receptor (AT2R) activation and a developed triamcinolone-
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gold nanoparticle (Triam-AuNP) complex promotes
proinflammatory synovial macrophages to differentiate into the
tolerogenic macrophage, finally attenuating the joint pathology in a
rat model of collagen-induced RA (141, 142). The above studies have
shown that M1 macrophages are dominant in RA synovium,
regulating abnormal macrophage polarization is one of the
important therapies of RA. Many new drug vectors and targets
have been found to regulate macrophage function selectively.
Encapsulated plasmid DNA encoding IL-10 and the
chemotherapeutic drug betamethasone sodium phosphate (BSP) in
biomimetic vector M2 exosomes derived from M2 macrophages,
folate-modified triptolide liposomes (FA-TP-Lips) and folic acid
modified silver nanoparticles(FA-AgNPs) all serve as a promising
biocompatible drug to facilitate M2 macrophages polarization
selectively, thereby treating RA safely and effectively (143-145).
However, macrophages are incredibly heterogeneous. The focus and
difficulty of RA drug development will be how to distinguish, identify
and act on specific activated pathogenic macrophages.

5 Macrophages in SSc

Systemic sclerosis (SSc) is a chronic multi-system disease
characterized by autoimmunity, immune cell infiltration and
activation, fibrosis and vascular lesions, often accompanied by skin
involvement and visceral dysfunction including heart and lungs caused
by fibrosis (146, 147). Vascular complications such as pulmonary
hypertension and scleroderma renal crisis have become the leading
causes of disability and death of SSc (148, 149). The infiltrating
inflammatory leukocytes in the new affected skin from SSc patients
are mainly CD14" monocytes/macrophages (150). Transcriptomics
analysis found that monocytes continuously migrated and
differentiated into alveolar macrophages to promote fibrosis during
pulmonary fibrosis and selectively targeting the differentiation of
alveolar macrophages in the lung may improve fibrosis (151). These
researches suggested that monocytes/macrophages play an essential
role in the early pathogenesis of SSc, which was displayed in Figure 5.

Apoptotic cell clearance (efferocytosis) capacities of monocyte-
induced macrophage from SSc patients are significantly lower than
those in healthy donors, which partly explains the emergence of
circulating nuclear antigens (152). Besides, macrophage is a main
contributor for fibirosis. The CD14" monocytes and CD14"
pulmonary macrophages in SSc patients have elevated profibrotic
fibronectin production and are considered extracellular matrix
producers (153). Activated macrophages produced a variety of
cytokines, such as high levels of CCL18, CCL2, and CXCL8 but low
IL-10 expression, which enriched in perivascular regions of highly
fibrotic SSc skin to favor pro-inflammatory fibroblasts (154, 155).
Additionally, the excessive production of CXCL13 and vascular
VEGF by macrophages can also promote tissue fibrosis, immune
activation and abnormal vascular morphology in SSc (156, 157). The
formation mechanism of fibrogenic macrophages is still unclear. It
has been demonstrated that fibrotic macrophage might be activated
by a dysfunctional B cell in mice with bleomycin-induced SSc, and
correlated with the severity of fibrosis in SSc patients (158). Besides,
Dysregulation of TGF-3 and IL-4 signaling may also be responsible
for the pro-fibrotic function in SSc¢ macrophages (159).
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FIGURE 5

The abnormal functions of macrophage in SSc. The efferocytosis
capacities of macrophage in SSc patients are significantly reduced,
which cause the emergence of circulating nuclear antigens and
promote proinflammatory fibroblasts. Activated macrophages
produced a variety of cytokines, such as high levels of CCL18, CCL2,
and CXCL8 but low IL-10 expression, which enriched in perivascular
regions of highly fibrotic SSc skin to favor pro-inflammatory
fibroblasts. Additionally, the excessive production of CXCL13, elevated
profibrotic fibronectin and VEGF by macrophages can also promote
tissue fibrosis, immune activation and abnormal vascular morphology
in SSc. The fibrotic macrophage might be activated by a dysfunctional
B cell or dysregulation of TGF-B and IL-4.

The abnormal polarization of macrophages in SSc is relatively
complex. Studies have found that crystalline silica SiO or response gene
to complement 32 (RGC32) can promote macrophages to form an M1-
like phenotype and reduce M2 polarization, which caused the reduction
of macrophages efferocytosis in SSc (160, 161). However, the gene
expression profiles of affected skin, lung, esophagus and peripheral
blood in patients with SSc showed that the expression of M2-related
genes was significantly up-regulated in macrophages with pronounced
fibrogenic effect (162). Infiltrated macrophages in skin lesions from SSc
and local scleroderma were found to highly express CD163 (163-165),
indicating that M2 macrophage may also involve in skin fibrosis.
Besides, studies have found that some biological agents can inhibit
the process of SSc by reversing the polarization of M2 macrophages.
The PDE4 inhibition induced by nintedanib, rolipram and apremilast
and glycyrrhizin all ameliorate the fibroblast activation by impeding
M2 macrophage function in SSc-related mice (166-168). All the above
studies indicate that M2 macrophage infiltration may be a target for SSc
treatment. However, researchers had found the number of M1 and M2
macrophages in the skin of SSc patients was significantly increased,
indicating that macrophages in different polarized states might
synergistically promote the pathogenesis of SSc (169). Skin biopsy
RNA examined by next-generation RNA sequencing suggested that
most early diffuse SSc patients had a concomitant M1 and/or M2
macrophage signature, suggesting co-occurrence of dysregulated
fibroblast and macrophage polarization (169). Studies about TLR
signaling in fibrosis in SSC and other fibrotic diseases hinted that the
conflicting results may be related to long-term inflammatory
stimulation (170). Furthermore, macrophages can acquire memory-
like characteristics to copy with antigen exposure, protection against re-
infection and more efficient vaccine strategies. Recent research found
that trained macrophage acquired memory-like characteristics in
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response to antigen exposure can be targeted to SSc treatment. Low-
dose LPS training and adoptive transfer alleviated fibrosis and
inflammation in SSc¢ mice, while BCG-training aggravated disease in
this model (171). The long-term and complex in vivo
microenvironment may be an essential promoter of macrophage
activation that is unique to SSc patients. However, the function and
mechanism need to be further explored.

6 Macrophages in T1D

T1D is an autoimmune disease characterized by the continuous
destruction of islet cells caused by islet leukocyte infiltration (172).
The loss of pancreatic § cells can lead to uncontrolled blood glucose
and various complications such as cardiovascular disease,
nephropathy, retinopathy, heart attack and stroke, which require
lifelong dependence on exogenous insulin (173). Islet inflammation is
one of the main mechanisms of pancreatic B-cell injury and the
development of T1D. In diabetes-prone biological breeding rats (DP-
BB), it has been demonstrated that macrophages are the first immune
cells to infiltrate into islets (174). Furthermore, there were no
lymphocytes in the islets when macrophage infiltration was
prevented (175), suggesting that lymphocyte recruitment in islets
depends on the macrophage. In addition, the immunohistochemical
results of pancreatic specimens from newly diagnosed T1D patients
confirmed the presence of macrophages in early and advanced
inflammation (176). Various research about spontaneous T1D
animal models has shown that specific clearance of macrophages in
vivo can significantly inhibit Th1 but increase Th2 immune response
induced mainly by IL-12, and inhibited cytotoxic effector of CD8" T,
even remaining selective acceleration of the recruitment of CD8" T
cells into the islets (177-179). Depleting macrophage by liposomes
containing clodronate also selectly abolished diabetogenic CD4" T
cells induced diabetes even with inflammation existence (180).

The microenvironment in T1D pancreas promote the recruitment
of macrophages and abnormal functions. It was found that islet resident
macrophages of non-autoimmune mice had immunomodulatory
phenotype and could promote Treg cell differentiation in vitro (181).
Deficiency of immunomodulatory function in macrophages may be an
essential mechanism of pathogenesis of T1D (181). In addition, the
migration and phagocytosis to target inflammatory cells of macrophage
in the streptozotocin (STZ) -induced T1D model weakened islet cell
immune defense (182). Diabetgenic CD4 T cells produce a variety of
inflammatory cytokines and chemokines such as CCL1, resulting in the
recruitment of macrophages into pancreas (183). Reduced integrin-
associated surface factor CD47 on islet cells promoted macrophage
migration and phagocytosis of endogenous cells (182). Instead of
clearing apoptotic cells silently without production of pro-
inflammatory cytokines, macrophages in T1D secret inappropriately
high amounts of IL-1B and TNF-a to contribute to the initiation or
continuation of an immune attack towards the pancreatic beta-cells
(184). Besides, previously research also showed that macrophages from
non-obese diabetic (NOD) mice are activated and engulf apoptotic cells
at a lower rate, which might result in secondary necrosis, inflammation
and self-antigen presentation in T1D (185).

And increased macrophage-derived cytokines including IL-12,
TNF-o and IL-1P selectively in spleen lymphocytes and pancreatic
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islet are responsible for the inflammatory cascade of events leading to
the destruction of pancreatic 3 cells (186). Macrophages are involved
in regulating the infiltration and functions of immune cells in T1D.
Recruited macrophages in the pancreas by diabetes-derived T cell
produce IL-1f3, TNF-o. and NO, and express chemokine receptors
CCR5, CXCR3 and CCRS8 to further recruit and active other
inflammatory cells (183). The interaction between inflammatory
macrophages and B-cells promote the production of CXCR2 ligands
(CXCL1 and CXCL2) in the pancreas of T1D mice, which further
recruit diabetogenic CXCR2" neutrophils from the blood into the
pancreatic islets (187). Autoreactive CD4" T cells destroyed f cells
through a Fas-dependent mechanism that was assisted by cytokines
IL-1a, IL-1PB, and IFN-y (188). Besides, macrophge derived IL-12
might contribute to the development and activation of B cell-
cytotoxic Thl and CD8 cells in NOD mice (189). And
macrophages selectively traffick autoimmune cytotoxic T cells into
the islets via IFN-I signaling even without entering the islets, and
ablation of IFN-I signaling on macrophages limits the onset of T1D
(190). The role of macrophage on the pathological process of T1D was
shown in Figure 6.

Macrophage polarization may act as a potential therapeutic agent
for T1D. M2 macrophages explicitly located in the inflammatory
pancreas could significantly inhibit the proliferation of T cells and
promote the survival of B cells after adoptive transfer into
spontaneous T1D mice, resulting in resistance to T1D in non-obese
resistant (NOR) mice (191). In addition, the survival of transplanted
islets was partly dependent on the content of M2 macrophages (192,
193). The early glycosylation products (EGPs) produced in the first
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step of Maillard reaction/glycosylation alleviated insulin resistance
and pancreatic immune infiltration by increasing the M2/MI1 ratio
(194). Macrophage-specific knockout ubiquitin coupling enzyme E2
can weaken the energy metabolism and M2 type polarization of
macrophages, thus increasing the risk of diabetes T1D induced by
STZ (195). Hence, promoting M2 but inhibiting M1 macrophage
polarization may be an important target for preventing and
treating T1D.

Macrophage-derived proinflammatory cytokines, chemokines
and their receptors were identified the suitable targets for the
therapeutic interventions of T1D. The TNF-o inhibitor infliximab
could alleviate T1D, which might be related with the reduced
presentation of islet antigen to both effector CD4" and CD8" T
cells (196, 197). And IL-6 has also been suggested as a target for T1D
treatment (198). Multiple strategies blocking the CXCR1/2 pathway
main expressed in macrophage inhibited leucocyte recruitment and
prevent inflammation and autoimmune mediated islet damage, which
was new interventional approach for T1D (199).

7 Discussion

The possible functions of macrophages in autoimmune diseases
as described in Table 1. In brief, the scavenging ability of macrophages
was destroyed, leading to the accumulation of autoimmune
complexes in local tissues. Besides, the abnormal macrophage
activation induced a series of irrepressible pro-inflammatory
responses, and promoted the activation and recruitment of

neutrophil recruitment

Autoimmune cytotoxic T cell
recruitment

FIGURE 6

The role of macrophages in the pathogenesis of T1D. The microenvironment in T1D pancreas promote the recruitment of macrophages and abnormal
functions. Islet resident macrophages in T1D had defected immunomodulatory phenotype and might inhibit Treg cell differentiation. In addition, the
migration and phagocytosis to target inflammatory cells such as apoptotic cells of macrophage in T1D are decrease. And macrophage secret
inappropriately high amounts of IL1B and TNFa. to contribute to the initiation of an immune attack towards the pancreatic beta-cells. The unengulfed
apoptotic cells might result in secondary necrosis, inflammation and self-antigen presentation in islet. And increased macrophage-derived cytokines
including IL-12, TNF-o. and IL-1p are responsible for the inflammatory cascade of events leading to the destruction of pancreatic B cells. The interaction
between inflammatory macrophages and B-cells promote the production of CXCR2 ligands (CXCL1 and CXCL2), which further recruit diabetogenic
CXCR2™" neutrophils. Autoreactive CD4* T cells destroyed B cells assisted by cytokines IL-10, IL-1B, and IFN-y. Besides, macrophage derived IL-12 and
IFN-1 signaling might contribute to the development and activation of B cell-cytotoxic Thl and CD8 cells.
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TABLE 1 Possible function of macrophages in autoimmune diseases.
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Macrophage function Macrophage polarization

SLE |« Increased autophagy of macrophage
« Aggravating the inflammatory response
« Reduced phagocytosis to apoptotic cells

RA « Increased anti-apoptosis
« Increaed migration of macrophages to local tissues
« Promoting Th17 differentiation and joint inflammation
« Promoting the formation of pannus and causes further infiltration of
inflammatory cells

SS « Increased anti-apoptosis in macrophage
« Reduced phagocytosis to apoptotic cell
« Producing multiple cytokines to participate in fibrosis and angiogenesis

TID |« Promoting the inflammatory response in islets
» Mediating T cells recruitment and activation
« Promoting immune cell infiltration and autoimmune response in islets

1 MI: Increasing secretion of pro-inflammatory cytokines
| M2: Reducing anti-inflammatory factors and phagocytize apoptotic cells

1 MI: Increasing iron storage and glycolysis, releasing pro-inflammatory cytokines to
promote inflammation

1 M2: Increasing M2-related fibrotic phenotype

| M2: Insulin resistance and pancreatic immune infiltration are related to reduced M2
polarization

lymphocytes in local tissues, resulting in tissue damage. In
addition, the aberrant polarization of macrophages has been
identified to contribute to the pathogenesis of autoimmune diseases.
However, due to the significant heterogeneity of macrophages, the
polarization of macrophages varies significantly in different tissues
and even in different phases of the same disease. Systematically and
comprehensively understanding the polarization of macrophages in
autoimmune diseases will conduce to the prevention and treatment of
autoimmune diseases.

Currently anti-macrophage therapy in autoimmune diseases
mainly focuses on down-regulation the production of abnormal
macrophage-derived pro-inflammatory cytokines production,
elimination of dysfunctional macrophage from the inflammatory
regions such as inhibiting monocyte recruitment and differentiation,
and upregulation of anti-inflammatory cytokines. In recent years,
macrophage-derived extracellular vesicles composed of microvesicles
and exosomes have aroused increased interest in the treatment for
autoimmune disease. The macrophage-derived extracellular vesicles are
considered as optimal delivery vehicles for the minimal toxicity and
specific target effect. Macrophage-derived microvesicle-coated poly
(lactic-co-glycolic acid) (PLGA) nanoparticles to encapsulate
tacrolimus significant suppress the progression of RA in mice, which
is an efficient biomimetic vehicle for RA targeted treatment (200).
Besides, macrophage-derived extracellular vesicles efficiently delivered
dexamethasone into inflamed kidney and effectively suppress
inflammation and fibrosis in kidney (201).

Various new techniques such as single-cell sequencing,
metabolomics and other multi-omics research methods have been
applied in autoimmune diseases research and have achieved
considerable achievements. A single-cell sequencing result of a
mixed lung cell sample from bleomycin-induced lung injury mice
found a group of disease-related transitional macrophages that
specifically express CX3CR1 and PDGF-AA and are located in
fibrotic scars to promote fibrosis (202). This study provides an
effective target for preventing and treating pulmonary fibrosis-
related diseases. In addition, single-cell pseudo-time analysis infer
the transcription trajectory of macrophages when they gradually
change their gene expression profile during autoimmunity,
suggesting that we can find the molecular changes in the early stage
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of the disease and the most decisive target. The application of multi-
omics methods at the single-cell level will provide an effective means
for exploring the potential mechanisms of abnormal macrophage
phenotypes and offer a solid theoretical basis for preventing and
treating autoimmune diseases.
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distinct subsets of M2-like
reparative macrophages during
regenerative inflammation
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Macrophage polarization is a process whereby macrophages develop a specific
phenotype and functional response to different pathophysiological stimuli and
tissue environments. In general, two main macrophage phenotypes have been
identified: infammatory (M1) and alternatively activated (M2) macrophages
characterized specifically by IL-1B and IL-10 production, respectively. In the
cardiotoxin-induced skeletal muscle injury model bone marrow-derived
macrophages (BMDMs) play the central role in regulating tissue repair. Bone
marrow-derived monocytes arriving at the site of injury differentiate first to M1
BMDMs that clear cell debris and trigger proliferation and differentiation of the
muscle stem cells, while during the process of efferocytosis they change their
phenotype to M2 to drive resolution of inflammation and tissue repair. The M2
population is formed from at least three distinct subsets: antigen presenting,
resolution-related and growth factor producing macrophages, the latest ones
expressing the transcription factor PPARY. Nuclear receptor subfamily 4 group A
member 1 (NR4AL; also termed Nur77) transcription factor is expressed as an
early response gene, and has been shown to suppress the expression of pro-
inflammatory genes during efferocytosis. Here we demonstrate that (1) Nur77
null BMDMs are characterized by elevated expression of PPARy resulting in
enhanced efferocytosis capacity; (2) Nur77 and PPARy regulate transcription in
different subsets of M2 skeletal muscle macrophages during muscle repair; (3)
the loss of Nur77 prolongs M1 polarization characterized by increased and
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prolonged production of IL-1B by the resolution-related macrophages
normally expressing Nur77; whereas, in contrast, (4) it promotes M2
polarization detected via the increased number of IL-10 producing CD206*
macrophages generated from the PPARy-expressing subset.

KEYWORDS

macrophage, PPAR gamma, Nur77, polarization, cardiotoxin, skeletal muscle

injury, efferocytosis

Introduction

Clearance of apoptotic cells (efferocytosis) by macrophages plays a
central role in maintaining tissue homeostasis. During the efferocytosis
process macrophages not only clear apoptotic cells and degrade them,
but also release various biologically active signaling molecules the
release of which is triggered by the apoptotic cell uptake itself. If
these molecules are released in resting tissues, they provide local trophic
support, as some of them are growth factors (1). In the thymus they
contribute to the thymic selection processes by directing the formation
of regulatory T cells (2), and by regulating the signalling threshold of
negative selection (3). Following tissue injury, however, they drive the
resolution of inflammation and tissue repair (4). Proper efferocytosis
regulates the proper production of these engulfing macrophage-derived
regulatory molecules. The efferocytosis process in vivo is initiated by
finding the apoptotic cells by macrophages via the help of ‘find me’
signals released from the apoptotic cells (5). Macrophages then
recognize the apoptotic cells via their characteristic cell surface
changes. The most well-known cell surface change is the exposure of
phosphatidylserine (PS), a key ‘eat me’ signal, on the surface of dying
cells (6). Multiple receptors on the surface of macrophages such as
Tim4, stabilin-2, or BAII, recognize and bind to PS directly, whereas
other receptors use bridging molecules to link the phagocytic receptor
to PS (7). Bridging molecules are present in the serum but are also
actively produced by the macrophages. One of them is milk fat globule-
EGF-factor 8 (MFG-E8) which uses its RGD motif within its EGF-like
domain to bind to various integrin receptors, such as B3 and 5
participating in the phagocytosis process, but also contains gamma
carboxylated glutamate side chains to link the protein to PS (8, 9). In
addition to using bridging molecules, integrin receptors also require
coreceptors, such as Tim4 by integrin B1 (10) or transglutaminase 2
(TG2) and CD36 (11-13) by integrin B3, for their proper phagocytic
function. Phagocytes in different tissues express different combinations
of the various efferocytosis receptors, but all of the expressed ones
assemble and function together in the phagocytic synapse to mediate
tethering, and to initiate sufficient engulfment signaling once
macrophages interact with the apoptotic cells (14). So far two
efferocytosis signaling pathways have been identified that trigger the
apoptotic cell uptake, and both lead to the activation of the small
GTPase Racl (15). Nur77 (NR4a) is a transcription factor, which
belongs to the steroid/thyroid hormone receptor superfamily, and is an
orphan receptor for which no ligand is known (16). Besides forming a
heterodimer with the retinoid X receptor to mediate retinoic acid-
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dependent transcription to reporters containing the DR5 regulatory
element, it can also bind in monomeric form to promoters containing
the Nur77 binding response element (17), as well as a homodimer to
the Nur77 response element carrying ones (18). In addition, similar to
other members of this transcription family, it is able to interact with
other transcription factors, such as nuclear factor kappa-light-chain-
enhancer of activated B cells (NF-kB) (19), and regulate their
transcriptional activity. The activity of Nur77 was shown to be
controlled through transcriptional regulation, posttranslational
modifications, protein-protein interactions and subcellular
localization (20, 21). Nur77 is abundantly expressed in various
tissues including myeloid cells. Loss of Nur77 in macrophages has
been reported to result in enhanced pro-inflammatory cytokine release
following Toll like receptor 4 stimulation, and in an MI type pro-
inflammatory polarization in various atherosclerosis models. The effect
has been linked to uncontrolled NF-B activation leading to enhanced
transcription of various inflammation-related genes (22). Recently the
transcriptome of bone marrow-derived macrophages (BMDMs) from
wild-type (WT) and Nur77-knockout (Nur77 KO) mice has been
analyzed (23). In addition to the enhanced expression of a group of
inflammation-related genes, IPA Upstream Regulator Analysis
revealed Racl as an activated upstream regulator possibly mediating
changes in gene expression induced by the loss of Nur77. Since
enhanced Racl activity of BMDMs is known to be associated with
enhanced efferocytosis capability, we decided to investigate
phagocytosis of apoptotic cells mediated by the Nur77 KO
macrophages. As phagocytosis of apoptotic cells plays a crucial role
also in promoting formation of M2-like reparative macrophages which
guide tissue repair during regenerative inflammation (24), we also
followed the formation of reparative macrophages in the absence of
Nur77 in the cardiotoxin-induced injury model of skeletal muscle.

Results

Nur77 KO bone marrow derived
macrophages have enhanced efferocytosis
capacity due to an increased integrin 33
and (35 signaling

Since previous studies indicated that Nur77 KO BMDM:s have

an enhanced Racl gene signature (23), and Racl is known to play a
determining role also in efferocytosis by regulating lamellopodia
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formation (25), we checked whether Nur77 KO BMDMSs have an
altered efferocytosis capacity. As seen in Figure 1A, in line with the
enhanced Racl gene signature, we also observed an increased
efferocytosis capacity of BMDMs after a 45 min exposure to
apoptotic cells. Loss of Nur77 resulted not only in an increase in
the percentage of engulfing macrophages but also an increase in the
number of engulfed apoptotic cells (Figure 1B) detected as an
increased mean fluorescence within the engulfing macrophage
population (415 + 18 versus 482 + 18 in the wild-type and knock
out macrophages, respectively. Significantly different p<0.05). This
enhancement was more pronounced, if macrophages engulfed
apoptotic cells first for 6 h, and their efferocytosis capacity was
determined 18 h later (Figure 1A). To check whether the observed
difference in the efferocytosis capacity is related to a bridging
molecule-driven efferocytosis pathway in Nur77 KO
macrophages, their phagocytosis was also determined after
washing the cultured medium away (Figure 1C). As compared to
the efferocytosis capacity determined after 24 h in culture, the
efferocytosis capacity of both types of macrophages decreased, if the
culture medium was washed away (removal of the macrophage-
produced bridging molecules), and phagocytosis was determined in
the absence of fetal bovine serum (FBS) (removal of the serum-
derived bridging molecules). What is more, the difference between
the two types of macrophages completely disappeared. These data

10.3389/fimmu.2023.1139204

indicate that the enhanced efferocytic capacity of Nur77 KO
macrophages is related either to enhanced production of a
bridging molecule or to increased expression of a bridging
molecule-dependent efferocytosis receptor. To determine, whether
enhanced production of a bridging molecule is responsible for the
observed effect, we compared the mRNA expression of each
bridging molecule in the wild-type and Nur77 KO macrophages,
and found that only that of MFG-E8 was increased, whereas no
change in the mRNA expression of protein S, Gas6, Clgb or
thrombospondin (THBS)-1 was found (Figure 1D). Next, we
checked whether gene expression of the target efferocytosis
receptors of the various bridging molecules is altered. However,
we have not found a change in the expression of Axl, MerTK, or
CD91, targets of Protein S, Gas6 or Clgb (Figure 1E). Since
previous studies have shown that MFG-E8 binds to various
integrin receptors via its RGD domain (8, 9), we also checked the
mRNA expression of the various integrins and their coreceptors.
While the mRNA expression of integrin 1 and 3, and that of
Tim4 was not altered by the loss of Nur77 (Figure 1E), the basal
gene expression of both CD36 and TG2 was significantly higher in
the Nur77 KO macrophages, and we found a moderate increase in
the expression of integrin 35 as well. Altogether, these data indicate
that an enhanced integrin 33 and B5 signaling might be responsible
for the enhanced efferocytosis capacity of Nur77 KO macrophages.
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Loss of Nur77 in BMDMs leads to enhanced efferocytosis due to an increased integrin B3 and B5 signaling. (A) /n vitro uptake of fluorescently-labeled
apoptotic thymocytes by WT and Nur77 KO BMDMs following 24 h incubation after seeding the BMDMs or after 6h co-culture with non-labeled
apoptotic thymocytes followed by additional 18 h incubation. The percentage of engulfing macrophages was determined by flow cytometry analysis
A representative histogram of each experimental setting is also shown. (B) One representative confocal image showing efferocytosis by wild-type
and Nur77 KO BMDMs following 24h in culture. Alexa Fluor 488 conjugated anti-F4/80 antibody -labelled macrophages appear as green cells, while
Deep Red dye-labelled apoptotic thymocytes appear as red cells. (C) Efferocytosis by WT or Nur77 KO BMDMs following 24h culture in 10% FBS
containing DMEM or washing the culture medium away and using a fresh DMEM without FBS during the 45 min efferocytosis. A representative
histogram of each experimental setting is also shown. (D, E) mRNA expressions of various bridging molecules and phagocytic receptors determined
by gRT-PCR in WT and Nur77 KO BMDMs following 24 h in culture. B-actin was used as a reference gene. All the results are expressed as mean +
SEM (n = 3). Asterisks indicate statistical significance (*P < 0.05, **P < 0.01, *** p < 0.001).
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Increased expression of PPARy drives
the enhanced phagocytic capacity of
Nur77 KO BMDMs

How can the loss of Nur77 affect the expression of genes related
to the integrin B3 and (5 signaling pathways? Previous studies have
shown that engulfing macrophages are capable of increasing their
efferocytosis capacity via activation of their lipid-sensing nuclear
receptors (liver X receptor (LXR)o/, PPARy and 9). These
transcription factors, in turn, induce the expression of various
phagocytic receptors or bridging molecules (26-28). Since the
difference in the efferocytosis capacity between WT and Nur77 KO
macrophages was more pronounced, if macrophages have already
engulfed apoptotic cells (Figure 1A) when the content of the
engulfed apoptotic material triggers activation of these nuclear
receptors, we checked their mRNA expression. While the mRNA
expression of PPARS and that of LXRa did not change (Figure 2A),
the mRNA expression of PPARY significantly increased in Nur77
KO macrophages. Enhanced PPARY levels were detected in the
Nur77 KO macrophages at the protein level as well (Figure 2B). In
addition, the mRNA level of its known target gene, fatty acid
binding protein (FABP) 4 (29), was also significantly elevated in
the Nur77 KO cells (Figure 2C). Accordingly, inhibition of PPARy
transcriptional activity by GW9662 for 24 h decreased the
efferocytic capacity of Nur77 KO macrophages (Figure 2D). What
is more, in the presence of the inhibitor the difference in the
efferocytosis capacity of the two types of macrophages
disappeared. Altogether these data indicate that the difference in
the efferocytic capacity of the Nur77 KO macrophages is related to
an enhanced PPARY transcriptional activity.

10.3389/fimmu.2023.1139204

PPARY induces the synthesis of retinoic
acid to upregulate integrin signaling

Previous studies from our laboratory have demonstrated that
engulfing macrophages produce retinoids that upregulate the
expression of various phagocytic receptors (30, 31). This
enhancement in the phagocytosis gene expressions was partially
mediated via an LXR-dependent induction of retinaldehyde
dehydrogenases (RALDHs), enzymes that are specifically involved
in the synthesis of retinoic acids, and that of retinoic acid receptor
(RAR)a, a nuclear receptor for which retinoic acids serve as ligands
(31, 32). Since we have shown previously that rosiglitazone, a PPARY
agonist, was also capable of inducing RALDHs (30), we checked the
mRNA and protein expression of RALDH2, the dominant RALDH
in macrophages, and that of RARo. As seen Figures 3A, B, the
expression of both RALDH2 and RAR« was increased in Nur77 KO
macrophages as compared to their wild-type counterparts at both
mRNA and protein levels. Accordingly, Nur77 KO macrophages
responded to all-trans retinoic acid (ATRA) treatment with a more
significant increase in the efferocytosis capacity (Figure 3C). To
determine whether PPARY-regulated retinoid synthesis mediates
the effect of the loss of Nur77 on the efferocytosis of macrophages,
both WT and Nur77 KO macrophages were pre-treated for 24 h with
the PPARy antagonist GW9662, the RALDH inhibitor N,N-
diethylaminobenzaldehyde (DEAB) or the pan-RAR antagonist
AGNI109, and their efferocytosis capacity was measured at the end
of the treatments. These treatments decreased the efferocytosis
capacity of both WT and Nur77 KO macrophages, and the
efferocytosis capacity of Nur77 KO cells decreased to that of the
WT ones (Figures 3D, E). Next we checked, how the above treatments
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FIGURE 2
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Loss of Nur77 leads to enhanced efferocytosis by BMDMs via upregulation of the PPARy transcription factor. (A) mRNA expression levels of PPARS,
LXRo and PPARy in WT and Nur77 KO BMDMs following 24h in culture determined by qRT-PCR. B-actin was used as a reference gene. (B) Protein
levels of PPARy in WT and Nur77 KO BMDMs under the same conditions determined by Western blot analysis. B-actin was used as a loading control.
(C) mRNA expression levels of FABP4, a direct target gene of PPARY, in WT and Nur77 KO BMDMs following 24h in culture detected by by qRT-PCR.
B-actin was used as a reference gene. (D) Phagocytic capacity of WT and Nur77 KO BMDMs with or without pre-culture with non-labeled apoptotic
thymocytes for 6 h, in the absence (DMSO control) or presence of PPARy antagonist GW9662 (5uM) for 24 h determined by flow cytometry. All
results are expressed as mean + SEM (n = 3). Asterisks indic<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>