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Monocyte-macrophages modulate intestinal ==
homeostasis in inflammatory bowel disease
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Abstract

Background Monocytes and macrophages play an indispensable role in maintaining intestinal homeostasis

and modulating mucosal immune responses in inflammatory bowel disease (IBD). Although numerous studies have
described macrophage properties in IBD, the underlying mechanisms whereby the monocyte-macrophage lineage
modulates intestinal homeostasis during gut inflammation remain elusive.

Main body In this review, we decipher the cellular and molecular mechanisms governing the generation of intestinal
mucosal macrophages and fill the knowledge gap in understanding the origin, maturation, classification, and func-
tions of mucosal macrophages in intestinal niches, particularly the phagocytosis and bactericidal effects involved

in the elimination of cell debris and pathogens. We delineate macrophage-mediated immunoregulation in the con-
text of producing pro-inflammatory and anti-inflammatory cytokines, chemokines, toxic mediators, and macrophage
extracellular traps (METs), and participating in the modulation of epithelial cell proliferation, angiogenesis, and fibrosis
in the intestine and its accessory tissues. Moreover, we emphasize that the maturation of intestinal macrophages

is arrested at immature stage during IBD, and the deficiency of MCPIP1 involves in the process via ATF3-AP1S2
signature. In addition, we confirmed the origin potential of IL-1B* macrophages and defined C1QB* macrophages

as mature macrophages. The interaction crosstalk between the intestine and the mesentery has been described

in this review, and the expression of mesentery-derived SAA2 is upregulated during IBD, which contributes to immu-
noregulation of macrophage. Moreover, we also highlight IBD-related susceptibility genes (e.g., RUNX3, IL21R, GTF2|,
and LILRB3) associated with the maturation and functions of macrophage, which provide promising therapeutic
opportunities for treating human IBD.

Conclusion In summary, this review provides a comprehensive, comprehensive, in-depth and novel descrip-
tion of the characteristics and functions of macrophages in IBD, and highlights the important role of macrophages
in the molecular and cellular process during IBD.
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Introduction

Inflammatory bowel disease (IBD) is a group of chronic
relapsing inflammatory diseases that affect the entire gas-
trointestinal tract, including Crohn’s disease and ulcera-
tive colitis [1, 2]. During gut inflammation, the integrity
of the intestinal mucosal barrier is compromised, leading
to exposure to commensal microbiota and pathogens [1,
3]. Recent studies have highlighted that the destruction
of intestinal mucosal barrier integrity and the disruption
of intestinal mucosal immune homeostasis are strongly
associated with the dysregulated immune response to
commensal microbiota [3-5]. Therefore, it is highly
desired to investigate the great significance and complex
mechanisms whereby macrophages regulate mucosal
homeostasis during IBD.

Intestinal resident macrophages are at the front line
of host defense at the mucosal area and form a para-
mount nexus in maintaining intestinal homeostasis and
modulating inflammatory response in gut mucosa [2, 6,
7]. Increasing lines of evidence has indicated that mac-
rophages in the intestine are involved in the generation
of cytokines, chemokines, and macrophage extracel-
lular traps (METs), the modulation of immune cell—cell
crosstalk, the activation of phagocytosis and bactericidal
effects, the response to exogenous antigens and bacteria,
and process of epithelial cell proliferation, angiogenesis,
tissue repair and fibrosis [6-9]. In line with our recent
report [10], perturbation of the intestinal homeosta-
sis contributes to the dramatic changes in the composi-
tions of the intestinal monocyte-macrophage lineages in
the pathology of IBD, characterized by the replacement
of tissue-resident macrophages by infiltrating proin-
flammatory monocytes-macrophages [11]. Specifically,
excessive or prolonged activation of proinflammatory
macrophages results in the impairment of tissue repair
and the enhancement of fibrosis, which is associated with
an aggravation of surgical risks (e.g., stenosis and intes-
tinal obstruction) [12]. In addition, our recent data have
identified that macrophages-derived serum amyloid A2
(SAA2) is positively correlated with the microbial trans-
porters and modulates immune homeostasis in the mes-
entery, mesenteric lymph nodes and mesenteric adipose
tissues [13].

Previous studies have highlighted that copious amounts
of IBD susceptibility genes are related to the monocyte-
macrophage lineages like nucleotide binding oligomeri-
zation domain containing 2 (NOD2), autophagy related
16 like 1 (ATG16L1), C-X3-C motif chemokine receptor
1 (CX3CR1), Janus kinase 2 (JAK2), and signal trans-
ducer and activator of transcription 3 (STAT3) [14-17].
The latest breakthrough from our team has illuminated
the newly founded genetic characteristics of IBD in East
Asian ancestry, including macrophage-related genes like
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RUNX family transcription factor 3 (RUNX3), IL21R,
general transcription factor lii (GTF2I), and leukocyte
immunoglobulin like receptor B3 (LILRB3) [17]. Subse-
quently, a reduction in pro-inflammatory macrophage
polarization ascribed to anti-TNF treatment (e.g., inf-
liximab) and a declination in monocyte accumulation
on account of anti-a4f7 integrin therapy (e.g., vedoli-
zumab) lead to clinical remission in IBD [18, 19]. Thus,
integrating the definite properties of intestinal mono-
cyte-macrophage lineage under physiological and path-
ological conditions and translating these findings into
future intervention strategies have essential implications
for better understanding the pathogenesis and alleviating
the clinical manifestations of IBD.

In this review, we discuss the origin and location, the
maturation and differentiation, and the function of mac-
rophages in intestinal mucosa sequentially. Importantly,
we leverage recently developed technologies, including
single-cell RNA-sequencing (scRNA-seq), fate mapping
techniques, genome-wide association studies (GWAS),
and ImmunoChip, which are instrumental in improving
our understanding of the biology and pathology in mac-
rophages. Moreover, we also characterize the features of
macrophages during IBD and delineate the relationship
between IBD susceptibility gene-driven macrophage acti-
vation and potential therapeutics, which concomitantly
provide vast connotations for our understanding of mac-
rophage immunoregulation and tissue repair in IBD.

Origin and location of macrophage in the gut
Macrophages in the intestine contribute to a robust pay-
load of immune regulation, which is markedly distinct
from circulating monocytes, and the intestine is the larg-
est reservoir of macrophages in adult tissues [11, 20]. In
terms of the anatomical distribution of intestinal mac-
rophages, accumulating lines of evidence have observed
that macrophages are strategically localized at the dif-
ferent layers of the entire GI tract, ranging from the
lamina propria (LP), which closes proximity to the epi-
thelial monolayer, to the submucosa plexus and muscu-
laris externa [3, 7, 11, 21]. They are also connected to the
crypt base within the villi right around lymphoid tissues,
the enteric neurons, and blood vessels and are involved
in regulating intestinal motility [11, 21, 22]. Interestingly,
the number of macrophages changes gradually in the
mouse intestine from the proximal to distal ends while
this concept is not applicable for macrophages in the
human intestine, where they appear to distribute evenly
[11].

In the early 1970s, it was described that embry-
onic precursor macrophages colonizing the tissues
in the embryonic stage emanate from either Yolk sac
(YS) erythro-myeloid precursors (EMP) or fetal-liver
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precursors. These lifelong tissue-resident macrophages
obtain minimal supplement from adult hematopoietic
cells [23, 24]. However, tissue-resident macrophages in
the fetal and neonatal intestine, although colonized by
embryonic precursors from E8.5 onwards, are reported
to have a 3-week half-life and unable to last into adult-
hood due to their poor proliferative capacity and the
exposure to the intestinal microbiota and its metabolites
[7, 8, 11, 25, 26]. Therefore, continuous recruitment and
replenishment of CCR2-dependent circulating Ly6CM
monocytes, which arise from postnatal hematopoiesis
and mature into tolerogenic IL-10" macrophages, are of
great importance for the immune homeostasis of intes-
tinal mucosal under physiological and pathological con-
ditions with a unique turnover rate [7, 25, 27]. Intestinal
macrophages are distinguished from other immune cells
in the gastrointestinal tract with their expression of col-
ony-stimulating factor 1 receptor (CSF1R), CD68, and
FcyRI (also known as CD64) [28, 29]. Flow cytometric
analysis reveals that the heterogeneous phenotypes of
intestinal macrophages differ from circulating Ly6CM
monocytes based on specific surface markers [20]. By
combining flow cytometric analysis with principle com-
ponent analysis, infiltrated monocytes are observed to
fail to differentiate into macrophages but remain in an
activated status in steady states [30]. A subsequent study
has identified a unique genetic signature of intestinal
macrophages which differentiate from circulating mono-
cytes with global transcriptomic analysis [31].

Since the twenty-first century, the notion that cir-
culating monocytes have the potential to apply to all
adult tissue macrophages has been challenged [23]. The
recently developed technologies, including fate map-
ping techniques and scRNA-seq, have shed some light
on understanding the mononuclear phagocyte system,
and additional subsets of the monocyte-macrophage
population have been deciphered [27, 32, 33]. scRNA-seq
enables the differentiation of macrophages from intes-
tinal LP into 4 subpopulations with distinction in their
unique localization and functions [34]. Seminal studies
have further revealed that several subpopulations of mac-
rophages arising from embryonic precursors in the gut
niches maintain locally reflected by their distinct tran-
scriptional profiles and contribute to ontogeny as well
as intestinal homeostasis independently of replenish-
ment by circulating Ly6CM monocytes [23, 33—35]. Addi-
tionally, other studies have proposed that most of these
tissue-resident macrophages arising from embryonic
precursors are constituted by late c-Myb* EMP-derived
fetal liver monocytes rather than early EMP-derived YS
macrophages [27, 33]. However, an opposite paradigm
uncovered that fetal hematopoietic stem cell (HSC) wave,
which originates from aorta-gonad-mesonephros (AGM)
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but not YS EMPs, is the origin of intestinal resident mac-
rophages [36]. In particular, distinct expression of Tim-4
and CD4 could separate intestinal macrophages into
three subsets, including macrophages locally maintained
(Tim-4TCD4"), macrophages turnover from circulating
monocytes slowly (Tim-4"CD4"), and macrophages with
the high monocyte-replenishment rate (Tim-4"CD4)
[35]. On the contrary, Tim4 is absent in the intestinal
macrophages of human [29]. Moreover, macrophages
from the colon LP cells can also be divided into several
subsets based on the expression of F4/80 and CD11b.
F4/80" macrophages are considered intestinal resident
macrophages, while CD11b™ macrophages are thought of
as infiltrating macrophages with replenishment by circu-
lating monocytes [36, 37].

The gradual replenishment and maturation of these
hematopoietic stem cell-derived progenitors in the intes-
tinal mucosa as well as the formation of their distinctive
surface markers are shaped by the environmental ele-
ment, including the high commensal burden, and pro-
inflammatory and anti-inflammatory signatures [25,
31, 34, 35]. The surrounding environment has a concept
that is also known as the macrophage ‘niche’ Signals in
the niche involve generating niche-specific phenotypes
and functional plasticity of macrophages by activating
specific transcriptional profiles within tissue resident
macrophages [7]. On the other hand, the death of mac-
rophages in the niche facilitates the recruitment and
maturation of monocytes to fill the niches [38]. Previ-
ous work has described that the monocyte-macrophages
are remarkably downregulated in the colon of germ-free
(GF) mice compared with those in conventional con-
trol mice. In particular, markedly fewer Ly6CMMHC
II" and Ly6CT™MHC II* cells are observed in the colon of
GF mice compared with those in conventional control
mice [25]. In addition, the proportion of intestinal mac-
rophages, in particular CD11c*CD206™CD121b* and
CD11c¢CD206"CD121b” macrophages, is selectively decreased
in GF mice compared with that in SPF mice [39]. Moreo-
ver, Enterobacteriaceae, a specific microbiota, is involved
in the recruitment of Ly6CMCCR2* monocytes from
the circulation into intestinal mucosa in dextran sulfate
sodium salt (DSS)-induced colitis model [40], indicating
the critical role of microbiota in modulating the composi-
tion of intestinal mucosal macrophages [25, 39]. Evidence
has also shown that the generation of tissue-resident
macrophages deriving from either HSC-dependent or
independent fetal-liver precursors relies on c-Myb activ-
ity [33]. The differentiation of intestinal monocytes-mac-
rophages is also modulated by environmental factors like
IL-10, TGE-P, colony-stimulating factor 1 (CSF1), and
oxysterol [2]. Accordingly, IL-10 is required to suppress
the hyperactivation of tissue-resident macrophages in the
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gut [41]. The IL-10-IL-10R signaling blockage leads to
the remodeling of intestinal macrophage phenotypes by
restricting the activation of STAT3 [41]. TGF-f, a toler-
ogenic signal, is released from intestinal epithelia and
indirectly induced by gut microbiota, and the TGF-fR1-
dependent signaling is involved in the terminal mono-
cyte-macrophage maturation by orchestrating the genetic
signature of intestinal macrophages, which is associated
with an enhancement of genes including CX3CRI, IL-
10, and CCDC23 [2, 20, 31]. The mechanisms underly-
ing the TGF-PR1-mediated signaling in regulating the
constitution of the intestinal macrophage pool appear to
be distinct from those used by IL-10 [31]. CSF1, the pri-
mary regulator of the mononuclear phagocyte lineage,
participates in the proliferation of intestinal macrophage
maturation. Consistently, deficiency of CSF1 in mice leads
to the suppression of macrophage differentiation [42].
Silico trajectory analysis uncovers that the localization
and function of intestinal macrophages are modulated
by extravasated monocytes and key transcription factors
[8, 29]. Depletion of these tissue-resident macrophages
leads to the Csf-1R/Csf-2 signaling-dependent recov-
ery of intestinal macrophages and reduction in intestinal
motility [23, 34]. As for oxysterol levels, it seems that the
enhancement of oxysterol subsequently recruits GPR183%"
inflammatory circulating monocyte-derived cells into
inflamed intestine [38].

Taken together, cumulative data have confirmed that
embryonic original tissue-resident macrophages as well
as peripheral-derived macrophages co-existed in the
intestinal mucosa, and their compositions and distribu-
tion are tremendously dependent on signatures in the
niches.

Macrophage maturation

The process of macrophage maturation

As described above, intestinal-resident macrophages
lack the ability of self-sustainment, and the continuous
recruitment and maturation of circulating monocytes
are required to fill the intestinal niches and maintain
the homeostasis of intestinal mucosal immunity in a
steady state [11, 38, 43]. This process is triggered by the
release of pro-inflammatory mediators, cytokines, and
chemokines (e.g., CCL2, CCL8) [6]. After entering into
the LP of intestinal mucosa, CCR2*Ly6C* monocytes
initiate a series well-defined process of maturation, which
acquire major histocompatibility complex II (MHC II)
firstly, followed by losing the expression of Ly6C and
CCR?2, and the enhancement of F4/80, CD64, CX3CR1
and CD206 in mice, or the enhancement of CD64, CD68,
CD206 and CD163 in humans [2, 6, 7, 11, 25, 28, 43]. By
using flow cytometry, the process of the monocyte-to-
macrophage maturation continuum is identified in both
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mouse and human intestines [24, 31]. Gating strategy
is exemplified: Monocytes and macrophages filled the
LP of the intestinal mucosa are gated according to the
high expression of CD45, CD11b, and CD64 [28]. After
that, these gated cells are divided into four populations
according to their maturation status. Newly infiltrated
monocytes are defined as population 1 (P1) and char-
acterized by a unique phenotype that expresses a high
level of Ly6C, but the expression of MHC-II is absent
(namely, Ly6CMMHC-IIT). Subsequently, monocytes
that gradually acquire MHC'II expression are reckoned
as immature macrophages and named population 2 (P2,
Ly6C* MHCIIT) to “bridge” monocytes and mature
macrophages. Finally, immature macrophages lose their
expression of Ly6C and then obtain the characteris-
tics of mature macrophages, namely population 3 (P3,
Ly6C" MHC II*CX3CR1™). Mature macrophages fill the
intestinal niche and are classified as population 4 (P4,
Ly6'CMHC II*CX3CR1M) [3, 24, 28, 31, 43]. Given that
the P3 and P4 cells are only distinguished by differential
expression of CX3CR1, they are considered as a single
population 3/4 (P3/P4, Ly6C'MHC II*CD64") in mice
[28]. This entire maturation process is called monocyte-
waterfall, which usually takes almost 5-7 days [11, 24]. In
addition, flow cytometry also distinguishes macrophages
from DCs in the LP of intestinal mucosa from both mice
and humans through the expression of CD64 [28]. These
mature macrophages from the LP of mouse intestinal
mucosa develop characteristic functions like the enrich-
ment of receptors associated with phagocytic and bacte-
ricidal activity, including TIM4, CD36, and avf5 integrin,
IL-10 production, apoptotic cell elimination, as well as
the tolerance of TLR stimulation [3, 11, 31, 43—45].

The application of unbiased scRNA-seq reveals the
differences in transcriptomes among monocytes, imma-
ture macrophages, and macrophages from intestinal
mucosa [8, 31, 46, 47]. Several subsets of mRNA tran-
scripts involved in an extravasation process and TLR
and pro-inflammatory associated processes are signifi-
cantly downregulated during the maturation process
from the newly infiltrated monocytes (P1) to mature
macrophages (P4) in the LP of intestinal mucosa, includ-
ing Ly6cl, Itgh7, Sell, Itgal, Ccr2, Gpr35, Myd88, Irak3,
Treml, and 16 [31]. In contrast, mRNA transcripts asso-
ciated with phagocytosis (Mertk, Mrcl (CD206), Cd36,
Gas6, Axl, Itgav, Itgh5, Cd9, Cd81, Clqga-c, Kif2, Stabl),
metalloproteinases (Mmp2, Mmp9, Mmpl2, Mmpl3),
TGEPR signaling (Tgfbr1, Tgfbr2, Smad?7, Serpinel), and
monocyte chemoattractants (Cc/7 and Ccl8) are upregu-
lated during maturation process from the P1 to P4 in the
LP of intestinal mucosa [8, 31, 46]. These observations
emphasize that mature macrophages are more involved
in phagocytosis, anti-inflammation, and tissue repair and
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are consistent with previous studies described above. In
addition, the mRNA transcriptions of SI00A8, SI00A9,
CD209, CD163, RXRA, MPO, TRAF3IP3, PFKP, FCNI,
and VCAN are restricted, while the mRNA transcriptions
of CD169, MHC II, ACPS5, C1Q, ICA1, GOPC, STOMLI,
KIFAP3, and KIF3C are enhanced during the maturation
from the newly infiltrated monocytes to mature mac-
rophages in the LP of intestinal mucosa [8, 46, 47].

Regulation of macrophage maturation

The maturation of monocytes to macrophages mainly
depends on the tolerogenic environment in intestinal
niches and the integrity of the intestinal epithelial barrier
[6, 11, 24, 38, 48]. For instance, commensal microbiota
and its metabolites in the intestinal mucosa orchestrate
the recruitment of circulating monocytes and constantly
fine-tune the fulfillment of mature macrophages in intes-
tinal niches under both physiological and pathological
conditions [2, 28, 49]. Chemokines and their receptors
also participate in the process of the monocyte-mac-
rophage maturation. CX3CR1 is known as a TGF-§3-
dependent chemokine receptor, bound by CX3CLI,
thus indicating the maturation of macrophages [8, 31].
The niche environment in the gut instructs an upregula-
tion of CX3CR1 in monocytes-macrophages since mac-
rophages in other tissues lack the expression of CX3CR1
[11]. Thereafter, CX3CRI™ macrophages in the gut
secrete high levels of CCL2 and CCL7 and consequently
fine-tune their replenishment [11, 50, 51]. Published
data have also revealed that the monocyte-macrophage
maturation is largely dependent on the CSF1/CSFIR
signaling, and multiple growth factors like flt3L, CSFIR,
CSF1, and CSF?2 are also involved [8, 11, 24, 40, 52—54].
It should be noted that CSF1 functions in a concen-
tration-dependent manner since a high level of CSF1
facilitates macrophage proliferation while a low level of
CSF1 participates in macrophage survival [7, 55-57]. In
contrast, anti-CSF-1R monoclonal antibody treatment
significantly interferes with the monocyte-macrophage
maturation but does not influence the infiltration of
pro-inflammatory monocytes [57, 58]. In the local envi-
ronment of the gut, a large amount of IL-10 and IFN-y
secreted by Treg cells, and epithelium-derived media-
tors, including CX3CL1, IL-33, and IL-25 also involved
in the modulation of the monocyte-macrophage matura-
tion [6, 8, 59—61]. IL-10 has been confirmed to upregu-
late the expression of CD206 and CD163, and guarantee
the generation of MHC II, leading to the monocyte-mac-
rophage maturation [11]. Interestingly, the generation of
IL-10 is regulated by macrophages, which contribute to a
potent payload in maintaining the immunity homeosta-
sis of intestinal niches [6]. Cumulative lines of evidence
have demonstrated that several transcription factors
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are involved in the development of macrophages in the
colon, exemplified by triggering receptors expressed on
myeloid cells 1 (TREM1), which acts as an amplifier of
pro-inflammatory responses [8, 62]. Additionally, our
recent data have uncovered that monocyte chemotac-
tic protein-1-induced protein 1 (MCPIP1) orchestrates
monocyte to macrophage maturation in the intestine
via a activating transcription factor 3 (ATF3)-adaptor
related protein complex 1 subunit sigma 2 (AP1S2)-
dependent manner and contributes to the restraint
of mucosal inflammation [10]. Evidence also verifies
that zinc finger E-box-binding homeobox 2 (ZEB2) is
involved in maintaining the tissue-specific identities
of macrophages in the intestine [8, 63]. In addition, the
circadian clock also participates in the process of mac-
rophage maturation [38]. Collectively, intestinal niches
exert a crucial influence on shaping the fate of the
monocyte-macrophage lineage.

Macrophage maturation during colitis

Evidence has shown that monocyte maturation to mac-
rophages is arrested at an immature state (P2, Ly-6C™ MHC
[ITCD64") during inflammation, including IBD [3, 10, 24,
28, 31, 43, 50, 60, 64]. Circulating monocytes (Ly6CM"MHC
IT, equivalent to CD14MCD11cMCCR2YCX3CR1T mono-
cytes in humans) infiltrate into intestinal mucosa mas-
sively, while the process of its maturation into mature
macrophages (LypCMHC II"CD64", equivalent to
CD14MCD11cCCR2'CX3CR1™ macrophages in humans)
is disrupted compared with that at steady state, leading to
the enrichment of immature macrophages (Ly6C*MHC
II*CD64*, equivalent to CD14"CD11cCCR2 CX3CR1"
immature macrophages in humans) and the exhaustion of
mature macrophages [6, 10, 24, 28]. These immature mac-
rophages are different from ‘classical macrophages’ and
highly responsive to the TLR signaling [24, 43, 65], contrib-
uting to an upregulation of pro-inflammatory mediators
(TNF-a, IL-1B, IL-6, IL-12, IL-23, iNOS, and OSM) and
downregulation of IL-10, leading to monocyte infiltration,
tissue damage and function deterioration [6, 24, 28, 38, 66].
Taken together, these inflammation-associated signals fur-
ther skew the process of the monocyte-macrophage matu-
ration toward a disordered status [38].

Macrophage heterogeneity

Previous studies have roughly divided macrophages into
pro-inflammatory macrophages (M1) and anti-inflam-
matory macrophages (M2). However, with the advanced
technology, especially scRNA-seq, macrophages are now
further divided into several subpopulations based on dis-
tinct classification dimensions (Table 1).
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Table 1 Macrophage heterogeneity in the intestine
Population Markers Characteristics References
M1 inos, IL-1B3, IL-6, CCL5, CXCLY9, MMP9 1) Activated by LPS and/or IFN- [67-71]
2) Metabolized by glycolysis
3) Deregulate tight junction proteins
4) Increase apoptosis of epithelial cell
5) Disrupt epithelial barrier
M2 CD206, CD163, CCL17, IRF4, ARG-1, 1) Activated by IL-4, or IL-13
Retnla, Chi3I3 2) Repair damaged tissue
3) Regulated IL-10 and TGF-B1 producing Treg cells
4) Produce IL-10 and ARG-1
5) Exacerbate pathological fibrosis
Tim-4"CD4* macrophages ~ Tim-4*CD4" Rarely replaced by infiltrated monocytes [35]
Tim-4"CD4* macrophages Tim-4CD4* Slowly replaced by infiltrated monocytes
Tim-4'CD4 macrophages Tim-4CD4~ High replenishment rate from infiltrated monocyte
M1 CD11b" CD64* MerTK* Similar to peripheral blood monocytes phenotypically [47]
CD163* CD115" CX3CR1*
CD206" CD1c CD103~
CCR2* calprotectin®
Mp2 CD11b* CD64* MerTK*
CD163™4 CD115*
CX3CR1™4 CD206" CDIc*
CD103* CCR2* calprotectin®
M3 CD11b™ CD64™" MerTK* Similar to mature macrophages phenotypically
CD163* CD115" CX3CR1”
CD206* CD1c” CD103
“CCR2 calprotectin’
Mo4 CD11b* CD64"Y MerTK*
CD163" CD115°% CX3CR1'Y
CD206* CD1C
CD103°CCR2" calprotectin®
monocyte-like cells CD11cM9 CCr2* 1) Share characteristics with circulating CD14* monocytes [90]
CX3CR1* 2) Increased in the inflamed intestinal mucosa from IBD patients
Produce IL-1B

macrophage-like cells CD11¢ CCR2 CX3CR1”

)
)
3)
)
)

1) macrophage-like tissue resident counterparts
2) Produce IL-10

Pro- and anti-inflammatory macrophages

Mature macrophages can polarize into ‘classically acti-
vated’/pro-inflammatory macrophages (M1) or ‘alterna-
tively activated’/anti-inflammatory macrophages (M2),
characterized by surface receptor expression, mediator
secretion, and cell functions [2, 67-70]. With the activa-
tion of LPS (TLR ligand) and IFN-y, macrophages are
polarized into M1-like macrophages dependent on the
TLR4 activation and NF-kB facilitation, which are metab-
olized by glycolysis and identified through the expression
of inos (NOS2), IL-1p, IL-6, CCL5, CXCL9, and MMP9
[67-71]. These pro-inflammatory cytokines and inos lead
to epithelial barrier disruption and tissue damage due to

the deregulation of tight junction proteins and upregula-
tion of epithelial cell apoptosis, predisposing to IBD [72].
The accumulation of iron, cholesterol, and other sterile
inflammatory signals in pro-inflammatory macrophages
enhances TNF-a production and further impairs wound-
healing [57, 73].

Additionally, macrophages stimulated with IL-4 or
IL-13 can polarize into M2-like macrophages, commit-
ting to oxidative phosphorylation (OXPHOS) and expres-
sion of CD206, CD163, CCL17, IRF4, ARG-1, Retnla
and Chi3l3 [2, 67, 71]. These M2-like macrophages are
involved in tissue repair during inflammation directly or
through the regulation of IL-10- and TGF-B1-producing
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Treg cells [57, 74]. Interestingly, endotoxin-tolerant mac-
rophages also produce IL-10 and arginase 1, participating
in tissue repair and immune regulation [75]. However,
overactivation of M2-like macrophages has been found
to exacerbate pathological fibrosis [57, 76]. Previous
studies have demonstrated that cytokines like IL-6, IL-10,
and IL-21 facilitate anti-inflammatory function and M2
polarization of macrophages by enhancing IL-4 receptor
expression, as characterized by the upregulation of tis-
sue repair and regeneration [40, 57, 77, 78]. In contrast,
TNF-a production interferes with M2 polarization of
macrophages and thus counteracts tissue repair [57, 73].

Evidence has uncovered that several biological pro-
cesses are also involved in regulating macrophage
polarization. Methyltransferase Setdb2 has been found
to facilitate macrophage polarization from inflamma-
tory phenotype to a reparative status by trimethylat-
ing histone 3 at NF-kB binding sites on inflammatory
cytokine gene promoters [79]. Suppression of DNA
methylation through the deletion of DNA methyltrans-
ferase 1 (DNMT1) results in the enhancement of alter-
natively activated macrophages [80]. PGE2 has been
demonstrated to downregulate the secretion of pro-
inflammatory cytokines and promote the activation of
M2 polarization, which is modulated by the cyclic AMP
(cAMP)-protein kinase A pathway, cAMP-responsive
element-binding protein and Kruppel-like factor 4 [81].
However, other studies suggest that the proliferation of
M2-like polarization of macrophages and the expression
of M2-related marker genes is suppressed by PGE2 [82].
Besides, PGE2 inhibits oxidative phosphorylation activity
via the downregulation of tricarboxylic acid-cycle inter-
mediates [82]. Moreover, macrophage polarization is also
modulated by a variety of micro-RNAs (miRs). miR-720
[83], miR-223 [84], miR-127 [85], and miR-155 [86] have
been found to contribute to the M1 polarization by tar-
geting GATA3, C/EBPpP, and BCL6, respectively, while
miR-378-3p [87], miR-511-3p [88], and miR-146a [87]
facilitate the M2 polarization by targeting PI3K/AKT1,
ROCK2, Notchl, and PPAR-7, respectively [70].

Unclassical classification criterion

In addition to the classification criterion that identifies
macrophages into M1-like and M2-like macrophages,
emerging evidence distinguishes macrophages based
on the expression of Tim-4 and CD4 [35]. Tim-4, highly
expressed by Kupffer cells, acts as an upstream in the
apoptotic cell-eradication process [35, 89]. Tim-4+tCD4*
macrophages in intestinal mucosa are observed to be
maintained locally and rarely replaced by circulating
monocytes. In contrast, accumulated monocytes replen-
ish intestinal mucosa via the replacement of Tim-4"CD4~
macrophages. Tim-4CD4" macrophages ‘bridge’ these
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two phenotypes and can be slowly interchanged by circu-
lating monocytes [35].

Synthesized analysis of surface markers has mani-
fested the heterogeneity of macrophages and classi-
fied human intestinal macrophages into several subsets.
Bujko et al. have identified small intestinal macrophages
into four subsets according to surface markers, includ-
ing CD14, CD11b, HLA-DR, and CD11c with the utili-
zation of flow cytometric analysis [6, 47], namely M¢1
(CD11bMCD64*MerTKYCD163*CD115YCX3CR1™*
CD206 CD1c’CD103 CCR2*calprotectin™), M¢p2(CD11b*
CD64*MerTK*CD163™CD115*CX3CR1™¢
CD206"CD1c"CD103tCCR2" calprotectin®), M$p3(CD11b
CD64'°*MerTKTCD163*CD115*CX3CR1"
CD2067CD1¢'CD103"CCR2 calprotectin’), and M¢4
(CD11b*CD64°"MerTK*CD163+*CD115°¥CX3CR1"Y
CD206*CD1c’CD103 CCR2 calprotectin’). Among them,
M¢1 and M¢2 equip the comparable characteristics as
circulating monocytes, while M¢3 and M¢4 share the
same features of mature macrophages [47]. In addition,
the locations of these populations are distinct from each
other. M¢3 is predominantly located in the intestinal vil-
lus and forms a network in the LP, whereas M¢4 is mainly
in the submucosa [47].

Additionally, human intestinal macrophages can also
be phenotyped into 2 subsets based on the expression
of CD11c, CCR2, and CX3CR1 [90]. Macrophages are
identified as CD45*HLA-DR*CD14*CD64* cells, and
the subsets are divided into monocyte-like cells (CD11c"
CCR2*CX3CR1"), macrophage-like tissue-resident cells
(CD11c'CCR2°CX3CR1"). LPS triggers the expression of
IL-1p in monocyte-like cells but suppresses the expres-
sion of IL-10 in macrophage-like cells. It should be noted
that the enrichment of monocyte-like cells in intestinal
mucosa may contribute to the retention of inflammation
in IBD patients, while macrophage-like tissue-resident
cells are generated during resolution [90].

With the assistance of scRNA-seq, our recent study
has unraveled a proinflammatory population (Ccr2*lls
are generated during resolutioll-18*TIr2*Cx3cr1 Cd163
Mrcl'Ly6c™) of the monocyte/macrophage lineage from
LP CD11b" cells. During intestinal inflammation in
McpipI®™® mice, the maturation from monocytes to
macrophages is predominantly arrested, characterized by
the enrichment of proinflammatory monocytes subset
(Cer2*-1B TIr2*Cx3cr1 ' Cd163 Mrcl Ly6c*), leading to
the aggravation of gut inflammation via an Atf3-Apls2
axis-dependent manner [10]. After that, a subset of mono-
cyte-macrophage lineage equipped with unique marker
genes (e.g., Cx3crl, Cd163, Mrcl) is identified as mature
macrophages, while newly recruited monocytes are iden-
tified according to their unique marker genes (e.g., Ccr2,
1l-1B, Tir2, Ly6c).
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The classification criterion shown above is far from
exhaustion, and we believe that the analysis of mac-
rophage phenotypes will continue to be improved with
advanced technologies (e.g., scRNA-Seq) in the future.

The functions of macrophages

The monocyte-macrophage lineage in intestinal LP is
indispensable in maintaining intestinal mucosal homoe-
ostasis [6, 7, 11, 24, 35]. Macrophages located snugly
under the epithelial layer possess high phagocytic and
bactericidal activity and can capture and eliminate patho-
genic bacteria that penetrate the lining of the gut [2, 7,
11, 20, 41, 91-93]. Specifically, after being stimulated by
pathogenic bacteria or its derivates, hyporesponsive mac-
rophages generate transepithelial dendrites, which can
capture Salmonella organisms as well as soluble antigens
in the lumen [2, 11, 94, 95]. Accordingly, the antigens are
then presented to neighboring migratory dendritic cells,
thus contributing to subsequent immunomodulation
[2]. Besides pathogenic microorganisms, macrophages
can also eliminate apoptotic or senescent cells and cell
debris, contributing to host defense of intestinal mucosal
homoeostasis [2, 11, 31, 35, 57, 91, 92, 96]. In contrast,
eradication of mature macrophage leads to the augmen-
tation of intestinal permeability and epithelial cell death,
thus driving the aggravation of intestinal inflammation
[6, 97].

Increasing lines of evidence have shown that mac-
rophages produce several types of pro-inflammatory or
anti-inflammatory cytokines, chemokines, TLRs, METs,
and lipid mediators, which regulate intestinal immune
homeostasis [2, 3, 11, 40]. Of note, IL-10 is the most
critical cytokine responsible for the modulation of the
responses of macrophages to pattern recognition recep-
tor triggering as well as the maintenance of the amplifi-
cation of FoxP31 Treg cells and ILC3 in the intestinal
mucosa [3, 34, 41, 78, 93, 98, 99]. Macrophage-derived
IL-1P is also involved in the survival of IL-17-produc-
ing CD4* T cells and CSF2 secretion by ILC3 [3, 100,
101]. Moreover, macrophages are one of the primary
sources of chemokines, including CCL2, CCL8, CXCL1,
and CXCL2, leading to the recruitment of neutrophils,
monocytes, and T cells [3, 31, 50]. Macrophages are
also required to maximize the bactericidal activity of
neutrophils by facilitating suicidal NETosis, a process
through which neutrophils form and release neutro-
phil extracellular traps (NETs) to capture and eliminate
bacteria. Simultaneously, NETs promote the phagocy-
tosis and antibacterial activity of macrophages synergis-
tically [102]. Similar to the NETs, METs, composed of
cellular DNA, citrullinated histone H3, and MPO, are
released from macrophages to capture, immobilize, and
kill microorganisms [103, 104]. METs have been clarified
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to be involved in several pathological processes, includ-
ing rhabdomyolysis-induced acute kidney injury, iron
overload-related liver ischemia/reperfusion injury, and
the phagocytosis of Candida albicans [103, 105]. How-
ever, the role of METs in orchestrating intestinal mucosa
immunity has hitherto not been elucidated. Besides, a
full range of TLRs is generated by intestinal tissue-resi-
dent macrophages [43] and responsible for the down-
regulation of several adapter molecules, including CD14,
MyD88, TRAF-6, MD2, TRIF, and IRAK1 [20, 50], lead-
ing to the hyporesponsiveness of these macrophages.
Concomitantly, TLR signaling and NF-xB activation are
suppressed by IRAK-M and IkBNS [50], which are over-
expressed in intestinal-resident macrophages [11]. It
should be noticed that macrophages also interfere with
cell metabolism, facilitate apoptosis, deteriorate ischemic
injury through producing reactive oxygen species (ROS)
and toxic mediators, and subsequently impede mucosa
healing [40].

Macrophages in intestinal LP have also been revealed
to be involved in fundamental physiological processes,
including maintaining intestinal barrier integrity, pro-
liferation of epithelial cells, angiogenesis, and tissue
repair. Through generating mediators like hepatocyte
growth factor (HGF) [106], PGE2 [64, 107, 108], WNT
ligands [109, 110], and metalloproteinases [31] as well
as signaling pathways including NOX1 signaling acti-
vated by annexin Al [111, 112] and CREB-WISP1 sign-
aling activated by IL-10 [113], intestinal macrophages
contribute to the renewal of intestinal stem cells in
intestinal crypts, proliferation of epithelial progeni-
tors, and promotion of arteriogenesis, leading to the
preservation integrity of the mucosa and recovery of
ischemic tissue with minimal collateral damage [2, 3, 6,
11, 29, 31, 35, 40, 57, 107]. Besides, MyD88 signaling
secreted from myeloid cells also drives intestinal epi-
thelial repair [11, 114]. Interestingly, GeneChip analysis
combined with immunostaining and electron micros-
copy has pointed out that macrophages can connect to
colonic epithelial stem cells directly near the crypt base
and thus induce epithelial proliferation [7, 107]. Previ-
ous studies have confirmed that macrophages synthe-
size polyamines via a mTORC1-arginase-1-dependent
manner that is being taken up by the epithelial cells,
contributing to the triggering of metabolic reprogram-
ming and the enhancement of proliferation at a steady
or inflammatory state [115]. In addition to epithelial
cells, intestinal macrophages also regulate Paneth and
goblet cell generation, since macrophage depletion by
anti-CSF1R treatment interferes with the differentia-
tion of LGR5™ intestinal stem cells into intestinal epi-
thelial cells, Paneth cells and goblet cells [2, 6, 116].
Additionally, deficiency of intestinal macrophages leads
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to the depletion of VEcadherin™ blood vessels and
deterioration of the submucosal vascular network [7,
34, 40,117, 118].

Emerging evidence demonstrated a specialized func-
tion of resident macrophages of the muscularis externa
(MM¢) in the enteric nervous system (ENS). ENS,
composed of the submucous plexus and the myenteric
plexus, controls different intestine processes indepen-
dently of the brain or spinal cord [6]. MM¢ has been
demonstrated to play an indispensable role in meliorat-
ing the nascent ENS by pruning synapses and phago-
cytosing enteric neurons. MM¢ deficiency causes a
caspase3-dependent neuronal loss and thus contrib-
utes to peristalsis alteration, intestinal secretion down-
regulation, and intestinal transit abnormity [6, 34, 119].
However, the regulation of intestinal contractility and
motility is a consequence of the paracrine release of
PGE2 from intestinal macrophages in a neuron-inde-
pendent manner [120]. In addition, MM¢ are feed-
back-regulated by the ENS. Contacting with ENS and
ENS-derived CSF1 or TGF-B maintains MM¢ homeo-
stasis and facilitates its differentiation into a neuro-
supportive, long-lived and self-maintained phenotype,
contributing to the formation of ENS and maintenance
of intestinal transit [6, 21, 34, 119]. Swift activation of
extrinsic sympathetic neurons in cooperation with nor-
epinephrine signaling to P2 adrenergic receptors on
MM¢ enhances tissue-protective programs [21].

Apart from the data mentioned above, intestinal mac-
rophages exert an indispensable role in intestinal fibro-
sis [6, 15, 40, 57, 121, 122]. Matrix metalloproteinases
(MMPs) derived from macrophages are involved in the
regulation of fibrin and collagen turnover through the
degradation of extracellular matrix (ECM) proteins [57].
Macrophages generate mediators including TGEF-f1,
IL-36, platelet-derived growth factor (PDGEF), insulin-like
growth factor 1 (IGF-1), and connective tissue growth
factor (CTGF) to directly activate fibroblasts, leading
to the development of fibrosis and facilitation of wound
healing [1, 15, 40, 57, 121-124]. In contrast, macrophages
also participate in the inhibition of fibrosis directly via
the production of IL-10, RELMa, and ARG1 [125-127]
and indirectly through the suppression of CD4" T cell
proliferation and fibroblast activation [40, 121]. However,
the dysregulated immune response of intestinal mac-
rophages leads to inefficient tissue wound-healing in the
intestinal mucosa, contributing to chronic tissue injuries
or chronic inflammation characterized by an infiltration
of immune cells and pathological fibrosis or scarring.
This aberrant repair culminates with organ failure and
death [40, 57, 76]. Consequently, the accumulation, acti-
vation, and elimination of monocytes and macrophages
are tightly regulated during gut inflammation.
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Macrophages during gut inflammation

Intestinal pathological encounters, including IBD, pre-
dispose to a massive infiltration of CD14% monocytes
(equivalent as Ly6C™ monocytes in mice) through the
CCL3-CCR1 chemokine axis, which differentiate into
macrophages to regulate intestinal immune homeosta-
sis and resolve mucosal wound or inflammation [3, 8,
11, 26, 29, 35, 128—130]. The dysregulation of intestinal
macrophages results in intolerance to commensal bacte-
ria and food antigens, and concomitantly contributes to
chronic pathological disorders in the gut, including IBD
[2, 24, 35, 43, 131, 132]. Here, we introduce the divergent
functions of the monocyte-macrophage lineage during
IBD (Fig. 1, graphical abstract).

The maturation of macrophages during IBD

Evidence has shown that monocyte maturation to mac-
rophages is arrested at P2 stage (immature macrophage,
P2, Ly6C™MHC II*) during gut inflammation, lead-
ing to the enhancement of proinflammatory monocytes
(P1, Ly6CMMHC II') and immature macrophage (P2,
Ly6C*tMHC II*), but exhaust mature macrophages (P3/
P4, Ly6C' MHC II*CD64%) [10, 28, 30, 43]. During IBD,
infiltrated monocytes and immature macrophages in
inflamed mucosa stay responsive to TLRs, contributing
to an upregulation of pro-inflammatory mediators (e.g.,
IL-1B, IL-6, IL-12, TNF-«, iNOS) and bolster respira-
tory burst activity, and downregulation of IL-10, lead-
ing to monocyte infiltration, tissue damage and function
deterioration [11, 24, 28, 40, 45, 50, 133, 134]. Mechani-
cally, these pathological processes contribute to the exac-
erbation of intestinal immune inflammation. Relevant
mediators and immune cells in intestinal niches are
involved in regulating the monocyte-macrophage matu-
ration process under inflammatory conditions. Since the
infiltration and development of monocytes are strictly
dependent on CCR2 expression, the enhancement of
myeloid cell-derived CCR2 expression in intestinal
niches interacts with their ligand CCL2 during inflam-
mation to induce the recruitment of monocytes and
immature macrophages and fills the empty niche [28].
Additionally, an upregulation of macrophage maturation
in the intestine has been demonstrated after neutralizing
with an anti-granulocyte—macrophage colony-stimulat-
ing factor (GM-CSF) antibody [135]. In line with this,
an IFNy-STAT1 axis is required for the maturation of
monocytes in the intestine of DSS-challenged mice by
triggering histone acetylation at the promoter regions
of the Tnf and Nos2 loci [61]. According to our recent
study, MCPIP1 deficiency enhances the infiltration of cir-
culating monocytes and restricts monocyte-macrophage
maturation via the ATF3-AP1S2 pathway in the intestinal
mucosa, leading to the deterioration of intestinal mucosal
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and chemokines (e.g., CCL8, CXCL1, CXCL2, CXCLY, and CXCL10), resulting in the regulation of proliferation, differentiation and immune response
of neutrophils and T cells. Additionally, macrophages also contribute to tissue repair with the enhancement of epithelial cell proliferation,

angiogenesis and fibrosis

inflammation upon DSS insult [10]. Synchronously,
depletion of innate lymphoid cells (ILC) has been found
to restrain the maturation of intestinal monocyte-mac-
rophage lineage, but the number of monocytes remains
unchanged in the DSS-induced colitis model [135].
Except for the proinflammatory mediators and immune
cells, microbiota and its metabolites in the intestinal
niches also participate in the recruitment and maturation
of monocyte-macrophage lineage during inflammation
[49]. Nevertheless, the retardation of macrophage matu-
ration during intestinal inflammation causes the attenu-
ation of bactericidal and phagocytic ability [2, 136, 137].
In DSS-induced murine colitis model, a transient loss of
resident macrophages is uncovered, resulting in an empty

macrophage niche in inflammatory intestinal mucosa
[138, 139], which is partly ascribed to the affection of sul-
fated polysaccharides [139]. In addition, the elimination
of microbiota in the intestinal downregulates replenish-
ing the “emptied” niches during gut inflammation, sug-
gesting a commensal-dependent refilling manner in the
niche [49].

Phenotypic changes of macrophages during IBD

To further classify intestinal macrophages from IBD
patients, we retrieved the publicly available scRNA-seq
data, including 11 samples from Crohn’s disease patients
[128] and 18 samples from ulcerative colitis patients [129].
We painted the landscapes of monocyte-macrophages
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and identified 5 distinct subsets including mono-
cytes, C1QB*macrophages, HSPA1B*macrophages,
IL-1B* macrophages, and TMSB4X+ macrophages in
the intestinal mucosa from Crohn’s disease patients
(Fig. 2a). Notably, TMSB4X, RPLP1, and RPS6 are found
to be highly expressed in both C1QB* macrophages and
TMSB4X* macrophages from Crohn’s disease patients,
while CCL3, CCL4 and CCL3L3 are highly expressed in
both IL-1B*macrophages and HSPA1B*macrophages,
showing a similar convergence in biological character-
istics and functions between these two subpopulations
(Fig. 2b). Moreover, we also portrayed 5 subpopulations of
monocytes, CIQB" macrophages, CALD1* macrophages,
IL-1B* macrophages, and SERPINA1* macrophages in the
intestinal mucosa from ulcerative colitis patients (Fig. 2c).
Interestingly, APOE, C1QB, and matrix metalloproteinase
12 (MMP12) are highly expressed in C1QB™ macrophages,
IL-1B* macrophages and CALD1"macrophages from
ulcerative colitis patients (Fig. 2d). Additionally, we then
leveraged a monocle2 analysis approach and confirmed
the origin of IL-1B* macrophages among monocyte-mac-
rophages from both Crohn’s disease and ulcerative colitis
patients. In parallel, C1QB* macrophages appear to be
mature macrophages (Fig. 2e-f).

Macrophages modulate intestinal and extraintestinal
homeostasis during IBD

Dysregulation of intestinal immune response results in an
increase in myeloid cell-derived cytokines, chemokines as
well as other pro-inflammatory mediators, which further
influence the fates and functions of immune cells. GM-
CSF, an ILC3-derived or IL-23-stimulated mediator, has
been found to contribute to a powerful payload in elevat-
ing the expression of IL-1B and IL-23 by monocytes-
macrophages lineage within the context of C. rodentium
infection or DSS-induced colitis [8, 40, 135, 140]. TNF-a
and iNOS are considered to be representative colitogenic
mediators derived from monocyte-macrophage lineages
that contribute to the development of colitis [61, 141].
Infiltrated-monocytes and immature macrophages are
also enriched of pro-inflammatory mediators includ-
ing TREM1, TREM2, S100A8, S100A9, CXCL2, CXCLS,
SPP1, GPNMB, AREG, HBEGF, NRG1 and SOD?2, lead-
ing to the persistence of intestinal inflammation [10, 38,
130]. Evidence has been emerging that colitis-associated

(See figure on next page.)

Page 11 of 22

monocytes upregulate the expression of TREM1, which
is reckoned as a potent amplifier of pro-inflammatory
responses [45, 62, 142]. Consistently, TREM1 deficiency
compromises pro-inflammatory features of the mono-
cyte-macrophage lineages, thus culminating in the inhi-
bition of colitis in mice [8]. However, intestinal mucosal
inflammation also induces anti-inflammatory features
of the monocyte-macrophage lineage, which is instru-
mental in the secretion of anti-inflammatory mediators,
including IL-10, TGE-f, vascular endothelial growth fac-
tor (VEGF), and metalloproteinases with the stimulation
of inhibitory mediators, thus participating in the process
of wound healing and tissue repair [11, 28, 41, 43, 45, 50,
57,78, 113, 143]. Notably, macrophage cell surface recep-
tors, including PD-L1 and PD-L2, are involved in the sup-
pression of inflammation and ultimately delay the injury
repair [57, 78]. Nonetheless, evidence has shown that
anti-inflammatory cytokines are transferred to lysosomes
and degraded rather than exerted functions in the intra-
cytoplasmic of Crohn’s disease macrophages, and this
dysregulated process is triggered by E. coli or TLR ago-
nists [136]. These data suggest that compromised mac-
rophage cytokine secretion underlies acute inflammation
in Crohn’s disease.

Apart from cytokine secretion, the monocyte-mac-
rophage lineage contributes to the process of epithelial
cell proliferation, angiogenesis, fibrosis, and tissue repair,
while tissue repair fails due to the domination of proin-
flammatory macrophages and the inappropriate func-
tions of macrophages in the inflamed intestinal mucosa
[57, 144]. After stimulating with inflammatory signaling,
intestinal macrophages are also preferentially endowed
with a feature of wound healing by regulating the genera-
tion of WNT [109, 110], MMPs [31], PGE2 [108], VEGF
[40], HGF [106], as well as the signaling pathways like
NOX1 signaling activated by annexin A1 (ANXA1) [111,
112], mTORC1 —arginase-1 axis [115], CSF1R-related
signaling [2, 6, 116], CREB-WISP1 axis [113], and MyD88
signaling [11, 114], which are involved in the intestinal
stem cell proliferation and its differentiation into intes-
tinal epithelial cells, Paneth cells and goblet cells, thus
contributing to tissue repair of inflamed intestine. Previ-
ous data have uncovered that macrophages from Crohn’s
disease patients produce less HGF than healthy controls,
leading to ineffective epithelial repair [106]. Hypoxic

Fig. 2 Identification and characteristics of the monocyte-macrophage lineage in intestinal mucosa from IBD patients. (A, C) UMAP

plots defines 8 clusters in CD (A) and UC (C) patients, respectively. (B, D) Dot plots showing expression levels of selected signature genes

of the monocyte-macrophage lineage subsets in intestinal mucosa from CD (B) and UC (D) patients. Dot size indicates fraction of expressing cells,
colored based on the relative expression of specific gene. (E, F) The developmental trajectory of the monocyte-macrophage lineage subsets in CD

patients (E) and UC patients (F) inferred by Monocle2
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macrophages produce WNT in a HIF-1-dependent man-
ner, which impairs epithelial autophagy in the intestinal
mucosa of IBD patients [109]. The activation of WNT
signaling during TNBS-induced colitis also contributes
to wound healing in a STAT6-dependent manner [110].
Macrophage-derived PGE?2 activates the WNT/B-catenin
signaling in intestinal stem cells and facilitates stem cell
self-renewal by binding to its receptors EP1/EP4. This
process can be further amplified after a combination
of 5-hydroxytryptamine and its receptors HTR2A/3A
in macrophages [108]. During gut inflammation, the
expression of VEGF from macrophages is upregulated,
leading to the activation of perivascular fibroblasts
and the reduction of CXCR7 expression [40]. ANXA1
and ROS have been found to be increased in the intes-
tinal epithelia cells and infiltrating immune cells in the
inflamed mucosa of patients with ulcerative colitis, which
contribute to tissue repair during intestinal inflamma-
tion in a NOX1-dependent manner [111, 112]. Moreo-
ver, intestinal microbiota orchestrates the expression of
NOX1 by TLR signaling to maintain intestinal immune
homeostasis [112], and intestinal macrophages can also
produce polyamines to synergistically induce intestinal
epithelial cell proliferation via the mTORC1 —arginase-1
axis [115]. It is noteworthy that the CSF/CSF1R signaling
acts as a modulator of intestinal epithelial differentiation,
except for its affection for the intestinal monocyte-mac-
rophage maturation. Conversely, macrophage depletion
through CSFIR blockage leads to the failure of intestinal
epithelial cell differentiation [116]. An upregulation of
macrophage-generated IL-10 in the context of intestinal
inflammation activates epithelial CREB and facilitates
synthesis and secretion of the pro-repair WISP-1 sub-
sequently [113]. On the contrary, IL-10 deficiency pro-
motes the apoptosis of intestinal epithelial cells in mice,
which is reversed via the neutralization of TNF-« and
iNOS [61, 141]. Additionally, evidence has emerged that
Myd88 signaling pathway is indispensable in the enrich-
ment of intestinal Ptsg2-expressing stromal cells and
the activation of colonic epithelial response to inflam-
mation during DSS-induced mouse colitis [114]. With
the application of novel technologies, there is potential
to further explore the underlying mechanisms whereby
macrophages are involved in tissue repair and intestinal
epithelial proliferation.

Accumulating lines of evidence have suggested that
fibrosis contributes to the intestinal tissue repair after
an inflammatory attack, but dysregulation of intesti-
nal mucosal fibrosis leads to pathological fibrosis or
even scarring [6, 8, 34, 38, 40, 57, 144]. Mechanically,
macrophages are involved in the recruitment and dif-
ferentiation of tissue fibroblasts into myofibroblasts and
upregulate the synthesis of ECM components [57, 121]
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via the production of MMPs, tissue inhibitor of metallo-
proteinases 1 (TIMP1), PDGF, TGFp1, IGF-1 and CTGF
[57, 121, 122]. MMPs participate as enzymes for the deg-
radation of ECM proteins or triggers for fibrosis [57].
For example, macrophage-derived MMP9 and MMP12
are markedly induced in the context of IL-13 stimula-
tion or CCL4 and thioacetamide-induced liver fibrosis
and subsequently promote fibrosis [145, 146]. The TGEp-
dependent activation of MMP2 is negatively regulated
by BMP7 [147]. In contrast, macrophage-derived TIMP1
contributes to the normalization of the pro-fibrotic
hematopoietic-vascular niche, and these macrophages
are recruited by endothelial-produced endocrine
chemokines [148]. PDGF and TGFP1 have long been
recognized as macrophage-derived growth factors that
promote angiogenesis and fibrosis, thus playing an indis-
pensable role in tissue rehabilitation [149]. S Typhimu-
rium infection results in chronic colitis, as evidenced
by transmural ECM deposition within the intestine and
the activation of fibrotic response, concomitantly with
the enhancement expression of TGFB1 and IGF-1 [150].
CTGE, identified as a fibrotic marker, has been found
to be upregulated during inflammatory diseases, which
further facilitates the expression of pro-inflammatory
cytokines and chemokines to participate in the fibrotic
process. On the contrary, the elimination of CTGF in
mice restrains the expression of pro-inflammatory medi-
ators and fibrosis-associated biological processes [150].
Moreover, IL-36a" macrophages and immature mac-
rophages in the intestinal mucosa of IBD patients have
been reported to be strongly associated with inefficient
tissue wound healing and contribute to the infliction of
pathological fibrosis or scarring in the intestinal mucosa,
leading to chronic tissue injuries or chronic inflamma-
tion, and finally culminating with the occurrence of
intestinal stricture, stenosis or obstruction [124, 151].
Through the integration of single-cell transcriptomics
and spatial transcriptomics, a recent study has provided
compelling evidence to show that hepatocyte growth fac-
tor activator (HGFAC) Arg509His (R509H), a risk variant
for Crohn’s disease activated by thrombin protease activ-
ity, restricts fibroblast-mediated tissue reestablishment in
the inflammatory intestine on account of impairing pro-
teolytic activation of the growth factor macrophage-stim-
ulating protein (MSP). Notably, a reduction of growth
factors causes an impairment of wound-associated epi-
thelial cell differentiation and retinoic acid (RA) genera-
tion, leading to delayed repair [152].

Evidence shows that the functions and maturation
process of intestinal macrophages are consistent among
animals and humans in both steady and inflammatory
states, and prompts that animal models contribute to a
potent payload of exploring the definite properties of
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macrophages in intestinal mucosa [11]. Animal models
of intestinal inflammation, such as the DSS-induced coli-
tis model, 2,4,6-trinitrobenzene sulfonic acid (TNBS)-
induced colitis model and transfer of radio-labeled
autologous blood monocytes into mice, have verified an
influx of monocytes as well as eosinophils, and the sup-
pression of macrophage maturation during these situ-
ation [10, 11, 43, 50]. In addition, published data have
also elucidated that specific microbiota participates in
the modulation of macrophage formation and functions
in DSS-induced colitis. For example, the enrichment
of Enterobacteriaceae microbiota in the inflammatory
enteric cavity leads to the accumulation of circulating
monocytes. Bacterial hemolysin is instrumental in per-
sisting the activation of macrophage NOD-like receptor
thermal protein domain associated protein 3 (NLRP3)
inflammasomes, which mediates the excessive expres-
sion of IL-1p triggered by the pathogen Salmonella [40].
Synchronously, Helicobacter hepaticus-induced colitis
enlightens the paramount role of GM-CSF in recruiting
monocytes [40, 140].

Apart from the regulatory processes in the intestine,
macrophages are also involved in the modulation of
extraintestinal homeostasis in IBD patients, which is
ascribed to the interaction crosstalk between the intes-
tine and its accessory tissues, including mesenteric adi-
pose tissue, mesentery, and mesenteric lymph nodes
[153, 154]. By analyzing integrative multi-omics between
proteomic and microbiome, our recent data have iden-
tified that macrophages-derived serum amyloid A2
(SAA2) is involved in the regulation of adaptive immu-
nity in mesentery and mesenteric lymph nodes, and Th17
immunity in mesenteric adipose tissue, which is further
confirmed in both serum and fecal samples as a potential
diagnostic biomarker [13]. Previous studies have demon-
strated that SAA2 is illustrated as a significant inducer
to macrophages- or Th17 cell-mediated immunopathol-
ogy [155]. Our study thus indicates that SAA2 is posi-
tively correlated with the microbial transporters ugpE
and ugpC and short-chain fatty acids-producing genera,
including Dorea and Butyricicoccus. In contrast, the neg-
ative correlation between SAA2 and microbial gerKC and
flaG is also identified [13]. In addition, macrophage-asso-
ciated gene arginase-2 (ARG2) is increased in inflamed
intestinal mucosa as well as intestinal accessory tissues
(i.e., mesenteric adipose tissue, mesentery, and mesen-
teric lymph nodes) from Crohn’s disease patients [13],
and it is found to be localized at the mitochondria and
upregulated by the IL-10/miR-155 axis in pro-inflam-
matory macrophages, thus contributing to the enhance-
ment of oxidative phosphorylation via the suppression of
HIF-1a and IL-1B in inflammatory macrophages [156].
Taken together, these conceptions open new horizons for
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prospects and emphasize a potential future for scrutiniz-
ing the feature of macrophages in intestinal accessory tis-
sues from IBD patients (Fig. 3).

Susceptibility genes are associated with the diverse
functions of macrophages in IBD

In addition to the delicate immune regulations of intes-
tinal macrophages and the underlying mechanisms as
mentioned above, more susceptibility genes have gradu-
ally been discovered in IBD patients, which are ascribed
to the advancement of nucleic acid sequencing technol-
ogy, like GWAS and ImmunoChip [14, 16, 17, 157, 158].
Copious amounts of susceptibility genes are found to
be related to the maturation and function of monocyte-
macrophages lineage (Table 2). Susceptibility loci related
to intestinal macrophage functions have been unraveled
in Crohn’s disease patients, including NOD2, ATG16L1,
CX3CR1, IL12p40, IL23R, JAK2, STAT3, and protein
tyrosine phosphatase non-receptor type 2 (PTPN2) [14,
16, 17, 158-160]. NOD2 is the first conferred and one of
the most important susceptibility genes of Crohn’s dis-
ease [161, 162], which participates in regulating inflam-
matory response to bacterial antigens [2, 6, 159, 160,
163]. NOD2 recognizes the bacterial-derived muramyl
dipeptide by suppressing TLR2-mediated activation
of NF-xB [164], and the mutation of NOD2 results in
the enhancement of TLR2-driven activation of NF-xB
[165]. By using the DSS-induced colitis model in NOD2-
deficient zebrafish, the deficiency of NOD2 is observed
to contribute to an impairment in the monocyte-mac-
rophage lineage, while the mutation of NOD2 leads to
the overexpression of collagen, all of which are associated
with pathological fibrosis [6]. Together with ATG16L1,
another susceptibility locus for Crohn’s disease [16, 157],
NOD?2 triggers the process of autophagy by accumulat-
ing at the site where bacteria gather [14, 160, 166, 167].
Autophagy-related mediators, including RIPK2, ATG5,
and ATG7 participate in this process [160, 168, 169].
Impaired antifungal responses due to the missense muta-
tion of another IBD-related gene CX3CR1 in myeloid
cells lead to an increase in intestinal and extraintestinal
inflammatory diseases [2, 170]. Several components of
the IL-23 signaling pathway are also confirmed as IBD
susceptibility genes, including IL23R, IL12B, STAT3, and
JAK2, which help to explain the regulatory effect of these
mediators on intestinal mucosal immune homeostasis in
IBD patients [160, 167, 171-173]. IL-23 is derived from
macrophages and DCs, and induces the expression of
IL-17 from T cells, which participates in the regulation
of intestinal immune homeostasis [174]. In addition,
the JAK2-STATS3 signaling is involved in the modula-
tion of macrophage proliferation [14, 175]. More stud-
ies, assisted by scRNA-seq analysis, have revealed the
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Fig. 3 Macrophages modulate mesentery immune homeostasis in IBD patients. The development of creeping fat, mesenteric fibrosis as well
as lymphatic vessel obstruction in the mesentery are reckoned as the characteristics of IBD patients. Macrophages infiltrate in the mesentery
and involve in the modulation of extraintestinal immune homeostasis in IBD patients via macrophage-associated genes including SAA2 and ARG2,
which are highly expressed in the mesentery and intestinal mucosa

Table 2 IBD-related susceptibility genes are associated with macrophage functions

Gene name Functions
NOD2 1) Regulate inflammatory response to bacterial antigens [2, 6, 159, 160, 163]
2) Recognize bacterial-derived muramy! dipeptide [164]
3) Suppress TLR2-mediated activation of NF-B [164, 165]
4) Maintain the homeostasis of monocyte-macrophage lineage [6]
5) Regulate collagen production and fibrosis [6]
6) Trigger autophagy process [160, 166, 167]
ATG16L1 Trigger autophagy process [160, 167]
CX3CR1 Involve in invading pathogen process and antifungal responses [2, 170]
JAK2 1) Modulate macrophage proliferation [14, 175]
2) Induce T cell-mediated IL-17 [174]
STAT3 1) Modulate macrophage proliferation [14, 175]
2) Induce T cell-mediated IL-17 [174]
IL23R Induce T cell-mediated IL-17 [174]
PTPN2 1) Regulate the JAK2-STAT3 signaling [176]
2) Maintain the integrity of intestinal epithelium [176]
3) Modulate IL-2 responsiveness [178]
LILRB3 Enhance M2-like macrophage polarization [179]
IL21R Amplify macrophage activation [180]
GTF2I Modulate M2-like macrophage polarization [181]
RUNX3 1) Maintain of the expression of CD4 and CD14 in the monocyte-mac-

rophage lineage [182]
2) Orchestrate macrophage maturation [182]

NOD2 nucleotide binding oligomerization domain containing 2, ATG16L1 autophagy related 16 like 1, CX3CR1 C-X3-C motif chemokine receptor 1, JAK2 Janus kinase
2, STAT3 signal transducer and activator of transcription 3, IL23R interleukin 23 receptor, PTPN2 protein tyrosine phosphatase non-receptor type 2, LILRB3 leukocyte
immunoglobulin like receptor B3, IL21R interleukin 21 receptor, GTF2/ general transcription factor lii, RUNX3 RUNX family transcription factor 3
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enhancement of proliferation and glycolytic metabolism
of inflammatory macrophages in individuals with JAK2
mutation, resulting in the activation of AIM2 inflamma-
some and the aggravation of inflammation [175]. On the
other hand, PTPN2 has been observed as a susceptibility
gene to ulcerative colitis [176, 177], which participates in
the regulation of the JAK2-STATS3 signaling, modulation
of IL-2 responsiveness, and maintenance of intestinal
epithelial barrier integrity [176, 178].

Recently, we have verified 54 new IBD-associated
genetic loci in East Asian ancestry, like RUNX3, ADAPI,
IL21R, GTF2I, and LILRB3 [17]. Notably, deficiency
of LILRB3 facilitates macrophage polarization into an
pro-inflammatory M1-like phenotype, contributing to
the worsening of intestinal inflammation [179]. IL21R
has been identified to promote macrophage activa-
tion, participate in pathogen-induced Th2 responses,
and play a paramount role in inflammation and chronic
fibrotic diseases [180]. The mutation of GTF2I fails to
the induction of anti-inflammatory M2-like polarization
in macrophages [181]. RUNX3 is a CXCL12-dependent
transcription factor that is involved in the maintenance
of the expression of CD4 and CD14 in the monocyte-
macrophage lineage, which orchestrates the maturation
of macrophages in the intestine [182].

Macrophage-directed therapeutics for IBD

Given the paramount role and heterogeneity of mac-
rophages in the development of IBD [130], we therefore
interrogate the macrophage-directed IBD therapeutics.
Based on the mechanisms underlying immunoregula-
tion of macrophages on intestinal immune homeostasis,
therapeutic approaches focus on modulating processes
including phagocytosis, bactericidal effect, secretion
of mediators, involvement in tissue repair and fibrosis,
and the maturation of macrophage [2]. Classical drugs
for treating IBD directly inhibit inflammation of mac-
rophages in the intestinal mucosa. Corticosteroids sup-
press the activation of NF-xB and activator protein
1 (AP-1), thus contributing to monocyte maturation
to macrophage [183, 184]. Mutually, the activation of
NF-«B is also downregulated by 5-aminosalicylate [185].
In parallel, methotrexate is reckoned as an inhibitor of
thymidylate synthase, which involves pro-inflammatory
cytokine expression from macrophages [186]. In addi-
tion, azathioprine and 6-mercaptopurine are involved
in the reduction of JUN N-terminal kinase (JNK) phos-
phorylation, which is ascribed to the metabolized 6-thi-
oguanine triphosphates-dependent Ras-related C3
botulinum toxin substrate 1 (Racl) activity [187]. With
the increasing application scenarios and diversified types
of biologics, the immunomodulatory effects of biologi-
cal therapies have been investigated in IBD. Evidence has
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demonstrated that administration of anti-TNF mAb (e.g.,
infliximab) could facilitate maturation of CD68*CD206™
macrophages in the intestinal mucosa of IBD patients
and concomitantly inhibiting T cell proliferation [6, 188].
Moreover, previous studies have also elucidated that
another anti-TNF mAb (e.g., adalimumab) enables to
constrain immature macrophage (CD14*HLADRI™) infil-
tration in inflamed intestine of Crohn’s disease patients
[6, 189]. Since the JAK2-STAT3 signaling is involved in
the modulation of macrophage maturation and prolifera-
tion [14, 175], a target therapeutic approach using JAK
inhibitors has become a hot topic worldwide. Tofacitinib,
as a JAK 1/3 inhibitor, appears to suppress pro-inflam-
matory M1 macrophages and promotes anti-inflamma-
tory M2 macrophages and M2-associated markers, thus
contributing to maintaining intestinal barrier function
through regulating the expression of tight junction pro-
tein, constraining the JAK2-STATS3 signaling, and down-
regulating the secretion of IL-6 and IL-22 [176, 190].
Taken together, therapeutic strategies through suppress-
ing monocyte infiltration, downregulating the expression
or the activation of pro-inflammation cytokines, bolster
the maturation and M2-like polarization of macrophages,
and upregulating the secretion of anti-inflammation
cytokines may contribute to the resolution of intestinal
inflammation in IBD.

Conclusion

Emerging evidence has highlighted the notion that mac-
rophages possess a striking degree of plasticity, heteroge-
neity, and adaptation, which makes it necessary to define
macrophage subpopulations in the intestine according
to their features and functions. Importantly, these data
could provide benefits for a precise directional effect on
translational study, diagnosis, and precision medicine in
IBD [2, 35, 47, 67, 90]. Except for intestinal macrophages,
extraintestinal monocyte-macrophages also gain atten-
tion from recent studies, especially mesenteric mono-
cyte-macrophages in IBD [13, 153, 154]. SAA2 and ARG2
have been observed to upregulate in inflamed intestinal
mucosa and intestinal accessory tissues, being associated
with immunoregulation on intestinal macrophages [13].
Given the plasticity and heterogeneity of intestinal mac-
rophages, as well as the diverse functions performed by
extraintestinal monocyte-macrophages, which may also
influence the immune homeostasis in IBD, the simplex
paradigm has been challenged, improved, and enlarged.
To better illustrate the precise molecular interactions
between macrophages and other immune cells and dis-
sect the potential immunoregulation of the newly iden-
tified susceptibility genes on macrophages in intestinal
mucosa, cell-cell crosstalk and niche-specific functions
of intestinal macrophages have gained a diverse array of
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attention, and an in-depth investigation on the underly-
ing mechanisms is warranted [7, 8, 13, 29].

Decades ago, studies on IBD patients were limited
by the acquisition of samples and the reconstruction of
the intestinal microenvironment. It is encouraging and
increasingly apparent that tremendous strides made in
research of intestinal macrophage biology are a conse-
quence of novel technology advances, including scRNA-
seq [10, 29, 128], spatial transcriptomics (ST) [191-193],
CosMx Spatial Molecular Imaging [130], seq-scope
[194], GeoMx Digital Spatial Profiler (DSP) [195, 196],
spatially-resolved transcript amplicon readout mapping
(STARmap) [197], spatially enhanced resolution omics-
sequencing (Stereo-seq) [198], and omics technologies
[13]. The development of novel technologies responsive
to the unmet need of researches will help us to under-
stand better the pathogenesis of IBD, the relationship
between macrophages and the intestinal accessory tis-
sues in IBD, and the features of the newly founded sus-
ceptibility genes of IBD, which is foreseeable to get rid of
limitations and emphasize prospects for potential thera-
peutic intervention.
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