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Abstract

Background: Intestinal resident macrophages play a crucial role in homeostasis and
have been implicated in numerous gastrointestinal diseases. While historically be-
lieved to be largely of hematopoietic origin, recent advances in fate-mapping technol-
ogy have unveiled the existence of long-lived, self-maintaining populations located in
specific niches throughout the gut wall. Furthermore, the advent of single-cell tech-
nology has enabled an unprecedented characterization of the functional specializa-
tion of tissue-resident macrophages throughout the gastrointestinal tract.

Purpose: The purpose of this review was to provide a panorama on intestinal resi-
dent macrophages, with particular focus to the recent advances in the field. Here, we
discuss the functions and phenotype of intestinal resident macrophages and, where
possible, the functional specialization of these cells in response to the niche they oc-

cupy. Furthermore, we will discuss their role in gastrointestinal diseases.
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1 | INTRODUCTION

Tissue-resident macrophages are highly specialized phagocytes that
actively contribute to tissue homeostasis. This task relies on their abil-
ity to sense and respond to challenges including metabolic changes,
tissue damage, and microbial insults, while performing tissue-specific
functions to support surrounding cells and structures.* Depending on
the tissue in which they reside, macrophages may have to fulfill com-
pletely different tasks. For example, lung alveolar macrophages are
specialized in the removal and recycling of surfactant molecules pro-
duced by alveolar epithelial cells, while in the intestinal lamina propria,
macrophages contribute to the local tolerogenic milieu.?® In the brain,
resident macrophages, that is microglia, assist in synaptic pruning and
provide neurotrophic factors such as brain-derived neurotrophic fac-
tors.* Thus, tissue-resident macrophages, while generally maintaining
“housekeeping” functions such as phagocytosis across tissues, are

enteric nervous system, gastrointestinal tract, lamina propria, muscularis externa,

neuroimmune interaction, resident macrophages

further characterized and specialized based on the specific require-
ments of their environment. Furthermore, the advent of single-cell
RNA sequencing technology has enabled a deeper understanding of
the functional differentiation of macrophage subtypes within tissues
and the importance of niche-specific imprinting of these cells.
Traditionally, macrophages have been described as phenotyp-
ically either M1, classically activated or pro-inflammatory mac-
rophages, or M2, alternatively activated or anti-inflammatory
macrophages. The definition of M1 and M2 macrophage polarity
derives from the pregenomic era, when expression of a specific set
of surface markers, in addition to the production of cytokines in re-
sponse to stimuli, was considered to establish and define two sub-
types of macrophages in vitro. While this initial subdivision proved
to be extremely useful to begin to unravel macrophage polarization,
considerable advances in transcriptomic and proteomic analysis have

revealed substantial heterogeneity not only between macrophages
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located in different tissues, but also within the tissue itself, suggest-
ing a crucial role of niche-specific signals in establishing tissue-res-
ident macrophage subsets and their phenotype. Indeed, single-cell
RNA sequencing technology enables the unbiased exploration of
differing cell types and has led to the discovery of novel subpop-
ulations implicated in physiological and pathophysiological mecha-
nisms. These findings include the identification of subpopulations
whose functions extend well the generation of a pro- or anti-in-
flammatory setting in response to stimuli, such as a population that
regulates arterial stiffness and collagen deposition in the aorta, or a
subpopulation that regulates adipocyte size and lipid homeostasis in
adipose tissue, to name a few.> As such, the original M1 and M2 no-
menclature, while useful, appears simplistic in the age of single-cell
technology and will thus not be employed in this review. Instead,
attention will be given to the unique characteristics of the different
niches populated by intestinal resident macrophages and the conse-

quent specialization of these cells.

2 | ANATOMICAL DISTRIBUTION OF
INTESTINAL RESIDENT MACROPHAGES

Intestinal resident macrophages can be found throughout the
different layers of the gastrointestinal tract, as illustrated in
Figure 1. A distinct population of macrophages is located in close

proximity to the intestinal epithelium and crypt base, which con-
sists of specialized epithelial cells including stem cells and Paneth
cells.” However, the largest population of macrophages within
the intestine can be found randomly displaced within the villi.
Additionally, a distinct macrophage population is positioned within
the submucosal plexus, which together with the myenteric plexus
forms an integrated circuitry that efficiently modulates intestinal

Key Points

e Resident intestinal macrophages carry out essential
house-keeping functions and are essential for intestinal
homeostasis.

e Recent advances in single-cell transcriptomics have
unveiled a hitherto unknown heterogeneity within the
macrophage pool, suggesting a niche-specific functional
specialization of tissue resident macrophages.

e Functional specialization of macrophages is crucial for
intestinal homeostasis and the maintenance of other cell
types, including neurons and blood vessels. Dysfunction
of intestinal macrophages perturbs the niche in which
they reside and may underlie pathologies of the gastro-

intestinal tract.

i

&

)

A3

2 Q‘a;

Lamina propria

o
/s

{

Submucous plexus

Myenteric plexus

Serosa = => > =

Lumen A Y &

O?Q

FIGURE 1 Anatomical distribution of
intestinal resident macrophages. Intestinal
resident macrophages are located within
different layers of the gastrointestinal
tract. Macrophages (green) are mostly
found randomly displaced within the villi
of the lamina propria and can, however,
also be found associated to the epithelium
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motility, secretion across the mucosal surface and blood flow.®?
Deeper within the tissue, macrophages in the muscularis externa
are located distant from the intestinal lumen and are found in a
dense network closely located to the myenteric plexus, part of the
enteric nervous system (ENS).>° In addition, macrophages are dis-
tributed adjacent to interstitial cells of Cajal (ICC), the pacemaker
cells of the gut, and fibroblast-like cells within the muscularis ex-
terna.l?t Macrophages are present in lower numbers within the
circular and longitudinal muscle layers of the muscularis externa,
and within the serosal layer that separates the intestine from the
peritoneum. Finally, macrophages can be detected within intestinal
lymphoid tissue, including Peyers’ Patches (PP) and within mesen-

teric lymph nodes.'>*®

3 | ORIGIN OF INTESTINAL RESIDENT
MACROPHAGES

The recent years have seen a major overhaul of our understanding
of macrophage ontogeny, mainly due to the continuing develop-
ment of evermore elegant and sophisticated fate-mapping models.
It was originally proposed that macrophages belong to the mononu-
clear phagocyte system (MPS), in which they represent the terminal
stage of differentiation of bone marrow (BM)-derived and circulat-
ing monocytes.* The adult tissue-resident macrophage pool was
thus seen as being constantly replenished by blood monocytes that
undergo differentiation upon reaching the final destination tissue
through priming by local cues. The first deviation from this para-
digm was the tissue-resident macrophage population of the brain,
microglia, which was shown to be seeded prenatally by precursors
originating in the embryonic yolk sac, after which these cells are able
to self-maintain by local proliferation throughout life.!> Over the re-
cent years, it has become clear that most tissues are populated by
macrophages derived from the yolk sac or embryonic liver, of which
depending of the environment varying proportions will become self-
maintaining and long-lived or will be replaced by incoming mono-
cytes. Using elegant fate-mapping models, it has become clear that
self-maintaining long-lived macrophages and incoming cells coexist
and make up the pool of resident macrophages within the heart,¢"
8 dermis,'? liver,?° Iung,21 and peritoneal cavity22’23; and also, the
intestine is seeded with embryonic precursors, which in the lamina
propria are rapidly replaced by incoming cells of hematopoietic ori-
gin and do not persist within the adult intestine.?* Recently however,
we and others were able to identify a long-lived self-maintaining
population within the intestine, therefore overcoming the notion
that the pool of intestinal resident macrophages is solely dependent
on replenishment and differentiation of incoming monocytes.?>2
Interestingly, these long-lived macrophages are located deeper
within the gut wall, in close association with blood vessels and en-
teric neurons of the submucous plexus, and in close proximity to en-
teric neurons of the myenteric plexus within the muscularis externa
(Figure 2). The concept of long-lived and rapidly replaced incoming

macrophages coexisting within the intestinal resident macrophage
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pool has also been confirmed in humans. Indeed, it was recently
shown that the adult small intestinal resident macrophage pool con-
tains 2 subsets that are rapidly replaced by incoming monocytes, and
two further distinct subsets that are long-lived. Strikingly, long-lived
macrophages were found predominantly within the villi and within
the submucosa.?’

The main source of infiltrating cells that give rise to tissue-resident
intestinal macrophages is thought to be circulating Ly6Chie" ccr2*
“classical” monocytes deriving from hematopoietic stem cells in the
bone marrow (BM). Both monocyte egression from the BM and infil-
tration of the lamina propria are heavily dependent on CCL2-CCR2
signaling. Indeed, Ly6C"&" monocytes are almost completely absent
from circulation in CCR2”™ mice, as are CD64" macrophages in the
lamina propria?®?’; however, in competitive WT:CCR2”" chimera,
wild-type CD6é4" macrophages were able to populate the lamina
propria.® Conversely, Ly6C"&" monocytes were unable to enter the
lamina propria in mice lacking CCL2 expression (Mcp1™).3! Incoming
Ly6Chigh monocytes differentiate into mature gut macrophages
within the lamina propria, passing through a series of well-defined
intermediates that progressively lose Ly6C expression and begin to
express high levels of MHCII and CX3CR1, in a process known as the
“monocyte waterfall”.?*3° On one end of the waterfall are Ly6C"e"
CX3CR1™ MHCII” monocytes that appear phenotypically similar to
blood monocytes and are characterized by high levels of chemotaxis
and extravasation genes such as CCR2, CD62L, VLA-1, CXCR8, and
LFA-1.32 As differentiation progresses, these cells first upregulate
MHCII expression, before downregulating Ly6C and other extrav-
asation markers. Finally, cells acquire CX3CR1 expression and lose
CCR2 expression to give rise to fully matured tissue-resident mac-
rophages, characterized by expression of F4/80, CD64, CD163, and
CD206. Monocyte-macrophage differentiation is controlled by col-
ony-stimulating factor (CSF1), and mice lacking this factor (Csf1°P/°P)
or the receptor, CSF1R, are profoundly macrophage deficient.3%3
CSF1 signaling is also required for the maintenance of macrophage
populations, as treatment of adult mice with a blocking anti-CSF1R
antibody produces an almost complete depletion of tissue-resident
macrophages, including intestinal macrophages.35 Differentiation
from blood monocyte to intestinal tissue-resident macrophage re-
quires 5-6 days and involves major gene expression changes, and
produces a cell with increased phagocytic capacity and constitutive
IL-10 production.?®3%32 The majority of incoming cells that differ-
entiate to tissue-resident macrophages within the intestine are thus
characterized by a half-life of around 3-5 weeks. Similarly as to what
is described in mice, a monocyte-to-macrophage waterfall has also
been uncovered in the human intestinal mucosa, characterized by
a progressive maturation from classical CD14"e" CCR2* CD11c"eh
monocytes to CD14'° CCR2” CD11c"8" mature macrophages.?’-28:3¢
Interestingly, while immature macrophage subsets were rapidly re-
placed by incoming monocytes, mature macrophage subsets per-
sisted and were replaced by incoming cells at a significantly slower
rate.?” The limited data available for the human intestine seem to
therefore suggest a balance between rapidly replaced macrophages

of hematopoietic origin and long-lived subsets, analogous as to what
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FIGURE 2 Ontogeny of intestinal resident macrophages. Macrophages (green) in the gut consist in a balance of shortlived cells that
derive from incoming Ly6CM&" monocytes (red) that differentiate into Cx3cr1* MHCII* macrophages (green), and long-lived self-maintaining

macrophages (light blue) of embryonic origin

has been shown in murine models. However, it should also be noted
that in contrast to mature murine macrophages, human macrophages
express markers CX3CR1 and CD11c at lower levels.?’

Of note, studies on the origin of intestinal macrophages have
largely focused on the lamina propria macrophages, with very lit-
tle attention to their muscularis externa counterparts, and also in
the muscularis externa, macrophages are seeded embryonically;
however, replacement by monocyte-derived cells appears to occur
at a much lower rate than in the lamina propria.%” Indeed, by em-
ploying an inducible fate-mapping model that labeled all Cx3cr1*
macrophages at 6 weeks of age, we were able to show that while in
the lamina propria only 8% of macrophages retained labeling after
35 weeks, in the muscularis externa 28% of macrophages retained

labeling.?® This finding is in line with previous findings showing that

in steady-state conditions, monocytes can be detected in the mus-
cularis externa at only very low numbers.3® Of note, monocyte-de-
rived immune cell infiltrates populate the tissue in animal models of

inflammation, as will be discussed further on in this review.3%%?

4 | FUNCTIONAL SPECIALIZATION
OF MACROPHAGES WITHIN THE
GASTROINTESTINAL TRACT

Macrophages populate the length of the intestine in varying num-
bers, reaching the highest density in the colon in both humans and
rodents.*®4! As in other tissues, intestinal resident macrophages

carry out a series of homeostatic functions including the removal
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of debris or senescent cells and tissue remodeling.***® In addition
to housekeeping functions, however, macrophages in the intestine
display a functional heterogeneity that can be partially explained
by the specific demands of the different compartments in which
these cells reside. Macrophages in the lamina propria, close to the
epithelial layer, are strategically positioned at the first line of de-
fence against pathogens that occasionally breach the epithelial layer,
acting thus primarily as innate immune effector cells. On the other
hand, muscularis macrophages are located in close proximity to the
ENS to ensure appropriate tissue-protective reactions to pathogens
and inflammatory stimuli, to regulate peristalsis and to protect, sup-

port, and nourish enteric neurons.”?>

4.1 | Lamina propria macrophages

Along the entire length of the Gl tract, macrophages are enriched in
the lamina propria close to the epithelial Ia\yer.44 These macrophages
are first responders to material that breaches the epithelial barrier
and are thus highly phagocytic and bactericidal toward pathogens,
expressing a series of specialized receptors such as Toll-like recep-
tors 3-9, CD36, NOD-like receptors, and TREM2.2845-48 However,
despite their highly phagocytic nature, lamina propria macrophages
are unique in that their response to commensal microbiota or inges-
tion of food antigens does not lead to increased pro-inflammatory
responses.?8484? |ndeed, lamina propria macrophages show down-
regulation of adaptor molecules such as MyD88, CD14, NOD2,
and TRAF6 that prevent TLR downstream signaling and transloca-
tion of NF-kB.*748°051 |5 addition, these cells constitutively ex-
press the anti-inflammatory cytokine IL-10 and its receptor IL-10R.
Interestingly, the IL10-IL10R axis has been implicated in macrophage
responsiveness in both humans and in rodents; colonic macrophages
in which this axis has been disrupted express higher levels of pro-in-
flammatory mediators and display increased responsiveness to TLR
stimulation, leading to spontaneous intestinal inflammation.>%>2->4
In addition to clearing pathogens that breach the epithelial bar-
rier, CX3CR1"i& macrophages can extend dendritic projections to
sample luminal antigens in a CX3CL1-dependent manner, without
perturbing epithelial integrity (Figure 3A).>>>% This process may
explain the role of CX3CR1"&" macrophages in the development
of oral tolerance to dietary antigens in the upper small intestine.®’
The development of oral tolerance implicates the induction of an-
tigen-specific FoxP3" Tregs, a process which requires migration of
antigen-presenting cells to the gut-draining mesenteric lymph nodes
(MLNSs).%8%% However, while lamina propria macrophages express
high levels of MHCII and are thus capable of antigen presentation,
their role in mucosal Treg differentiation remains uncertain.”*¢!
Lamina propria macrophages lack CCR7 expression and thus cannot
migrate to mesenteric lymph nodes to prime naive lymphoid cells
after uptake of luminal antigens.®?¢® Hence, it has been proposed
that CD103" dendritic cells, which are also more effective T-cell ac-
tivators compared to macrophages, prime FoxP3* regulatory T cells
within the MLNs.”**%2 |n this respect, it has been demonstrated

50f12
S W LE Y

that CX3CR1"&" lamina propria macrophages transfer trapped anti-
gens to neighboring CD103" dendritic cells with a connexin 43-de-
pendent mechanism.57 Differentiated FoxP3" regulatory T cells
within lymph nodes then return to the lamina propria and are lo-
cally maintained by IL-10 produced by CX3CR1" macrophages in a
microbiota-dependent manner.>*%* CX3CR1* macrophages have
also been shown to support the generation of CD4" T-cell responses
and Th17 cell differentiation in response to segmented filamentous
bacteria.*®%>¢% |n addition to luminal sampling, lamina propria mac-
rophages in proximity to the epithelium exhibit functions to pre-
serve intestinal epithelial integrity, such as pathogenic clearance and
phagocytosis of dead cells.

Lamina propria macrophages can also be found closely associated
to the crypt base of the villi, relatively distant from the boundary of
the lumen and mucosa (Figure 3B). These cells are CD169* and pro-
mote wound regeneration and epithelial proliferation in a MyD88-
dependent fashion, likely through the expression of extracellular
matrix proteins such as Mmp13 and Adam9.%%¢78 Indeed, mice that
are deficient for Csf1 show impaired epithelial differentiation and
renewal #%7% |n addition, it was demonstrated that macrophage
depletion via CSF1-R blockade impairs the differentiation of Paneth
cells, specialized epithelial cells in the crypt base that provide niche
signals for LGR5" intestinal stem cells.”* Consistently, CSF1-R treat-
ment reduced the expression of trophic factors by Paneth cells and
decreased epithelial proliferation. Interestingly, we were recently
able to identify a subset of long-lived self-maintaining macrophages
in close proximity to Paneth cells, making it tantalizing to speculate
that these cells consist in a specialized subset primed by local signals
to support and protect Paneth cell differentiation.?” However, such
niche-specific signals have yet to be characterized.

The submucosa is a heavily vascularized layer of connective tis-
sue containing the submucosal plexus that constitutes part of the
ENS and regulates intestinal secretion.”> We recently showed that
the majority of self-maintaining macrophages detected within the
lamina propria is located in close association with submucosal neu-
rons and blood vessels.?® Strikingly, depletion of self-maintaining
macrophages led to loss of submucosal neurons and blood vessel dis-
ruption and increased vascular leakage (Figure 3C). Single-cell RNA
sequencing revealed distinct populations associated to blood ves-
sels and neurons, respectively, and each characterized by a unique
transcriptome, suggesting that subsets of macrophages functionally
specialize to support enteric neurons and blood vessels. These find-
ings prove a hitherto unknown heterogeneity within the intestinal
macrophage pool, which begs for further in-depth characterization

of these subsets and their role in gastrointestinal disorders.

4.2 | Muscularis macrophages

Muscularis macrophages are located within the muscularis externa,
where they constitute the main immune cell population and lie in
close proximity to neurons within the myenteric plexus, the circu-

lar and longitudinal smooth muscle layers and ICCs, which function
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FIGURE 3 Functional heterogeneity of intestinal resident macrophages. Distinct subpopulations of macrophages carry out specialized
functions in relation to the anatomical niche they occupy. A, Cx3crnieh macrophages (green) located below the intestinal epithelium
sample the lumen and may participate in the development through the transfer of trapped antigens to CD103" dendritic cells (orange)

that then migrate to the mesenteric lymph nodes (MLNs) to instruct naive T cells. FoxP3" regulatory T cells then migrate to the intestinal
lamina propria to promote tolerance, where they are maintained by IL-10 produced by resident macrophages. B, CD169* macrophages are
associated to the base of the intestinal crypt where they promote epithelial proliferation and Paneth cell (pink) differentiation. Depletion
of macrophages leads to reduced epithelial proliferation and loss of LGR5" intestinal stem cells. In DSS colitis, macrophages produce
CCL8 to attract pro-inflammatory monocytes from the blood stream. C, Depletion of long-lived self-maintaining macrophages leads to
enteric neurodegeneration and disruption of blood vessel architecture in the submucosa. D, Macrophages within the myenteric plexus are
maintained by CSF1 produced by enteric neurons. Conversely, enteric macrophages produce BMP2 which regulates intestinal peristalsis.

Depletion of long-lived self-maintaining macrophages leads to loss of enteric neurons, impaired peristalsis and delayed transit

together to regulate gastrointestinal motility.”®’* Reflecting the
distinct nature of the muscularis niche, its macrophages have been
shown to be transcriptionally and morphologically different to their
lamina propria counterparts, characterized by upregulation of tis-

3%25: and also

sue-protective genes such as Retnla, Mrc1, and CD16
within the muscularis niche, subpopulations of macrophages can be
identified at least on a morphological level, as cells lying within the
myenteric plexus and thus in close contact with enteric ganglia ap-
pear stellate, with a “microglia-like appearance,” while macrophages
lying within the muscle layer exhibit a bipolar morphology.” Whether
this morphological heterogeneity extends to transcriptional and
functional heterogeneity, however, has yet to be explored.

At the level of the myenteric plexus, muscularis macrophages
lie in close proximity to enteric neurons, where they carry out a se-
ries of specialized functions specific to this niche. The priming of

macrophages in the myenteric plexus appears to depend mainly on

neuron-derived signals, as muscularis macrophages express a variety
of neurotransmitter receptors that can modulate their phenotype,
including neurokinin receptors, glycine receptors, nicotinic «7 and $2
acetylcholine receptors, adrenergic 2 receptor, and P2 purine recep-
tors.”’>78 |n addition, enteric neurons have been shown to produce
CSF1, crucial for the maintenance of the macrophage compartment.79
Conversely, macrophages produce mediators crucial for neuronal func-
tion including bone morphogenic protein 2 (BMP2), which has been
shown to be important for smooth muscle contractility and peristalsis
(Figure 3D).”? Intriguingly, while macrophages colonize the muscularis
externa in mice as early as 8.5 days post-conception, before onset of
neurogenesis and the formation of a complete functional myenteric
plexus, and have also been observed in animal models that lack enteric
neurons, it appears that enteric neurons rely heavily on the presence
of macrophages for their function and survival (own unpublished re-

sults).8% Indeed, we have shown that depletion of the self-maintaining
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subpopulation of macrophages leads to a loss of over 50% of enteric
neurons in the myenteric plexus, impaired intestinal contractility and
prolonged intestinal transit.>> Moreover, the constitutive absence
of muscularis macrophages in Csf1°%’°? mice is associated with an in-
creased density of enteric neurons and a less organized architecture of
the myenteric plexus.”? This is in line with recent data showing phago-
cytosis of neuronal debris by muscularis macrophages during steady-
state, suggesting that muscularis macrophages actively shape the ENS
in a similar manner as to how microglia shape the CNS through removal
of apoptotic debris in development and adulthood.®! Taken these ex-
amples into account, it is plausible that the functional mechanisms em-
ployed by microglia to regulate neuronal development in the CNS can
be extrapolated to muscularis macrophages in the ENS.

In addition to their interaction with neurons, it was recently
demonstrated that muscularis macrophages can directly interact with
smooth muscle cells via TRPV4-mediated release of prostaglandin E2,
affecting colonic motility.8? Indeed, Trpv4-floxed mice showed signifi-
cant reduction in colonic contraction upon treatment with GSK101, a
TRPV4 channel agonist, an effect which was independent from neu-
ronal input. These findings highlight that muscularis macrophages can
also directly influence smooth muscle cells without input from the
ENS. Furthermore, muscularis macrophages have also been shown to
be closely associated to ICC in both human and mouse; however, the

functional implications of this interaction have yet to be elucidated.®®

5 | RESIDENT MACROPHAGES IN
GASTROINTESTINAL DISEASE

5.1 | Lamina propria macrophages in intestinal
inflammation and infection

Inflammation in the intestine is associated to considerable influx of
Ly6C"&" monocytes that rapidly differentiate into pro-inflammatory ef-
fector cells, a process that has been extensively studied in animal models
of colitis.}??88485 Characteristic of the inflammatory setting is the ar-
rest of differentiation of incoming monocytes, which thus do not fully
differentiate into Cx3cr1"&" macrophages and instead retain a Cx3cr1
signal and features resembling the monocytes they derive from.288>
This immature state of the macrophage is characterized by failure of
IL-10 upregulation and the excessive production of inflammatory cy-
tokines such as IL-1f, TNF-q, IL-6, IL-12, and chemokines that further
drive the influx of Ly6C"8" monocytes. 28398687 Arrested differentiation
and accumulation of CD14"8" CD11c"®8" immature macrophages have
also been widely described in patients with inflammatory bowel dis-
ease. In line with findings murine models, these immature CD14"&" cells
produce pro-inflammatory cytokines, display respiratory burst activity
and express markers that further drive the influx of pro-inflammatory
cells.?8889% The mechanisms underlying incomplete differentiation of
incoming monocytes to macrophages in the context of intestinal inflam-
mation have not fully been elucidated; however, a reduction of factors
that promote differentiation, such as IL-10 and TGF, in addition to in-

creased pro-inflammatory signals such as IFNy may disrupt the pathway

7 of 12
S W LEY—

required for macrophage differentiation.?®7°%* It has been proposed
that recruited inflammatory cells play a pathological role in murine mod-
els of colitis, and in line, pharmacological or genetic depletion of CCR2-
ameliorated inflammation in DSS-induced colitis.8> However, as the role
of recruited inflammatory cells in gastrointestinal disorders has been
extensively described elsewhere and is not the focus of this review, we
kindly refer the interested reader to these excellent reviews.””¢

Resident Cx3cr1"eh macrophages persist in inflammatory settings
and maintain their anti-inflammatory phenotype and immunological
unresponsiveness, a feature that may be crucial to promote mucosal
healing.?®%7%7 In line, depletion of resident macrophages leads to ag-
gravation of experimental colitis.?® Interestingly, hemoglobin released
from hemorrhaging tissue in experimental colitis limits pro-inflam-
matory gene expression in Cx3cr1"en macrophages, thus limiting in-
testinal inflammation in DSS-induced colitis.”” As in the healthy gut,
however, resident macrophages may contribute to the recruitment of
monocytes through release of CCR2 ligands. This has been demon-
strated in the case of the specialized niche of CD169" macrophages
located preferentially around the base of intestinal crypts, adjacent to
blood vessels and lymphatics, that have been shown to produce CCL8
in response to inflammation or injury to attract inflammatory Ly6C"e"
monocytes (Figure 3B).X° These findings highlight the complex and dy-
namic role of monocytes, macrophages and their intermediates in the
context of intestinal inflammation.

In the setting of helminths infection, lamina propria macrophages
initiate a Th2-driven immune response to ensure protective re-
sponses by production of IL-4 and IL-13.2%1%2 Moreover, during worm
infections, these cells produce arginase-1, resistin-like alpha and at-
tract eosinophils, favouring worm expulsion but also improving tis-
sue repair after clearance of infection. Furthermore, lamina propria
macrophages inhibit the Th1 cell response toward invasive patho-
gens such as Salmonella typhimurium. Indeed, depletion of CX3CR1"
macrophages led to enhanced Th1 cell response upon oral infection
with Salmonella typhimurium or Helicobacter hepaticus, although it
should be noted that in this model, both incoming as also resident
macrophages were depleted.“’4 Of note, this protective function ap-
pears to be dependent on the presence of an intact microbiome.

Finally, in the Peyer's patches of the small intestine, which are
considered to be the main entry gates for pathogens within the in-
testine, macrophages are implicated in the initiation of proper in-
flammatory responses.'®%* They produce less IL-10 compared to
their lamina propria counterparts and show upregulation of interfer-
on-dependent anti-microbial and antiviral genes.12 Moreover, these
macrophages show enhanced production of IL-6 and TNFa upon
TLR stimulation, in addition to priming naive T helper cells for IFNy

production.}?10%106

5.2 | Muscularis macrophages in
gastrointestinal disorders

Several studies clearly indicate a key role for muscularis mac-

rophages in gastrointestinal disorders including ileus and
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gastroparesis, characterized by impaired gastrointestinal motil-
ity and/or transit.!! lleus is a condition characterized by impaired
contractility of the intestine due to inflammation of the muscle
layer following abdominal surgery or sepsis.'?” Despite consider-
able advances in surgical technique, postoperative ileus remains
a condition that can considerably prolong hospitalization follow-
ing abdominal surgery, leading to increased healthcare costs.108
Animals studies have shown that an initial neuronally mediated
inhibition of gut motility is followed by an inflammatory cascade
of events in the muscularis externa initiated by muscularis mac-
rophages, including the upregulation of several transcription fac-
tors (ie NF-kB, STAT, p38-MAPK), induction of pro-inflammatory
gene expression and the release of chemokines and cytokines (ie,
IL-1B, MCP1, IL-6, and TNF).2°?1*1 This inflammatory process fa-
vors the upregulation of adhesion molecules and recruitment of
circulating leukocytes such as neutrophils and monocytes to the
muscularis externa, which eventually leads to impaired intestinal
motility mediated by inflammatory effectors on smooth muscle,
intrinsic, and extrinsic nerves.**?'* |n particular, resident mac-
rophages upregulate the inducible nitric oxide synthase iINOS
and thus promote ileus via NO-mediated paralysis of intestinal
muscle cells.!'®> This activation of resident macrophages is me-
diated by local Irf4-dependent CD103* CD11b* dendritic cells,
which stimulate memory Th1 cells to produce IFNy by secreting
the pro-inflammatory mediator 1L-12.1141%” The pathological role
of muscularis macrophages is further underscored by findings
showing that Csf1°P’°P mice are protected against postoperative
ileus.'*®1? Moreover, prevention of macrophage activation by
stimulation of the vagus nerve, an effect mediated by the release
of acetylcholine and activation of a7nAChR expressed by muscu-
laris macrophages, reduces intestinal inflammation and improves
postoperative intestinal transit.*2°22 |n addition, upregulation of
heme-oxygenase (HO-1) or activation of glycine receptors in mus-
cularis macrophages have both been shown to ameliorate ileus in
animal models. 123124

Macrophages located in the muscularis externa have also been
implicated in gastroparesis, a condition characterized by delayed
emptying of the stomach in the absence of mechanical obstruc-
tion, which can arise as a consequence of diabetes or be idiopathic
or iatrogenic. Cardinal symptoms of gastroparesis include post-
prandial fullness, early satiety, nausea, vomiting, and bloating,
and it has been estimated to affect up to 2% of the general pop-
ulation.}?>'2¢ Loss of CD206* macrophages has been associated
with increased oxidative stress and pro-inflammatory cytokine
expression, the loss of neuronal nitric oxide synthase-expressing
neurons and the development of delayed gastric emptying.}?71%8
In addition, the loss of CD206* macrophages in patients with gas-
troparesis correlated with loss of ICC, while unopposed oxidative
stress has been shown to play a role in ICC loss and development
of delayed gastric emptying in animal models.*?”12? However, the
absence of muscularis macrophages in Csf1°”’°P mice was protec-
tive against the development of gastroparesis in diabetic mice,

and CSF1-mediated replenishment of macrophages resulted in

development of delayed gastric emptying and ICC damage.130 It

is thus clear that the role of macrophages in gastroparesis and the
mechanisms through which they regulate gastric emptying have
yet to be elucidated.

Intestinal ischemia reperfusion injury can occur following
hemorrhagic shock, cardiac arrest or arterial occlusion, but also
as a complication of surgical procedures such as intestinal trans-
plantation or abdominal aortic surgery. Ischemia activates resi-
dent macrophages with increased levels of MPO activity, release
of pro-inflammatory IL-6 and production of TNF «, initiating an
inflammatory response.’®%32 This results in damage to the in-
testinal mucosa, increased gut permeability and consequent bac-
terial translocation, which can lead to sepsis and multiple organ
failure, with a high rate of mortality.*®® Conversely, depletion of
resident macrophages is protective against mucosal damage.*®?
Interestingly, and in line with findings in models of postoperative
ileus, stimulation of the vagus nerve improved survival, blunted
NF-KB response, and reduced levels of TNFa and IL-6 in models
of haemorragic shock.'**13 These findings suggest that resident
macrophages may drive the inflammatory response to ischemia
and may thus represent an interesting therapeutic target to limit

ischemia-reperfusion damage.

6 | CONCLUSIONS

The recent advances in our knowledge of intestinal resident mac-
rophage ontogeny and heterogeneity have uncovered a hitherto
unknown spectrum of functional specialization of these cells, that
extends well beyond mere phagocytosis of bacteria and host de-
fence mechanisms. Our recent work has shed light on these “mul-
titaskers” as cells that maintain vascular integrity and support
neuronal survival; however, the complexity of the intestinal tissue
suggests that there may be many more macrophage subpopulations
with functional specialization, begging a further concentrated effort
to further define the niches and signaling involved.?> Our increased
understanding of macrophage heterogeneity further highlights the
need to resolve the functional and phenotypical specialization of
these cells on a spatial level, which will be possible in the near fu-
ture thanks to the staggering progress of techniques such as spatial
RNA transcriptomics and spatial mass spectrometry. Furthermore,
it will be crucial to expand these findings to the human intestine, in
both health and disease, to further unravel the complex interactions
between macrophages and other cell types, with the prospect of un-
covering mechanisms that underlie gastrointestinal diseases.
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