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Abstract

The intestinal tract is a complex ecosystem where numerous cell types of epithe-

lial, immune, neuronal, and endothelial origin coexist in an intertwined, highly orga-

nized manner. The functional equilibrium of the intestine relies heavily on the proper

crosstalk and cooperation among each cell population. Furthermore, macrophages are

versatile, innate immune cells that participate widely in the modulation of inflamma-

tion and tissue remodeling. Emerging evidence suggest thatmacrophages are central in

orchestrating tissue homeostasis. Herein, we describe howmacrophages interact with

epithelial cells, neurons, and other types of mesenchymal cells under the context of

intestinal inflammation, followed by the therapeutic implications of cellular crosstalk

pertaining to the treatment of inflammatory bowel disease.
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1 INTRODUCTION

The mammalian intestine is a site where numerous external and inter-

nal signals constantly converge. Besides functioning as a digestive

and absorptive organ, the intestinal tract can be seen as the largest

peripheral immune organ, which harbors over 70% of the body’s

total immune cells.1 Macrophages belong to the mononuclear phago-
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cyte system, densely populated throughout the intestinal lamina pro-

pria and found in close proximity to intestinal epithelial cells (IECs).2

These versatile immune cells are also widely distributed throughout

the submucosa, muscularis externa, and serosa layers, where they

receive signals from the enteric neurons and various mesenchymal

cells. As such, macrophages play a pivotal role in generating feed-

back signals to orchestrate the functions of these neighboring cells.

Dysfunction of intestinal macrophages (IMφs) is typically “infectious,”
resulting in transmission of the wrong information to other cell types,

consequently triggering a vicious cycle that ultimately destroys the

intestinal equilibrium. Deeper insight into the mechanisms underlying

macrophage-mediated intercellular crosstalk is pivotal to the devel-

opment of successful inflammatory bowel disease (IBD) therapeutic
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strategies. In this review, we summarize current knowledge about the

reciprocal regulation between IMφs, IECs, and other varying stromal

cell subtypes within the intestine and conclude by discussing its rele-

vance to clinical therapeutic IBD intervention.

2 ORIGIN AND PHENOTYPE OF IMφS

The origins of tissue-resident macrophages mainly include the yolk

sac, fetal liver, and bone marrow3; however, the relative contribution

of these sources varies greatly among different organs. In the steady

state, brain macrophages (microglia) are almost exclusively of yolk sac

origin after birth. Macrophages in other organs, such as the lung, liver,

or epidermis are mostly derived from fetal liver monocytes.3–6 In con-

trast, fate-mapping analysis showed that the origin of IMφs were quite
different, as they are constantly replenished by CCR2+ peripheral

monocytes in the adult mouse.7 Monocyte infiltration into the steady-

state intestine is thought to be mediated through gut microbiota-

dependent “physiological inflammation.”8 Previous research has vali-

dated this dependency as the number of IMφs were greatly reduced in
CCR2–/– mice 1 week after birth, yet the number of liver macrophages

was not affected.7 In support of this finding, CCR2-DTR mice admin-

istered with diphtheria toxin exhibited a near complete loss of IMφs.9

Challenging previous findings, a subset of self-renewing IMφs with

a Tim-4+CD4+ phenotype was reported.10 This specific subset of

long-lived IMφs is mainly localized in the muscularis and submu-

cosa layers, and their accumulation in the intestine is independent

of CCR2.10,11

In general, IMφs express classical macrophage markers, including

F4/80 and CD68, which are commonly used with the pan-myeloid

marker CD11b to define IMφs in many studies. On the other hand,

unlike other tissue-resident macrophages, a large proportion of IMφs
express high levels of MHC-II and CD11c, which are considered to

be markers of dendritic cells (DCs). To date, various phenotyping

strategies for IMφs have been proposed. A combination of MHC-

II+CD11c+CD64+ was suggested for identifying IMφs,12 based on

the findings that CD64+ cells required M-CSF for their development.

Meanwhile, the development of CD64– cellswas dependent on Flt3L, a

known DC growth factor.13,14 Moreover, among the MHC-II+CD11c+

population, CD64+ cells displayed typical morphologic features of

macrophages and could not migrate to the mesenteric lymph nodes,

indicating their macrophagic character.12–14 High consideration and

caution should be taken when translating results/phenotypes from

mouse models to human IMφs. For example, F4/80 and Ly6C, two clas-

sically used markers to identify mouse monocyte/macrophage linage,

have no counterpart in humans. Furthermore, mature human IMφs
have been reported as negative for CD11b, CD11c, and CD64. It is

worthmentioning that thesemarkerswere highly expressedonperiph-

eral monocytes from the same individual, illustrating the complexity

involved when translating science from mice to human populations.15

Moreover, CX3CR1 expression was also identified to be low in human

IMφs. A recent report identified four different macrophage subsets

within the human small intestine, exhibiting distinct surface mark-

ers, turnover time, tissue localization, and gene expression profiles.16

Despite these phenotypic discrepancies, mouse and human IMφs in

fact do share functional similarities. Both possess high phagocytic

capacity and are refractory to the stimulation of pathogen-associated

molecular patterns (PAMPs).16

Phenotyping of IMφs is complicated further in the inflamed intes-

tine, where massive amounts of blood monocytes are continuously

recruited. Upon entering the intestine, these inflammatory mono-

cytes undergo a so-called “monocyte waterfall” to fully differentiate

into mature IMφs. During this process, monocytes gradually lose

Ly6C expression and acquire/up-regulate the expression of MHC-

II/CX3CR1, respectively. Functional changes also occur after this

infiltration process. Ly6ChiMHC-II–CX3CR1int/low (immature IMφs)
produce high levels of IL-6, iNOS, and IL-23, whereas Ly6C–MHC-

II+CX3CR1hi (mature IMφs) mainly produce IL-10 and express CD163

and CD206.17 Throughout the remainder of this review, different

monocyte/macrophage subsets were indiscriminately described as

“IMφs,” unless otherwise noted. Monocytes are further considered to

be progenitors for mature IMφs, though a significant proportion fail to
differentiate even under highly inflammatory conditions (as discussed

later in the review).

Although macrophages are traditionally divided into “classically

activated macrophages (M1)” or “alternatively activated macrophages

(M2)” mirroring the CD4+ T helper cell “Th1/Th2” classification, this

simple dichotomy may be far from precisely covering the diversity of

IMφs. The presented examples demonstrate the need for researchers

to delve deeper into understanding the subsets of IMφs, which contain
extremely heterogeneous subsets according to their origin, location,

and received environmental signals. Therefore, each IMφ subset may

uniquely participate in intracellular communication and play a critical

role in regulating intestinal inflammation.

3 CROSSTALK BETWEEN IECS AND IMφS

IECs comprise the single cell layer lining the gut between the lumenand

external environment.18 The fundamental functions of IECs aremainly

attributed to nutrient absorption, barrier formation, and immune reg-

ulation. There are classified into several types of mature IECs includ-

ing: enterocytes, paneth cells, goblet cells, enteroendocrine cells, M

cells, and tuft cells.19,20 Together, these cells form the epithelial bar-

rier, which segregates the gut bacteria and lamina propria in order to

prevent the activation of inappropriate immune responses. Due to the

close proximity of IECs and IMφs, they frequently interplay in both the
healthy and inflamed intestine (Figure 1).

3.1 Epithelium regulation of IMφ functions

First, IECs are important sources of monocyte-attracting chemokines

in intestinal inflammation. IEC-derived TGF-β and IL-8 chemo-

attract peripheral monocytes into the intestinal mucosa.21 Also,

CCL25 produced by IECs recruit CCR9+ monocytes to the inflamed



CAO ET AL. 315

F IGURE 1 IEC–IMφ crosstalk. Green arrows represent anticolitic effects; red arrows represent procolitic effects; black arrows represent
uncertain or multifaceted outcomes

intestine. By blocking physiologic CCL25/CCR9 interactions using

CCL25-conjugated Sepharose beads, intestinal inflammation was

found to be alleviated in IBD patients by selectively deleting CCR9+

monocytes.22,23 Similarly, in a clinical trial for ulcerative colitis, CCL25-

conjugated Sepharose beads have been found to decrease the number

of circulating HLA-DRhi inflammatory monocytes with no obvious

adverse side effect.24 Recently, IECs were found to serve as a major

source of a novel CCR2 ligand: PC3-secreted microprotein (PSMP),

which mediates the infiltration of Ly6Chi monocytes into colon, result-

ing in colitis development. The production of PSMP occurred prior

to the up-regulation of CCL2 in the inflamed colon, suggesting that

IEC-derived PSMP may be crucial for the early recruitment of inflam-

matory monocytes.25 Furthermore, IEC-derived MMP9 facilitated

the infiltration of CD11b+ inflammatory monocytes, which induced

colonic mucosa damage.26

Upon entering the inflamedmucosa, IMφs receive signals from IEC-

derived cytokines.

IECs express a wide range of pattern recognition receptors (PRRs),

such as TLRs and NOD-like receptors (NLRs). Through these PRRs,

IECs can then actively sense various kinds of bacterial stimuli and

subsequently produce immunoregulatory cytokines.27,28 For example,

LPS (a TLR4 ligand)-stimulated IECs serve as important sources of

mucosal IL-10 and TGF-β, two critical immunosuppressive cytokines

responsible for suppressing macrophagic production of inflamma-

tory cytokines. This further implies a significant IEC contribution

to the anti-inflammatory programming in IMφs.29,30 Aside TLRs,

IEC-expressed NLRs are also clinically relevant to IBD pathogenesis

due to their key role in inflammasome activation. Polymorphisms

in NOD2, an intracellular NLR that recognizes diaminopimelic acid-

containing muramyl tripeptide or muramyl dipeptide from bacterial

peptidoglycans, is closely linked to genetic risk for Crohn’s disease.

Furthermore, IEC-intrinsic NLR-inflammasome signaling has profound

impacts on the intestine immune system.31 An important event down-

stream of inflammasome activation is to release mature IL-1β and

IL-18. Different from myeloid cells, IEC do not produce significant

levels of IL-1β upon inflammasome activation.32 In contrast, IECs

were the primary source of IL-18.33,34 It is worth mentioning exactly

how IL-18 impact macrophage functions remains controversial. IL-18

was also reported to promote TNF-α secretion from macrophages.35

Consistently, IL-18 neutralization reduced TNF-α production in colitic
mice.36 However, IL-18 amplified the anti-inflammatory phenotype

of macrophages induced by IL-10.37 Hence, the impacts of IEC NLR

signaling onmacrophage functions still need further elucidation. Other

IEC-derived cytokines with macrophage-modulatory function include

thymic stromal lymphopoietin, which promoted the polarization

of M2 macrophages,38 thus inhibiting intestinal inflammation and

promoting tissue repair. IEC-secreted FNDC4, a fibronectin type III

domain-containing protein, also exerts an anti-inflammatory func-

tion by suppressing the production of inflammatory chemokines in

IMφs.39 Compared with IECs from healthy mucosa, IECs from patients

with IBD expressed a markedly higher level of IL-37,40 which was

implicated in the protection against dextran sulphate sodium (DSS)
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colitis.41 The anticolitic effect of IL-37may be partially attributed to its

ability to down-regulate the production of inflammatory cytokines in

macrophages.42

The inflammatory intestinal microenvironment poses profound

stress on IEC survival. This inflammatory stress ultimately leads to the

release of danger-associated molecular patterns with immunomodu-

latory properties. A typical example is IL-33, an IL-1 cytokine family

member that is predominantly expressed in nonhematopoietic cells.43

In a murine colitis models, IL-33 was reported to ameliorate disease

progression by increasing M2 macrophage polarization, or by promot-

ing macrophage autophagy.44,45 However, there was also a contra-

dictory report illustrating IL-33 administration aggravated DSS coli-

tis by amplifying Th2 response and increasing the number of IMφs.46

More interestingly, IL-33was also reported to either promoteor impair

mucosal restitution andhealing in two separate studies.47,48 The seem-

ingly contradictory results mentioned abovemay suggest that the pro-

tective role of IL-33 requires a homeostatic balance within the gut.

Insufficient or excessive production of IL-33 will lead to the exag-

gerated inflammation. The in vivo function of IL-33 is further com-

plicated by the fact that it can be cleaved by various extracellular

and intracellular enzymes to generate truncated forms with different

bioactivity.49–51 It should be noted that although many IEC-derived

cytokines/soluble factors are also producedbyother cell types. In some

cases, IECs might be the predominant sources of these mediators due

to their high cell number in the intestine.

Different IEC subsets have unique manners to regulate IMφ func-

tion. For example, serotonin produced by a subset of enteroendocrine

cells (enterochromaffin cells) contributes to colitis development by

increasing the infiltration and inflammatory activity of IMφs.52 On the

other hand, through producing chromofungin—a short peptide derived

from Chromogranin-A proteolytic processing—enteroendocrine cells

enhanced the alternative activation of IMφs, resulting in the amelio-

ration of murine DSS colitis.53 Goblet cells, another IEC subset, are

intestinal secretory cells whose main function is to synthesize and

secretemucins and antimicrobial peptides (AMPs). Goblet cell-specific

AMP RELMβ up-regulated the expression of TNF-α, IL-12/23p40
and MHC-II in macrophages, facilitating the establishment of a Th1-

dominant immune response. This unique phenomenon exacerbated

intestinal inflammation induced by chronic Trichuris infection.54 In DSS

colitis, macrophages from RELMβ–/– mice exhibited lower levels of

TNF-α and IL-15 production, resulting inmicemore resistant to intesti-

nal inflammation. Even though RELMβ is highly expressed in gob-

let cells, RELMβ deficiency did not obviously affect epithelial barrier

function.55

In recent years, a specialized IEC subtype—tuft cells—have been

shown to modulate intestinal immunity.56 Tuft cells are the predomi-

nant sources of IL-25 in both the healthy and helminth-infected intes-

tine, by which they promote a Th2 response.57 It is possible that

tuft cells can modulate intestinal inflammation via affecting IMφ func-

tions, as IL-25 has been reported to alleviate colitis by reducing the

inflammatory capacity of macrophages58 and inducing the polariza-

tion of alternatively-activated macrophages.59 Conversely, in a type-

2 colitis model induced by oxazolone, IL-25 signaling was shown to be

pathogenic by enhancing the production of IL-13, a major epithelium-

toxic cytokine. It is essential that the exact role of IL-25 in colitis needs

further investigation.Microfold cells (M cells) are an additional form of

specialized IECswhosemain function is to sample luminal antigens and

transport them to the subepithelial lymphoid follicles. This transport

is done in order to initiate immune responses in GALT.60 It has been

shown thatMcells uptake then transfer enterohemorrhagicEscherichia

coli to IMφs, resulting in increased bacterial survival and induction of

apoptosis of IMφ, ultimately leading to the release of Shiga-toxins into

the bloodstream.61

Besides the soluble factor-mediated crosstalk, the proximity

between IECs and subepithelial macrophages also allows them to

interact in a contact-dependent manner. Semaphorin 7A, expressed

on basolateral IECs, binds to αvβ1 integrin on IMφs, thereby triggering
macrophage production of IL-10, which was shown to ameliorate

colitis.62 Concurrently, macrophages project transepithelial dendrites

(TEDs) outside of the IEC barrier to sample lumen bacteria.63,64 This

process depends on macrophage CX3CR1 expression. This coincides

with a recent report that CX3CR1–/– mice failed to form TEDs.64 IECs

are thus more than likely involved in regulating the formation of TEDs

as they express the sole known CX3CR1 ligand—CX3CL1.65 Despite

this knowledge, the physiologic significance of TEDs in intestinal

inflammation is poorly understood. Furthermore, to complicate mat-

ters, the presence of TEDs seems to depend on the particular mouse

strains.64

Not only can IECs heavily influence IMφ in the living micro-

biome, interestingly, dead IECs have the potential to also shape

IMφ function. Homeostatic apoptotic IECs were phagocytized by

CD103+/–CD11b+CD24–CD64+ IMφs and CD103+CD24+CD64−

DCs in the small intestine. The recognization of dead IECs markedly

changed gene expression profiles of IMφs, with a general up-regulation
in anti-inflammatory genes and down-regulation in proinflammatory

genes.66

Another intriguing manifestation of IMφ-IECs crosstalk is cell

fusion. Bone marrow-derived cells were reported to be able to fuse

with various mature IEC lineages and intestinal stem cells in the

injured intestinal mucosa.67 Similarly, it is reported that bone marrow-

derived cells can fuse with proliferating IECs in the intestine of IL-

10–/– mice. This fusion effect was inhibited by treating IL-10–/– mice

with anti-inflammatory agent5-ASA, suggesting that this particular cell

fusion phenomenonwas driven by intestinal inflammation.68 Although

the aforementioned studies did not specify which subpopulation of

bone marrow-derived cells participated in the fusion with IECs, fol-

lowing work illustrated that IMφ–IEC fusion was observed during the

development of colon tumors. Crypt IECs, which were fused with

IMφs, acquired not only the macrophage surface marker F4/80, but

also a set of specific genes related to macrophage functions.69 These

findings raise several interesting questions: (1) What is the physio-

logic significance of IMφ–IEC fusion in intestinal inflammation? (2)

How does this process affect disease progression? (3) Which factors

mediate this cell fusion and the underlying molecular basis? This cell

fusion process resembles the uptake of extracellular vesicles, in which

the recipient cells acquire certain characteristics of the donor cells.
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Indeed, IECs generate an abundant number of exosomes to modu-

late the function of immune cells, such as DCs.70,71 Although direct

evidence is lacking, it is reasonable to hypothesize that exosomes

also contribute to IEC-mediated IMφ regulation of intestinal inflam-

mation. This leads to yet another interesting cell–cell dynamic that

has not been deeply explored: why do cells need exosomes to con-

vey information? The production of exosomes is an energy-consuming

process and the close proximity between IECs and IMφs inherently

makes exosome production seem as an unnecessary biologic function.

A plausible explanation could be that IECs release certain exosomes

to deliver a specific “molecule combination,” rather than a set of ran-

domly packaged molecules. Therefore, each component in the exo-

some package would act synergistically to fulfill a certain regulatory

purpose.

3.2 IMφs communicating with IECs—feedback
mechanisms

Macrophages are well accepted for their phagocytic and tissue-

remodeling abilities. In the homeostatic intestine, IMφs actively

phagocytize the effete IECs within the intestinal villi to main-

tain epithelial turnover.72 When the IEC barrier is mechanically

injured, IMφs accumulate around the wound bed and ensure

effective epithelial healing.73,74 In the literature, blood-derived

macrophages from healthy donors, or patients with IBD, displayed

a CD206+CCL18+CD14low/−phenotype upon IL-4 treatment, thus

acquiring the ability to accelerate epithelial wound healing by produc-

ing TGF-β.75 IL-4-primedmacrophageswere also found to secretemiR-

590-3p-containing exosomes, which then facilitated epithelial repair

by activating the LATS1/YAP/β-catenin pathway.76 Furthermore, in the

inflamed gut, macrophages, which produced IL-36, stimulated the pro-

liferation and AMP production in IECs, thus facilitating the recovery of

the damaged IEC barrier.77 Mesenchymal macrophages are also likely

crucial for the establishment of an epithelial-regenerative niche in the

damagedcolonicmucosa. This effectwas found tobemediated through

Myd88-depedent production of several proregenerative mediators by

macrophages in response to gut microbiota.78 IL-10, although being

previously thought as an immunosuppressive cytokine,79 was recently

reported to exert a direct protective role on intestinal epithelium.

Macrophage-derived IL-10 accelerated the repair of the injured

colonic mucosa through CREB-dependent WISP-1 secretion. Also, the

absence of IL-10 signaling in IECs further impaired their proliferation

and wound-healing capacity.80 Moreover, in mice colonized with

Enterococcus—a colitogenic bacteria—IL-10 was reported to alleviate

endoplasmic reticulum stress (ERS) in IECs by inhibiting the recruit-

ment of ATF-6 to the promoter region of GRP78—an ERS marker.81

Another form of macrophagic communication was revealed by the

ability of M2 polarized macrophages to produce several isoforms

of Wnt ligands, thus accelerating the mucosal repair in colitic mice

via STAT6-dependent mechanism.82 In addition, hypoxia stimulated

macrophages to release Wnt1, which inhibited the autophagy of IECs

located within the damaged mucosa by β-catenin and mTOR signaling

pathway activation.83 Similarly, M2 macrophage-derived Wnt1 was

shown to activate the Wnt/β-catenin signaling in crypt IECs, leading

to inhibition of IEC differentiation. This may result in promoting IEC

proliferation and wound healing while concomitantly increasing the

risk of colorectal adenocarcinoma.84 Due to the epithelial-protective

effects, pan depletion of IMφs using clodronate-containing liposomes

exacerbated epithelial injury in colitic mice.59,85,86 Similarly, ablation

of CX3CR1+ IMφs significantly aggravated IEC damage in Citrobacter

rodentium-infectedmice.87 Blockingmonocyte infiltration, however, by

disrupting the CCL2/CCR2 interaction yielded contradictory results:

either aggravating17,88 or mitigating89 colitis. This phenomenon indi-

cates that IMφs (at least various IMφ subsets) contain the colitogenic

properties as well.

Indeed, inimically many inflammatory cytokines produced by IMφs
undermine the normal function of IECs, thus leading to the increased

paracellular permeability. The best-characterized epithelial cytotoxic

cytokine is TNF-α, which disrupts the epithelial barrier through mul-

tiple mechanisms.90 For example, TNF-α triggers apoptosis of IECs in

a caspase-8-dependent manner.91 TNF-α also increases epithelial per-
meability through inducing the internalization of a tight junction pro-

tein, occludin. Furthermore, TNF-α is found to be synergistic with IFN-
γ to impair the integrity of the epithelial barrier via increasing the

expression and enzymatic activity of myosin light chain kinase. This

results in the induction of tight junction dysfunction in IECs.92,93 In a

macrophage–IECcoculture systemconsisting ofCaco-2 IECcells, TNF-

α produced by THP-1 macrophages accounted for the impaired the

expression of junctional protein ZO-1 andE-cadherin.94 In terms of the

mucus barrier, TNF-α administration induced goblet cell apoptosis in

the intestine of infant mice, thereby contributing to the development

of neonatal necrotizing enterocolitis.95 At present, the administration

of several FDA-approved anti-TNF-αmonoclonal antibodies (e.g. etan-

ercept, infliximab, adalimumab, certolizumab, golimumab) represents

one of themost successful strategies in the clinical treatment of IBD.

Seemingly paradoxical, TNF-α–/– mice are more susceptible to

DSS-induced colitis. This genetic knockout exhibited higher numbers

of inflammatory infiltrates as well as more severe mucosal dam-

age compared to TNF-α+/+ littermates.96 Similarly, TNF-α–/– mice

showed impaired activation of Wnt/β-catenin signaling in intestinal

stem cells, which led to the reduced IEC proliferation and enhanced

IEC apoptosis in colitic mice.97 Moreover, either TNFR1 or TNFR2

deficiency exacerbated colitis in mice.98 In fact, TNF-α exerts certain

epithelial-protective functions. For instance, in IECs, TNF-α was pro-

tective against apoptosis by transactivating the ErbB4 kinase, a pro-

cess dependent on TACE-mediated heparin-binding EGF-like growth

factor (HB-EGF) release.99 In addition, TNF-α triggered COX2 expres-
sion in IECs in an EGFR-dependent manner, initiating antiapoptotic

signaling.100 TNFR2 signaling was also reported important for sup-

porting IEC proliferation in colitic mice.101 Low levels of TNF-α pro-

moted ICE proliferation and accelerated wound closure of the IEC

monolayer through a TNFR2 signaling-dependent manner.102 Regard-

ing the mucus barrier, TNF-α promoted mucin secretion by either up-

regulating MUC2 (validated through mRNA expression) by IECs,103

or inducing goblet cell differentiation.104 Additionally, TNF-α also
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increased the number of chromogranin A-expressing enteroendocrine

cells.105

Themultifaceted functionsof TNF-α arepartially due to two factors:
TNF-α confers both prosurvival and proapoptotic signaling in IECs,

which is highly dependent on its concentration, receptor selectivity,

and downstream signaling elements.106 High concentrations of TNF-

α preferentially activated TNFR1 signaling, which resulted in a death

receptor-like state, thereby initiating caspase-8-dependent cell apop-

tosis. Concomitantly, TNFR1 engagement activated TRADD/TRAF2(or

TRAF5)/NF-κB pathway, which conferred a prosurvival signal. Con-

versely, low concentrations of TNF-α preferentially bound to the alter-
native receptor, TNFR2, leading to the activation of either TRAF1 (or

TRAF2)/NF-κB pathway. This alternative signaling pathway enhanced

cell proliferation and was found to mediate murine colitis. Complexify-

ing matters further, soluble TNF-α and membrane-bound TNF-α have

independent, distinct bioactivity. Membrane-bound TNF-α can trig-

ger a reverse signaling in macrophages to down-regulate their pro-

duction of inflammatory cytokines in a TGF-β-dependent manner.107

Hence, current knowledge about the specific roles of TNF-α in intesti-
nal inflammation may just be the tip of the iceberg. Although several

anti-TNF-α therapies exist, approximately 1 out of 3 patients with IBD

fail to respond to treatment,108 highlighting the dire need to identify

other candidate colitogenic cytokines.109

It has been reported that high levels of IL-18 were also associated

with patients with IBD who had poor prognosis with anti-TNF-α
therapies.109 Unsurprisingly, IL-18 is heavily involved in colitis pathol-

ogy. IMφ-produced IL-18 aggravated TNBS-induced colitis.110 In

agreement with these findings, researchers showed that blocking

IL-18 bioactivity using rhIL-18BPa or anti-IL-18 reduced the severity

of both TNBS colitis111 and DSS colitis,36 respectively. In contrast,

the anticolitic effect of IL-18 has also been reported.112 The impact

of IL-18 on the gut microbiome equilibrium113,114 and/or the broad

spectrum of cell types IL-18 may act upon complicates the exact

determination of IL-18′s function in colitis. A more precise study

using IEC-specific IL-18/IL-18R1-deficient mice and IL-18 bp-deficient

mice revealed that IL-18 derived from endothelial cells and/or

hematopoietic cells (presumably including IMφs) aggravated DSS

colitis development by disrupting goblet cell maturation.115 The goblet

cell-specific effect of IL-18 indicates that each IEC populationmay pos-

sess distinct susceptibilities to IL-18 signaling. In support of this, IMφs
stimulated by gut bacteria produced prostaglandin, resulting in pref-

erential disruption of normal goblet and Tuft cells, leading to an overall

immunocompromised mucus barrier.116 Similarly, other macrophage-

produced IEC cytotoxic mediators include: IL-6,117 reactive oxygen

species (ROS),118 NO,119 and IL-1β120 to mention a few. Many of the

mediators are also considered “weapons” against pathogens.

It should be noted that even therapeutic approaches aiming to

restore IEC barrier may also increase the risk of epithelial carcinogen-

esis. This can be elucidated by the fact that many factors facilitating

IEC repair or proliferation also contribute to cancer tumorigenesis.

For instance, overactivation of Wnt/β-catenin signaling, a known

anti-inflammatory signaling cascade, is a key event in the initiation of

colon carcinogenesis. Several mechanisms for the oncogenic roles of

Wnt/β-catenin signaling have been proposed, including: (1) sustaining

the stemness of colon cancer stem cells,121 (2) promoting Th17 cell-

mediated inflammation,122 or (3) triggering chromosomal instability

in the intestinal epithelium.123 A similar example is PGE2, a naturally

occurring prostaglandin with oxytocic properties that accelerated

mucosal healing while promoting the proliferation of colon cancer

cells.124,125 Despite possessing inflammation-surpassing properties,

most anti-inflammatory effectors (e.g., IL-10, TGF-β, IL-4, etc.) also
dampen the macrophage-mediated antibacterial immunity,126 which

is a critical step for pathogen clearance. Therefore, the use of immuno-

suppressants for clinical-based therapies should be heeded with

caution, specifically in infection-induced intestinal inflammation.

Together, redirecting inappropriate IEC-IMφ crosstalk is of great

significance for the rebuilding of barrier homeostasis and immune

homeostasis in intestinal inflammation (Figure 1). Though specific

murine genetic models have been created to model these questions,

the commonly used conditional knockout mice, VillinCre or LysMCre, are

not exclusive enough for the precise examination of subset-specific

crosstalk between IECs and IMφs. To overcome this limitation, the

development of more specific animal models is required.

4 CROSSTALK BETWEEN ENTERIC NERVOUS
SYSTEM AND IMφS

4.1 Neuroregulation of IMφ function

The mammalian intestinal tract is equipped with millions of neurons

and nerve endings comprising the largest autonomic nervous system

in the body. The intestine is therefore commonly regarded as our “sec-

ond brain,” which works in partial independence of the CNS.127 Apart

from its function in controlling motility and secretion of the intestinal

tract, theenteric nervous system (ENS) iswidely involved inmodulating

intestinal immunity.128 Enteric neurons and extrinsic nerve endings

innervate the submucosal plexus, myenteric plexus, and lamina propria

in the intestine. Curiously, these neurons are located in close proximity

to IMφs, which express a broad range of receptors for neurotransmit-

ters. Significant evidence has been reported to elucidate the neuron-

macrophage crosstalk and its physiologic relevance to the intestinal

inflammation (Figure 2).

In the steady-state intestine, the ENS is important in shaping

the function of muscularis macrophages, which closely contact the

myenteric plexus. Unlike the proinflammatory properties of lam-

ina propria macrophages, muscularis macrophages mainly exert a

tissue-protective function. The ENS-mediated macrophage repro-

gramming is further substantiated by the observation that either

peritoneal macrophages or RAW264.7 macrophages cocultured with

enteric neurospheres acquired some phenotypic features of muscu-

laris macrophages. This change is similarly dependent upon the activa-

tion of adrenergic signaling in macrophages.129

The impact of the ENS on IMφs in intestinal inflammation is multi-

faceted. The most well-known characterized model is the cholinergic

anti-inflammatory pathway (CAIP).130 Activation of the vagus nerve

activity either by electrical stimulation or CNI-1493 administration

suppressed the inflammatory activity of macrophages.131 Compared
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F IGURE 2 IMφ interplay with enteric neurons andmesenchymal cells

with sham-operated mice, vagotomized mice exhibited significantly

higher levels of TNF-α, IL-1β, and IL-18 in the inflamed colon. Impor-

tantly, macrophage function is indispensable for the anticolitic role

from vagus nerve stimulation as vagotomy failed to exacerbate colitis

in macrophage-deficient mice.132 In a surgery-induced intestinal

inflammation model, VNS induced local secretion of acetylcholine,

leading to decreased calcium transients and reduced proinflammatory

activity in CX3CR1+muscularis macrophages in the small intestine.133

An anatomical study demonstrated that the vagus nerve does not have

a direct interaction with IMφs. Conversely, they exist in close contact

with enteric neurons, which express vasoactive intestinal peptide

(VIP) and choline acetyltransferase. These findings suggest that these

specific mediators might be responsible for the anti-inflammatory

effects of VNS.134 Indeed, VIP dampened macrophage production of

inflammatory cytokines by down-regulating theNF-κB pathway.135,136

During the onset of intestinal inflammation, the expression of VIP in

nerve fibers was significantly reduced.137 Supplementation of VIP

alleviated TNBS colitis in mice, which was accompanied by a reduced

number of IMφs as well.138,139 The expression of TLR2/TLR4 on IMφs
was also found to be down-regulated by VIP.140 These findings may

be helpful for maintaining macrophage hyperresponsiveness toward

bacterial stimuli. Although these data suggest the protective role of

VIP in intestinal inflammation, a contradicting report demonstrated

that VIP exacerbated DSS-induced colitis. In this particular study, mice

receiving VIP antagonists exhibited lower levels of IL-6, IL-1β, and
reduced disease activity.141

Theeffect ofCAIPhasbeenproposed to associatewith vagusnerve-

mediated activation of sympathetic nerve fibers.142 IBD patients were

found to have a reduced number of sympathetic neurons and their

products, including noradrenaline, dopamine, and serotonin.143

In both DSS-challenged mice and steady-state IL-10–/– mice,

sympathetic nerves were protective in a chronic colitis model.144

Consistently, noradrenaline and/or dopamine treatment suppressed

TNF-α production by macrophages in response to TLR ligand stimula-

tion, thus restraining colitic progression.145,146 It is worth mentioning

an opposite result was reported, showing that chemical sympa-

thectomy ameliorated colitis, while capsaicin-induced activation of

sympathetic nerves aggravated disease severity.147 This discrepancy

may have arisen from the receptor-specific effects of sympathetic

neurotransmitters. Among other signaling pathways, activation

of β-adrenergic receptors induced an anti-inflammatory signal in

macrophages.148,149 In contrast, the activation of α-adrenergic
receptor amplified inflammation.149–151 The cell type-specific respon-

siveness to sympathetic neurotransmitters further complicates this

problem. Recently, one study reported that sympathetic denervation,

or sympathectomy, induced spontaneous colitis in Rag1−/− mice,

evidenced by the increased number of inflammatory monocytes and

elevated production of proinflammatory cytokines. Phenotypically,

these studies suggest sympathetic innervation may be involved in

suppressing innate inflammation.152

The proinflammatory neurotransmitter can be exemplified by NPY,

a 36-AA neuropeptide, which is expressed by myenteric neurons and

submucosa neurons in the intestine. NPY deficiency decreased the

production of TNF-α and IL-12 in macrophages challenged with var-

ious TLR ligands.153 Mice deficient in NPY, or its canonical receptor

Y1, were less susceptible to either DSS-induced colitis or Salmonella



320 CAO ET AL.

F IGURE 3 IMφ-based therapeutic strategies for intestinal inflammation

infection.154 The colonic release of neuropeptide Substance P (SP) by

enteric neuronswas increased in both TNBS andDSS-challengedmice;

SP deficiency protected mice from colitis, indicating a proinflamma-

tory role of SP. Another neuropeptide, calcitonin gene-related pep-

tide, coreleased with SP during colitis, surprisingly exerted an anti-

inflammatory function.155 Similarly, SP release by lumbar dorsal root

ganglia, was augmented in rat ileum after Clostridium difficile toxin A

injection. Further supporting the protective phenotype, blocking SP

function decreased TNF-α production by toxin A-stimulated IMφs.156

The communicationwith IMφs is also critical for the proper function
of the ENS.Muscularis macrophages contribute to the development of

the ENS by actively phagocytizing dying myenteric neurons.157 BMP2,

produced by muscularis macrophages, was reported to modulate gas-

trointestinal motility by activating BMPR signaling in enteric neurons.

The ablation of muscularis macrophages resulted in abnormal muscle

contraction and slower intestinal transit time. In turn, enteric neurons

secreted the growth factor M-CSF to support further development of

muscularis macrophages.158 In TNBS colitis, the number of muscularis

macrophages was markedly increased with altered morphology. These

macrophages were distributed around the interstitial cells of Cajal in

themyenteric plexus and led to the intestinal dysmotility.159 Salmonella

Typhimurium infection caused the death of intrinsic enteric neurons

and reduced intestinal motility, whereas muscularis macrophages with

the activated β2 adrenergic receptor signaling prevented infection-

induced neuronal loss. This protective effect was lost in macrophage-

depleted mice but remained intact in CCR2–/– mice. This phenotype

is highly suggestive that macrophages play a negligible role in

neuroprotection.160 In contrast, many byproducts from inflammatory

macrophages are neurotoxic: TNF-α, NO, andROS, for example.161–163

Recent studies identified two distinct “microglia-like” IMφ subsets—

one that resides around the enteric ganglia with a CD45+ChB6+MHC-

II+ phenotype,whereas theother is locatedprimarilywithin the intesti-

nal submucosa and muscularis externa. While the function of these

intraganglionic CD45+ChB6+MHC-II+ macrophages is unknown,164

the other subset possesses a unique self-renewal capacity. Further-

more, these embryo-derived IMφs retained a similar gene signature to

microglia andwere responsible for themaintenance of the number and

secretory function of enteric neurons,11 which mimicked the support-

ive function of microglia on central neurons.

4.2 Separated brothers? IMφs and microglia

Intriguingly, among all reported tissue-resident macrophages, IMφs
might inherently possess a more analogous gene expression pro-

file to microglia,165 thus engendering the term “microglia-like”

macrophages.166 Various microglia-specific genes are also highly

expressed in IMφs, including Cx3cr1, Mertk, Gas6, Fcrls, and P2ry12,

yet these unique gene signatures are not shared by the macrophage

populations located within the lung, skin, peritoneum, or spleen.

Furthermore, transcription factors such as Atf3, Junb, and Egr1

exhibit high expression only in microglia and IMφs, but not in other
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tissue-resident macrophages This expression profile is indicative of

the similar transcriptional basis underlying their identity.165,166 The

sizeable similarity is quite interesting because the microenvironment

differs between the brain and the gut. The gut mucosa is an “open”

interface, exposed to a vast quantity of microbial and food antigens,

therefore possessing a dense vascular system to deliver circulating

leukocytes into the gut. In contrast, the brain is a relatively “isolated”

tissue due to the existence of the blood–brain barrier, which prohibits

the entrance of most leukocytes. More than likely, the shared gene

profiles between IMφs and microglia might have arisen to reflect

their common need in scavenging apoptotic cells, repairing damaged

tissues, and clearing invading pathogens all while inducing minimal

inflammatory responses. In fact, existing equivalent regulatorymecha-

nisms betweenmicroglia and IMφs have been elucidated. For example,

both IMφs and microglia express high levels of CX3CR1, whereas

expression is remarkably lower—and in some cases—undetectable

in tissue-resident macrophages. In neuronic inflammation, CX3CR1

ligation by theCNS-derivedCX3CL1decreased inflammatory cytokine

release from LPS-activated microglia. In turn, the reduced produc-

tion of TNF-α by microglia alleviated their neurotoxic profile.167

Likewise, neutralization of CX3CL1 augmented the levels of TNF-α
and 8-isoprostane in rat hippocampi.168 CX3CR1 deficiency further

exacerbated neuronal loss in both Parkinson’s and amyotrophic

lateral sclerosis murine models.169 These reports demonstrate that

the neuronal-CX3CL1/microglial-CX3CR1 axis exerts crucial anti-

inflammatory functions in the CNS. In the intestine, mice deficient in

either CX3CR1orCX3CL1 exhibited severe colitis in comparison to lit-

termate controls, due to the decreased number of IMφs and enhanced
commensal bacteria translocation.65,170 Further mechanistic insights

elucidated that these CXCR3–/– mice displayed markedly blunted

production of IL-10 by IMφs as well, resulting in impaired proliferation

of Tregs and consequentially disrupting oral tolerance.170

Collectively, neurotransmitters do possess similarities with tra-

ditional cytokines in regulating IMφ functions, yet in independent

mechanisms. Their actions are generally swifter, henceforth many

neurotransmitters have already been synthesized and stored in resting

neurons. Because of their short half-life, neurotransmitters often cover

a relatively short action distance, mainly affecting neighboring cells.

Additionally, the production of neurotransmitters is afflicted by stress,

anxiety, fear, pain, and/or depression. Future efforts should be more

vigilant in deciphering how mental discomfort modulates the function

of IMφs, and in return, themanner of IMφ feedback to neuronal signals.

5 CROSSTALK BETWEEN MESENCHYMAL CELLS
AND IMφS

Intestinal mesenchymal cells are comprised of multiple cell types

besides epithelial cells and immune cells in the intestine. These het-

erogeneous cell populationsmainly include fibroblasts,myofibroblasts,

fibrocytes, and endothelial cells, which together maintain the intesti-

nal structure and constitute the vascular system within the intestinal

stroma (Figure 2).

Mesenchymal cells can sense various environmental cues upon

which they generate immunoregulatory signals to alter IMφ functions.

For example, supernatant from intestinal stromal cell culture, but not

that from IECs or lamina propria cells, induced the differentiation of

peripheral monocytes into mature IMφs. In terms of function, stro-

mal cell culture supernatant decreased the production of inflammatory

cytokines through activation of monocytes andmacrophages in a TGF-

β-dependent manner.15 In C. rodentium-infected mice, colonic stromal

cells produced high levels of CCL2 to attract Ly6Chi monocytes, pro-

moting the eradication of C. rodentium in the colon. In contrast, IECs

and colonic CD11b+ myeloid cells produced less CCL2 in the same

context.171 In this work, the effector stromal cells were regarded pri-

marily as fibroblasts.

5.1 IMφ–fibroblast interplay

Fibroblasts from patients with IBD had both enhanced proliferation

and activation compared with those from healthy donors.172 Upon

activation, these fibroblasts secreted a set of macrophage growth

factors such as M-CSF and GM-CSF. This secretory function might

affect the differentiation, polarization, and survival of IMφs.173–175 In
turn, MyD88 signaling in IMφs mediated the enrichment of COX-2+

stromal cells, most of which are fibroblasts located around colonic

crypts of DSS-treated mice. This macrophage-fibroblast interplay pro-

moted epithelial repair after mucosal damage in a PGE2-dependent

manner.176 Moreover, IMφ-derived IL-36α protected mice from DSS

colitis partially by activating IL-36R signaling in fibroblasts, therefore

promotingmucosal healing.77

As an activated form of fibroblasts, colonic myofibroblasts are

potent producers of various macrophage-modulatory cytokines in

response to inflammatory stimuli, such as: CCL2, IL-6,M-CSF, andTNF-

α.177,178 Recent evidence demonstrated that myofibroblasts-derived

osteopontin increasedM2 polarization of IMφs via binding to αvβ3 and
CD44.179 Reciprocally, IL-13-stimulated macrophages produced TGF-

β topromotemyofibroblast activation.180 EnhancedproductionofWnt

ligands from CD16+ macrophages in STAT6–/– mice led to the abnor-

mal accumulation of fibroblasts andmyofibroblasts, resulting in aggra-

vation of intestinal fibrosis in a TNBS chronic colitis model.181 These

results suggest that despite their contribution to epithelial healing,

the excessive activation or accumulation of fibroblasts/myofibroblasts

can potentially lead to intestinal fibrosis, a nearly irreversible dis-

ease that may cause permanent intestinal dysfunction in IBD patients.

Macrophage functions are closely intertwined with intestinal fibrosis

prognosis182,183; however, this topic is beyond the scope of the cur-

rent article. Still, it is interesting to note that myofibroblasts were

reported to be transdifferentiated from CD68+ macrophages in renal

fibrosis. Whether this phenomenon also occurs in colitis, the microen-

vironmental impact and its physiologic significance remain to be fur-

ther explored.184–186

Another subpopulation under the blanket of hematopoietic-derived

cells are fibrocytes. These unique cells are circulating precursors for

fibroblasts/myofibroblasts andhave also been shown to exist upstream
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of certain kinds of immune cells. These bone marrow-derived cells

coexpress markers for stem cells (CD34), leukocytes (CD45), and

myofibroblasts (α-SMA), and can also migrate to inflammatory sites,

upon which they have the propensity to differentiate into fibroblasts,

macrophages, endothelial, or epithelial cells depending on the envi-

ronmental cues.186 In the presence ofM-CSF, fibrocytes differentiated

into CD11b+F4/80+ macrophages with high phagocytic capacity;

meanwhile, in the presence of GM-CSF, they preferentially differ-

entiated into CD11b+CD11c+ DCs.187 Serum deprivation-induced

monocyte-to-fibrocyte transition was a process amplified by IL-4

and IL-13 yet was inhibited by IFN-γ and serum amyloid P.188–190

Fibrocytes themselves serve as important sources of immunoregu-

latory cytokines including; CCL2, TNF-α, IL-10, TGF-β, and so on.191

In addition to macrophages, fibrocytes can also transdifferentiate

into fibroblasts or myoblasts, by which they participate in wound

healing.185,192 The pluripotency characteristic of fibrocytes compels

several interesting questions. First, what is the overall impact of fibro-

cytes on different kinds of intestinal inflammation? Second, are there

phenotypic and functional differences between fibrocyte-derived

macrophages and monocyte-derived macrophages in the intestine?

Third, how do various cytokines or environmental factors affect

fibrocyte differentiation in the inflamed intestine? Moreover, can the

fibrocyte differentiation process be manipulated to treat intestinal

inflammation? Taken together, the knowledge on the roles of fibroblast

lineage in intestinal inflammation are quite limited to date. Considering

the widely regulatory functions of these cells in immune regulation,193

their interaction with IMφs is undoubtedly worth further exploration.

5.2 IMφ–endothelium interplay

Recently, the importance of endothelial function in colitis pathogen-

esis has been gaining attention. The vascular and lymphatic endothe-

lium link the inflamed colon with blood and lymphoid organs by which

they control the entry or exit of leukocytes, bacteria, and chemokines.

Patients with severe IBD typically are found to have significant

endothelial dysfunction. For instance, intestinal vascular endothelial

cells from patients with IBD exhibited increased expression of VCAM-

1 and ICAM-1/2,194 both of which are crucial for the adhesion of cir-

culating leukocytes (includingmonocytes). The elevated levels of these

adhesionmolecules are partially a byproduct from the excessive TNF-α
production by IMφs. Treatment of patients with IBD with an anti-TNF-

αmonoclonal antibody normalized VCAM-1 and ICAM-1/2 expression

on intestinal endothelium.195,196

Interferenceof endotheliumadhesionof leukocytes has provenvery

effective in clinical IBD treatment. Vedolizumab, an FDA-approved

drug, prevents the infiltration of α4β7-expressing T cells into the

inflamed colon by blocking α4β7 binding to its endothelial ligand

MAdCAM-1. Surprisingly, in a very recent study, vedolizumab admin-

istration was found to have negligible effect on the number of

intestinal CD4+ T cells, CD8+ T cells, and memory T cells; nor did

vedolizumab obviously alter levels of the T cell activation markers

CD69/CD25. Instead, vedolizumab dramatically reduced the number

of M1 macrophages while simultaneously increasing the number of

M2 macrophages in patients with IBD.197 This finding was quite unex-

pected. Although α4β7 integrin is involved in monocyte adhesion,

its blockage was traditionally thought to preferentially disrupt T cell

recruitment.198 More than likely, there exists a compensatory mecha-

nism involving T cell trafficking into the inflamed intestine. This work

highlights the potential therapeutic significance of interfering with

monocyte–endothelium interactions. In turn, the enhancedMAdCAM-

1 expression may be attributed to IMφ dysfunction. TNF-α and IL-

1β were reported to induce MAdCAM-1 expression on both human

and mouse endothelial cells.199 Also, both NF-κB and PI3K/Akt signal-

ing were necessary for this process in intestinal vascular endothelial

cells.200

The progression of intestinal inflammation is often accompanied by

pathologic angiogenesis, which in turn perpetuates inflammation to

form a seemingly vicious repeating cycle.201 Compared with healthy

individuals, patients with poor IBD prognosis often exhibited higher

densities of blood vessels in their intestines.202 Macrophages play piv-

otal roles in modulating abnormal angiogenesis processes in intesti-

nal inflammation. Upon sensing angiogenic signals (such as hypoxia),

macrophages migrated to the site of neovessels, secreting proangio-

genic cytokines, including NO or varying proteases to either stimulate

endothelial cell proliferation or provide a favorable niche for neovessel

growth.201 In colitis, macrophage-derived VEGF-A increased disease

susceptibility by disrupting endothelium function.203 On the other

hand, IMφ–endothelium interactions were also reported to be protec-

tive in colitis. For example, IMφs were crucial for maintaining the gut

homeostasis by preventing the leakage of the vascular endothelium.11

Moreover, macrophage-derived HB-EGF preserved villous blood flow

andmicrovascular architecture, therebyamelioratingnecrotizing ente-

rocolitis. In addition to acting on endothelial cells, dermalmacrophages

candifferentiate intopericytes,whichwere found tobepivotal inmain-

taining the survival and function of endothelial cells.204 Whether this

trans-differentiation process also occurs in the context of intestinal

inflammation remains to be validated.

In conclusion, although mesenchymal cells are traditionally thought

of as being irrelevant compared to IECs in affecting IMφ functions

(Figure 2), emerging clinical evidence has suggested that targeting the

mesenchymal cell–IMφ interaction in fact provides benefits in alleviat-
ing intestinal inflammation.

6 MULTIPLE PLAYERS—HIGHLY INTERTWINED
CROSSTALK

Although many delicate models depicting intracellular communica-

tion have been proposed, the actual physiologic microenvironment

in the intestine is far more complex. In many circumstances, IMφs
interact with nonhematopoietic cells through a “third party,” which

can be either adaptive immune cells, innate lymphoid cells, or gut

microbiota.205 One of the fundamental roles of macrophages is to

modulate adaptive immunity, corresponding to a profound impact

on the pathologic processes of intestinal inflammation. For instance,

macrophages are important sources of several well-known Th17

cell-inducing cytokines (IL-6, TGF-β, IL-1β) or Th17 cell-maintaining
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cytokines (IL-23). In a similar manner, macrophages regulate the dif-

ferentiation of type 3 innate lymphoid cells (ILC3). IL-17A produced

by Th17 cells and ILC3s are crucial for maintaining epithelial integrity

through preventing the internalization of the tight junction protein

occludin in IECs.206,207 In C. rodentium-induced colitis, deletion of

CX3CR1+ macrophages resulted in reduced secretion of IL-22 by

innate lymphoid ILC3, leading to the decreased production of AMPs

in colonic epithelium and delaying colonic clearance of C. rodentium.208

In addition to affecting T cell or ILC polarization, macrophages are the

main sources of various T cell chemokines, including: Th1 cell chemoat-

tractants CXCL9/CXCL10/CXCL11,209–212 Th2 cell chemoattractant

CCL24,213 Th17 chemoattractant CCL20,214 and Treg cell chemoat-

tractants CCL17/CCL22.215,216 In this manner, macrophages selec-

tively recruit different T cell subsets, which then orchestrate the many

functions of IECs and stromal cells in independent manners.

The communication between IECs and IMφs is often bridged by gut
microbiota. IECs and their products play crucial roles in controlling the

number, species, and distribution of the gut microbiota27 Increased

permeability of the epithelial barrier permits the invasion of gut bac-

teria into the lamina propria, resulting in inflammatory activation of

IMφs.217 Nevertheless, appropriate signals from the gut bacteria are

also required for the functional equilibrium of IMφs. Compared with

IMφs isolated from specific pathogen-free mice, IMφs from germ-free

mice had impaired IL-10 production in the resting state yet produced

markedly higher levels of TNF-α and IL-6.218 It is uncertain whether

the microbiota themselves or their metabolites prime the function of

IMφs. Perchance, IECs are involved inmicrobiota-inducedmacrophage

priming by providing a selectively permeable barrier, permitting trans-

portation of the appropriatemicrobial information to IMφs at the baso-
lateral side. This process must be subjected to delicate regulation in

order to maintain homeostatic microbiota. In a more complex model,

gut microbiota-stimulated IMφs secreted IL-1β, which in turn drove

the production of GM-CSF in ILC3s. ILC3-derived GM-CSF was then

found to induce the generation of regulatory IMφs and DCs, prompt-

ing promotion of Treg differentiation. Tregs, together with regulatory

IMφs and DCs, produced IL-10, which was involved in maintaining IEC

barrier and immune tolerance.219 In fact, the intracellular communica-

tion in the intestine is often mediated by soluble cytokines/peptides

in a paracrine manner, alluding that multidirectional crosstalk is con-

ceivably the most common way that cell functions are modulated.

The interplay among the immune system, epithelial system, micro-

bial system, and nervous system are summarized in many previous

reviews220–223; therefore, we will not discuss these topics in further

detail.

7 THERAPEUTIC IMPLICATIONS—FROM A
MACROPHAGE PERSPECTIVE

Although in cancer treatment, global depletion of tumor-associated

macrophages has proven to be a feasible strategy.224 Ablation of IMφs
indistinguishably aggravates intestinal inflammation due to their indis-

pensable roles inmucosal repair, bacterial clearance, and tissue remod-

eling. In this regard, in-depth dissection of IMφ subpopulations and

their unique functions is necessary for precise therapeutic interven-

tion.

As described above, the administration of CCL25-conjugated

sepharose or vedolizumab can prevent the entry of peripheral mono-

cytes into the lamina propria; however, these cells are also strong fight-

ers against the invading pathogens. For example, inflammatory mono-

cytesmediated the clearanceofC. rodentium in a colitismodel. Reduced

CCL2 production impaired the colonic infiltration of inflammatory

monocytes, leading to the enhanced bacterial burden in mice.171

Therefore, the dichotomy of whether we should reject CCL2 to reduce

inflammation at the expense of their bactericidal activity needs care-

ful consideration. This becomes particularly important in patients with

infection-induced intestinal inflammation.

The continuous replenishment of IMφs from peripheral blood

results in their inefficient ablation in patients with IBD. This sheds

light on another important biologic process—recruitment and accumu-

lation of myeloid-derived suppressor cells (MDSCs) in tumor tissues.

Similar to intestinal inflammatory monocytes, MDSCs are also imma-

ture myeloid progenitors but with immunosuppressive properties. The

differentiation of MDSCs into mature macrophages is impaired in

the tumor microenvironment, similar to the disruption of matura-

tion of Ly6Chi inflammatory monocytes in the inflamed gut.225,226

Owing to the high phagocytic and low inflammatory properties of

mature CX3CR1hi macrophages, guiding the differentiation of mature

IMφs from their inflammatory progenitors may redirect them into an

anticolitic phenotype. It is reported that TNF-α disrupts the differen-

tiation of monocytes into macrophages during Mycobacterium tuber-

culosis infection.227 Accordingly, TNF-α neutralization in IBD patients

decreased the number of CD14hi monocytes while simultaneously

increasing the number of CD206+ M2-like macrophages.228 Another

proinflammatory cytokine IFN-γ exerts a similar inhibitory effect on

macrophage differentiation in colitis.229 Some neurotransmitters are

involved in the differentiation process, too. VIP inhibited the transcrip-

tion factor PU.1 and the level of theM-CSF receptor onmonocytes.230

In colitic mice, sympathetic denervation increased the ratio of inflam-

matory monocytes to resident macrophages.152 Finally, endothelium

and vascular dysfunction may also be involved in macrophage dif-

ferentiation by affecting oxygen accessibility. It was reported that a

hypoxicmicroenvironmentpromotedmacrophagedifferentiation from

MDSCs.231

Apart from the differentiation status, current evidence suggests

that the localizationof IMφs is closely associatedwith their phenotypes
and functions, with subepithelial IMφs considered generally proin-

flammatory, while those located in the deeper layers of the intestine

mainly possessing tissue-repairing properties. It is uncertain whether

the fate of IMφs is already predetermined before they enter the gut,

or if it is dictated by certain intratissue chemoattractive signals. More

than likely, the distribution and permeability of blood vessels and the

expression of adhesion molecules on endothelial cells is necessary in

controlling the site of monocyte influx.

Blocking inflammatory cytokines is one of the most popular strate-

gies in clinical IBD treatment. A typical example is the class of

anti-TNF-α antibodies. Other promising candidates include antibod-

ies against IL-17A, IL-23, IL-18, and other various proinflammatory
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cytokines.115,232–234 It is worth mentioning that this approach leads

to mild to severe side effects in patients with IBD. The blockage of

these cytokines has the propensity to compromise their protective

effects as well. It is better to evaluate the functional status of the

intestine for each patient with IBD to achieve personalized treat-

ment. For example, blocking IL-18 may be particularly beneficial in

patients with IBD with massive goblet cell loss. Administration of

immunosuppressive cytokines are also a viable therapeutic option. IL-

10, due to its anti-inflammatory abilities and promotion of IEC repair,

has been proposed to have therapeutic potential. IL-10 therapy was

shown to be protective against colitis progression inmany animal stud-

ies with no obvious side effects reported.235–238 However, adminis-

tration of recombinant human IL-10 (Tenovil) in patients with IBD

yielded inconsistent therapeutic effects among different clinical tri-

als. Patients exhibited improved colitis symptoms in three trials,239–241

juxtaposed to two other trials where IL-10 supplementation failed in

alleviating colitis.242,243 Further optimization of IL-10-based therapy

is hindered by the lack of knowledge on how IL-10 signaling is regu-

lated in the intestine.244 A recent study reported that TNF-α increased
macrophage expression of phosphatase Shp2, which exacerbated col-

itis by desensitizing macrophages to the anti-inflammatory function

of IL-10. This finding suggests that TNF-α neutralization may act syn-

ergistically with IL-10 administration to exert a “double strike” on

macrophage-mediated intestinal inflammation.

In addition to cytokine-based treatments, various bacterial metabo-

lites are also utilized to correct the inappropriate functions of IECs

and IMφs in intestinal inflammation. Butyrate, a product of microbial

fermentation, mainly metabolized in IECs, is beneficial for the mainte-

nance of the epithelial barrier by increasing the expression of mucin

2,245 AMP LL-37,246 and several tight junction proteins.247 This short-

chain fatty acid also inhibited the inflammatory activation and pro-

motedM2 polarization of macrophages.248–250

In terms of a signaling pathway-based approach, distinct cell-

specific responsiveness may make the therapeutic outcome unpre-

dictable. For example, many pathogenic cytokines proceed through

JAK/STAT signaling such as IL-13, IL-23, and IFN-γ; therefore, JAK
inhibitors (e.g., Tofacitinib) are clinically used in IBD treatment.251 A

latest work reported that Tofacitinib corrected the pathogenic IEC–

IMφ interaction induced by loss of PTPN2.252 Unfortunately, JAK inhi-

bition also blocks some anti-inflammatory or barrier-protective path-

ways, such as IL-10/STAT3, IL-22/STAT3, and IL-4/STAT4 pathways.

For example, an intriguing dichotomy exists with the STAT3 signal-

ing pathway: its activation in IECs253,254 or IMφs255 is thought to be

anticolitic, whereas its activation in T cells exacerbates colitis.254–256

Another example is NF-κB signaling, which is the predominant proin-

flammatory pathway in IMφs.257 Though implicated as a potential ther-

apeutic target, it also plays a crucial role in the survival and prolifera-

tionof the injured IECs, complicating development of clinically relevant

therapies.258

Therapeutic interventions via mesenchymal cell-

macrophage crosstalk disruption have also been reported.

CD45−CD73+CD90+CD105+ intestinal mesenchymal cells blunted

macrophage production of inflammatory cytokines in colitis.259

Furthermore, bone marrow mesenchymal stem cells (MSC) reduced

severity of colitis through secretion of TSG6, facilitating the accu-

mulation of IL-10-producing macrophages.260 In another work, the

anticolitic role of MSCs was attributed to extracellular vesicles.261

Similarly, exosomes from umbilical cord mesenchymal stem cells

(UCMSCs) were able to suppress the infiltration of inflammatory

macrophages and reduce their production of colitogenic cytokines,

thus alleviating DSS colitis in mice262 The exact component(s) respon-

sible for the anticolitic effect of UCMSC-derived exosomes still need

to be further elucidated.

In summary, for each individual patient, the type, dosage, frequency,

and delivery route of therapeutics should be carefully considered and

personalized to the patient in order to achieve a satisfactory therapeu-

tic outcomewithminimal degree of adverse side effects (Figure 3).

8 CONCLUDING REMARKS

Over the last few decades, significant progress has been achieved

in understanding the phenotypes and functions of IMφs. Although
researchers have a greater understanding now than ever before, per-

haps we also must admit that the more we study IMφs, the more

complex the cell type becomes. Here we can cite a resentence from

Churchill, “There are nopermanent enemies andnopermanent friends,

only permanent balance.” The traditionally regarded “bad guys,” such

as colitogenic inflammatory cytokines and their producing cells, also

serve their own unique function to maintain the intestinal equilibrium.

Just like an advanced ecosystem, killing all “pests” will result in dis-

ruptedhomeostasis. In this sense, further studies should bedone to put

more emphasis on howwe can rebuild a balanced intestinal microenvi-

ronment. Although the heterogeneity and plasticity of IMφs posemany

obstacles for investigators, this fortunately means IMφs are not so

“stubborn”; there exist several undiscovered phenomena. To ultimately

make IMφs more controllable, a deeper understanding into themecha-

nisms regulating intracellular communication is imperative.

ACKNOWLEDGEMENTS

We appreciate Miss DengyangWu from China Academy of Art for the

art designing of the figures.

AUTHORSHIP

R. T. M., X. C., Q. C., and P. X. wrote themanuscript. R. T. M., K. N. S., and

X.C. drew the figures.Q. C. andR. T.M. contributed equally to thiswork

and share first authorship.

DISCLOSURE

The authors declare no competing interests.

REFERENCES

1. Pabst R, Russell MW, Brandtzaeg P. Tissue distribution of lympho-

cytes and plasma cells and the role of the gut. Trends Immunol.
2008;29:206-8. author reply 209–10.

2. GuilliamsM, Thierry GR, Bonnardel J, BajenoffM. Establishment and

maintenance of themacrophage niche. Immunity. 2020;52:434-451.



CAO ET AL. 325

3. Ginhoux F, Guilliams M. Tissue-resident macrophage ontogeny and

homeostasis. Immunity. 2016;44:439-449.
4. Schulz C, Gomez Perdiguero E, Chorro L, et al. A lineage of myeloid

cells independent of Myb and hematopoietic stem cells. Science.
2012;336:86-90.

5. Yona S, Kim KW, Wolf Y, et al. Fate mapping reveals origins and

dynamics of monocytes and tissue macrophages under homeostasis.

Immunity. 2013;38:79-91.
6. Bleriot C, Chakarov S, Ginhoux F. Determinants of resident tissue

macrophage identity and function. Immunity. 2020;52:957-970.
7. Bain CC, Bravo-Blas A, Scott CL, et al. Constant replenishment from

circulating monocytes maintains the macrophage pool in the intes-

tine of adult mice.Nat Immunol. 2014;15:929-937.
8. Fiocchi C. What is “physiological” intestinal inflammation and how

does it differ from “pathological” inflammation?. Inflamm Bowel Dis.
2008;14:S77-8.

9. Panea C, Farkas AM, Goto Y, et al. intestinal monocyte-derived

macrophages control commensal-specific Th17 responses. Cell Rep.
2015;12:1314-24.

10. ShawTN,Houston SA,WemyssK, et al. Tissue-residentmacrophages

in the intestine are long lived and defined by Tim-4 and CD4 expres-

sion. J ExpMed. 2018;215:1507-1518.
11. De Schepper S, Verheijden S, Aguilera-Lizarraga J, et al. Self-

maintaining gut macrophages are essential for intestinal homeosta-

sis. Cell. 2018;175: 400-415 e13.
12. BainCC, SchriddeA.Origin, differentiation, and function of intestinal

macrophages. Front Immunol. 2018;9:2733.
13. Scott CL, Bain CC, Wright PB, et al. CCR2(+)CD103(-) intestinal

dendritic cells develop from DC-committed precursors and induce

interleukin-17 production by T cells. Mucosal Immunol. 2015;8:327-
39.

14. Schlitzer A, McGovern N, Teo P, et al. IRF4 transcription factor-

dependent CD11b+ dendritic cells in human and mouse control

mucosal IL-17 cytokine responses. Immunity. 2013;38:970-83.
15. Smythies LE, Sellers M, Clements RH, et al. Human intestinal

macrophages display profound inflammatory anergy despite avid

phagocytic and bacteriocidal activity. J Clin Invest. 2005;115:66-75.
16. Bujko A, Atlasy N, Landsverk OJB, et al. Transcriptional and func-

tional profiling defines human small intestinal macrophage subsets.

J ExpMed. 2018;215:441-458.
17. Zigmond E, Varol C, Farache J, et al. Ly6C hi monocytes in the

inflamed colon give rise to proinflammatory effector cells andmigra-

tory antigen-presenting cells. Immunity. 2012;37:1076-90.
18. Mehandru S, Colombel JF. The intestinal barrier, an arbitrator turned

provocateur in IBD.Nat Rev Gastroenterol Hepatol. 2021;18:83-84.
19. Beumer J, Clevers H. Cell fate specification and differentiation in the

adult mammalian intestine.Nat RevMol Cell Biol. 2021;22:39-53.
20. Dillon A, Lo DD. M Cells: intelligent engineering of mucosal immune

surveillance. Front Immunol. 2019;10:1499.
21. Smythies LE,Maheshwari A, Clements R, et al.Mucosal IL-8 and TGF-

beta recruit blood monocytes: evidence for cross-talk between the

lamina propria stroma and myeloid cells. J Leukoc Biol. 2006;80:492-
9.

22. Eberhardson M, Marits P, Jones M, et al. Treatment of inflammatory

bowel disease by chemokine receptor-targeted leukapheresis. Clin
Immunol. 2013;149:73-82.

23. Trivedi PJ, AdamsDH.Chemokines and chemokine receptors as ther-

apeutic targets in inflammatory bowel disease; pitfalls and promise. J
Crohns Colitis. 2018;12:1508.

24. Eberhardson M, Karlen P, Linton L, et al. Randomised, double-blind,

Placebo-controlled trial of CCR9-targeted leukapheresis treatment

of ulcerative colitis patients. J Crohns Colitis. 2017;11:534-542.
25. Pei X, Zheng D, She S, et al. The PSMP-CCR2 interactions trigger

monocyte/macrophage-dependent colitis. Sci Rep. 2017;7:5107.

26. Munakata S, Tashiro Y, Nishida C, et al. Inhibition of plasmin pro-

tects against colitis in mice by suppressing matrix metalloproteinase

9-mediated cytokine release from myeloid cells. Gastroenterology.
2015;148: 565-578 e4.

27. Peterson LW, Artis D. Intestinal epithelial cells: regulators of barrier

function and immune homeostasis. Nat Rev Immunol. 2014;14:141-
53.

28. Yu S, Gao N. Compartmentalizing intestinal epithelial cell toll-like

receptors for immune surveillance. Cell Mol Life Sci. 2015;72:3343-
53.

29. Jarry A, Bossard C, Bou-Hanna C, et al. Mucosal IL-10 and

TGF-beta play crucial roles in preventing LPS-driven, IFN-gamma-

mediated epithelial damage in human colon explants. J Clin Invest.
2008;118:1132-42.

30. Hyun J, Romero L, Riveron R, et al. Human intestinal epithelial

cells express interleukin-10 through Toll-like receptor 4-mediated

epithelial-macrophage crosstalk. J Innate Immun. 2015;7:87-101.
31. Lei-Leston AC, Murphy AG, Maloy KJ. Epithelial cell inflamma-

somes in intestinal immunity and inflammation. Front Immunol.
2017;8:1168.

32. Thinwa J, Segovia JA, Bose S, Dube PH. Integrin-mediated first signal

for inflammasome activation in intestinal epithelial cells. J Immunol.
2014;193:1373-82.

33. HarrisonOJ, Srinivasan N, Pott J, et al. Epithelial-derived IL-18 regu-

lates Th17 cell differentiation and Foxp3(+) Treg cell function in the

intestine.Mucosal Immunol. 2015;8:1226-36.
34. Munoz M, Eidenschenk C, Ota N, et al. Interleukin-22 induces

interleukin-18 expression fromepithelial cells during intestinal infec-

tion. Immunity. 2015;42:321-331.
35. Leung BP, McInnes IB, Esfandiari E, Wei XQ, Liew FY. Combined

effects of IL-12 and IL-18on the induction of collagen-induced arthri-

tis. J Immunol. 2000;164:6495-502.
36. Siegmund B, Fantuzzi G, Rieder F, et al. Neutralization of interleukin-

18 reduces severity in murine colitis and intestinal IFN-gamma

and TNF-alpha production. Am J Physiol Regul Integr Comp Physiol.
2001;281:R1264-73.

37. Kobori T, Hamasaki S, Kitaura A, et al. Interleukin-18 amplifies

macrophage polarization and morphological alteration, leading to

excessive angiogenesis. Front Immunol. 2018;9:334.
38. Han H, Headley MB, Xu W, Comeau MR, Zhou B, Ziegler SF. Thymic

stromal lymphopoietin amplifies the differentiation of alternatively

activatedmacrophages. J Immunol. 2013;190:904-12.
39. Bosma M, Gerling M, Pasto J, et al. FNDC4 acts as an anti-

inflammatory factor on macrophages and improves colitis in mice.

Nat Commun. 2016;7: 11314.
40. Imaeda H, Takahashi K, Fujimoto T, et al. Epithelial expression of

interleukin-37b in inflammatory bowel disease. Clin Exp Immunol.
2013;172:410-6.

41. McNamee EN, Masterson JC, Jedlicka P, et al. Interleukin 37

expression protects mice from colitis. Proc Natl Acad Sci USA.
2011;108:16711-6.

42. Sharma S, Kulk N, NoldMF, et al. The IL-1 family member 7b translo-

cates to the nucleus and down-regulates proinflammatory cytokines.

J Immunol. 2008;180:5477-82.
43. Pastorelli L, Garg RR, Hoang SB, et al. Epithelial-derived IL-33 and its

receptor ST2 are dysregulated in ulcerative colitis and in experimen-

tal Th1/Th2 driven enteritis. Proc Natl Acad Sci USA. 2010;107:8017-
22.

44. Wang Z, Shi L, Hua S, Qi C, Fang M. IL-33 ameliorates experimental

colitis involving regulation of autophagy of macrophages inmice. Cell
Biosci. 2019;9:10.

45. Seo DH, Che X, Kwak MS, et al. Interleukin-33 regulates intestinal

inflammationbymodulatingmacrophages in inflammatorybowel dis-

ease. Sci Rep. 2017;7:851.



326 CAO ET AL.

46. Zhu J, Yang F, Sang L, et al. IL-33 aggravates DSS-induced acute col-

itis in mouse colon lamina propria by enhancing Th2 cell responses.

Mediators Inflamm. 2015: 913041.
47. Lopetuso LR, De Salvo C, Pastorelli L, et al. IL-33 promotes recovery

from acute colitis by inducingmiR-320 to stimulate epithelial restitu-

tion and repair. Proc Natl Acad Sci USA. 2018;115:E9362-E9370.
48. Sedhom MA, Pichery M, Murdoch JR, et al. Neutralisation of

the interleukin-33/ST2 pathway ameliorates experimental col-

itis through enhancement of mucosal healing in mice. Gut.
2013;62:1714-23.

49. Scott IC, Majithiya JB, Sanden C, et al. Interleukin-33 is activated by

allergen- andnecrosis-associated proteolytic activities to regulate its

alarmin activity during epithelial damage. Sci Rep. 2018;8:3363.
50. Luthi AU, Cullen SP, McNeela EA, et al. Suppression of interleukin-

33 bioactivity through proteolysis by apoptotic caspases. Immunity.
2009;31:84-98.

51. Lefrancais E, Roga S, Gautier V, et al. IL-33 is processed into mature

bioactive forms by neutrophil elastase and cathepsin G. Proc Natl
Acad Sci USA. 2012;109:1673-8.

52. Ghia JE, Li N, Wang H, et al. Serotonin has a key role in pathogenesis

of experimental colitis.Gastroenterology. 2009;137:1649-60.
53. Eissa N, Hussein H, Kermarrec L, et al. Chromofungin amelio-

rates the progression of colitis by regulating alternatively activated

macrophages. Front Immunol. 2017;8:1131.
54. Nair MG, Guild KJ, Du Y, et al. Goblet cell-derived resistin-

like molecule beta augments CD4+ T cell production of IFN-

gamma and infection-induced intestinal inflammation. J Immunol.
2008;181:4709-15.

55. McVay LD, Keilbaugh SA, Wong TM, et al. Absence of bacterially

induced RELMbeta reduces injury in the dextran sodium sulfate

model of colitis. J Clin Invest. 2006;116:2914-23.
56. Ting HA, von Moltke J. The immune function of tuft cells at gut

mucosal surfaces and beyond. J Immunol. 2019;202:1321-1329.
57. von Moltke J, Ji M, Liang HE, Locksley RM. Tuft-cell-derived IL-

25 regulates an intestinal ILC2-epithelial response circuit. Nature.
2016;529:221-5.

58. Caruso R, Sarra M, Stolfi C, et al. Interleukin-25 inhibits interleukin-

12 production and Th1 cell-driven inflammation in the gut. Gastroen-
terology. 2009;136:2270-9.

59. Rizzo A,Monteleone I, Fina D, et al. Inhibition of colitis by IL-25 asso-

ciateswith inductionof alternatively activatedmacrophages. Inflamm
Bowel Dis. 2012;18:449-59.

60. Gebert A, Rothkotter HJ, Pabst R. M cells in Peyer’s patches of the

intestine. Int Rev Cytol. 1996;167:91-159.
61. Etienne-Mesmin L, Chassaing B, Sauvanet P, et al. Interactions with

M cells and macrophages as key steps in the pathogenesis of entero-

hemorrhagic Escherichia coli infections. PLoS One. 2011;6: e23594.
62. Kang S, Okuno T, Takegahara N, et al. Intestinal epithelial cell-

derived semaphorin 7A negatively regulates development of colitis

via alphavbeta1 integrin. J Immunol. 2012;188:1108-16.
63. Niess JH, Brand S, Gu X, et al. CX3CR1-mediated dendritic cell

access to the intestinal lumen and bacterial clearance. Science.
2005;307:254-8.

64. Vallon-Eberhard A, Landsman L, Yogev N, Verrier B, Jung S. Transep-

ithelial pathogen uptake into the small intestinal lamina propria. J
Immunol. 2006;176:2465-9.

65. Medina-Contreras O, Geem D, Laur O, et al. CX3CR1 regulates

intestinal macrophage homeostasis, bacterial translocation, and coli-

togenic Th17 responses in mice. J Clin Invest. 2011;121:4787-95.
66. Cummings RJ, Barbet G, Bongers G, et al. Different tissue phago-

cytes sample apoptotic cells to direct distinct homeostasis programs.

Nature. 2016;539:565-569.
67. Rizvi AZ, Swain JR, Davies PS, et al. Bone marrow-derived cells fuse

with normal and transformed intestinal stem cells. Proc Natl Acad Sci
USA. 2006;103:6321-5.

68. Davies PS, Powell AE, Swain JR, Wong MH. Inflammation and pro-

liferation act together to mediate intestinal cell fusion. PLoS One.
2009;4: e6530.

69. Powell AE, Anderson EC, Davies PS, et al. Fusion between Intestinal

epithelial cells andmacrophages in a cancer context results in nuclear

reprogramming. Cancer Res. 2011;71:1497-505.
70. van Niel G, Raposo G, Candalh C, et al. Intestinal epithelial

cells secrete exosome-like vesicles. Gastroenterology. 2001;121:

337-49.

71. Mallegol J, Van Niel G, Lebreton C, et al. T84-intestinal epithe-

lial exosomes bear MHC class II/peptide complexes potentiating

antigen presentation by dendritic cells. Gastroenterology. 2007;132:
1866-76.

72. HanH, Iwanaga T, UchiyamaY, Fujita T. Aggregation ofmacrophages

in the tips of intestinal villi in guinea pigs: their possible role in the

phagocytosis of effete epithelial cells. Cell Tissue Res. 1993;271:407-
16.

73. SenoH,MiyoshiH, BrownSL,GeskeMJ, ColonnaM, StappenbeckTS.

Efficient colonicmucosalwound repair requiresTrem2signaling.Proc
Natl Acad Sci USA. 2009;106:256-61.

74. Li Q, Cheng H, Liu Y, Wang X, He F, Tang L. Activation of mTORC1

by LSECtin in macrophages directs intestinal repair in inflammatory

bowel disease. Cell Death Dis. 2020;11:918.
75. Jayme TS, Leung G, Wang A, et al. Human interleukin-4-treated reg-

ulatory macrophages promote epithelial wound healing and reduce

colitis in amousemodel. Sci Adv. 2020;6: eaba4376.
76. Deng F, Yan J, Lu J, et al.M2macrophage-derived exosomalmiR-590-

3p attenuates dss-induced mucosal damage and promotes epithelial

repair via the LATS1/YAP/beta-Catenin signalling axis. J Crohns Coli-
tis. 2021;15:665-677.

77. Scheibe K, Backert I, Wirtz S, et al. IL-36R signalling activates intesti-

nal epithelial cells and fibroblasts and promotes mucosal healing in

vivo.Gut. 2017;66:823-838.
78. Pull SL, Doherty JM, Mills JC, Gordon JI, Stappenbeck TS. Activated

macrophages are an adaptive element of the colonic epithelial pro-

genitor niche necessary for regenerative responses to injury. Proc
Natl Acad Sci USA. 2005;102:99-104.

79. Xiao P, Zhang H, Zhang Y, et al. Phosphatase Shp2 exacerbates

intestinal inflammation by disrupting macrophage responsiveness to

interleukin-10. J ExpMed. 2019;216:337-349.
80. Quiros M, Nishio H, Neumann PA, et al. Macrophage-derived IL-10

mediates mucosal repair by epithelial WISP-1 signaling. J Clin Invest.
2017;127:3510-3520.

81. Shkoda A, Ruiz PA, Daniel H, et al. Interleukin-10 blocked endoplas-

mic reticulum stress in intestinal epithelial cells: impact on chronic

inflammation.Gastroenterology. 2007;132:190-207.
82. Cosin-Roger J, Ortiz-Masia D, Calatayud S, Hernandez C, Esplugues

JV, Barrachina MD. The activation of Wnt signaling by a STAT6-

dependent macrophage phenotype promotes mucosal repair in

murine IBD.Mucosal Immunol. 2016;9:986-98.
83. Ortiz-Masia D, Cosin-Roger J, Calatayud S, et al. Hypoxic

macrophages impair autophagy in epithelial cells through Wnt1:

relevance in IBD.Mucosal Immunol. 2014;7:929-38.
84. Cosin-Roger J, Ortiz-Masia D, Calatayud S, et al. M2 macrophages

activateWNT signaling pathway in epithelial cells: relevance in ulcer-

ative colitis. PLoS One. 2013;8: e78128.
85. Qualls JE, Kaplan AM, van Rooijen N, Cohen DA. Suppression of

experimental colitis by intestinal mononuclear phagocytes. J Leukoc
Biol. 2006;80:802-15.

86. Hunter MM, Wang A, Parhar KS, et al. In vitro-derived alternatively

activated macrophages reduce colonic inflammation in mice. Gas-
troenterology. 2010;138:1395-405.

87. Longman RS, Diehl GE, Victorio DA, et al. CX(3)CR1(+) mononuclear

phagocytes support colitis-associated innate lymphoid cell produc-

tion of IL-22. J ExpMed. 2014;211:1571-83.



CAO ET AL. 327

88. Platt AM, Bain CC, Bordon Y, Sester DP,Mowat AM. An independent

subset of TLR expressing CCR2-dependent macrophages promotes

colonic inflammation. J Immunol. 2010;184:6843-54.
89. Takada Y, Hisamatsu T, Kamada N, et al. Monocyte chemoattractant

protein-1 contributes to gut homeostasis and intestinal inflammation

by composition of IL-10-producing regulatory macrophage subset. J
Immunol. 2010;184:2671-6.

90. Patankar JV, Becker C. Cell death in the gut epithelium and impli-

cations for chronic inflammation. Nat Rev Gastroenterol Hepatol.
2020;17:543-556.

91. Heller F, Florian P, Bojarski C, et al. Interleukin-13 is the key effec-

tor Th2 cytokine in ulcerative colitis that affects epithelial tight junc-

tions, apoptosis, and cell restitution.Gastroenterology. 2005;129:550-
64.

92. Wang F, Graham WV, Wang Y, Witkowski ED, Schwarz BT, Turner

JR. Interferon-gamma and tumor necrosis factor-alpha synergize

to induce intestinal epithelial barrier dysfunction by up-regulating

myosin light chain kinase expression. Am J Pathol. 2005;166:409-19.
93. Du J, ChenY, Shi Y, et al. 1,25-DihydroxyvitaminDprotects intestinal

epithelial barrier by regulating themyosin light chain kinase signaling

pathway. InflammBowel Dis. 2015;21:2495-506.
94. Al-GhadbanS,Kaissi S,HomaidanFR,NaimHY,El-SabbanME.Cross-

talk between intestinal epithelial cells and immune cells in inflamma-

tory bowel disease. Sci Rep. 2016;6: 29783.
95. McElroy SJ, Prince LS, Weitkamp JH, Reese J, Slaughter JC, Polk

DB. Tumor necrosis factor receptor 1-dependent depletion of mucus

in immature small intestine: a potential role in neonatal necrotizing

enterocolitis. Am J Physiol Gastrointest Liver Physiol. 2011;301:G656-
66.

96. Naito Y, Takagi T, Handa O, et al. Enhanced intestinal inflammation

induced by dextran sulfate sodium in tumor necrosis factor-alpha

deficient mice. J Gastroenterol Hepatol. 2003;18:560-9.
97. Bradford EM, Ryu SH, Singh AP, et al. Epithelial TNF receptor sig-

naling promotes mucosal repair in inflammatory bowel disease. J
Immunol. 2017;199:1886-1897.

98. Stillie R, Stadnyk AW. Role of TNF receptors, TNFR1 and TNFR2,

in dextran sodium sulfate-induced colitis. Inflamm Bowel Dis.
2009;15:1515-25.

99. HilliardVC, FreyMR,DempseyPJ, PeekRM,PolkDB. TNF-alpha con-

verting enzyme-mediated ErbB4 transactivation by TNF promotes

colonic epithelial cell survival. Am J Physiol Gastrointest Liver Physiol.
2011;301:G338-46.

100. Hobbs SS, Goettel JA, Liang D, et al. TNF transactivation of

EGFR stimulates cytoprotective COX-2 expression in gastroin-

testinal epithelial cells. Am J Physiol Gastrointest Liver Physiol.
2011;301:G220-9.

101. Mizoguchi E, Mizoguchi A, Takedatsu H, et al. Role of tumor

necrosis factor receptor 2 (TNFR2) in colonic epithelial hyperpla-

sia and chronic intestinal inflammation in mice. Gastroenterology.
2002;122:134-44.

102. Corredor J, Yan F, Shen CC, et al. Tumor necrosis factor regulates

intestinal epithelial cell migration by receptor-dependent mecha-

nisms. Am J Physiol Cell Physiol. 2003;284:C953-61.
103. Iwashita J, Sato Y, Sugaya H, Takahashi N, Sasaki H, Abe T. mRNA

of MUC2 is stimulated by IL-4, IL-13 or TNF-alpha through a

mitogen-activated protein kinase pathway in human colon cancer

cells. Immunol Cell Biol. 2003;81:275-82.
104. Novotny-Smith CL, ZorbasMA,McIsaac AM, et al. Down-modulation

of epidermal growth factor receptor accompanies TNF-induced dif-

ferentiation of the DiFi human adenocarcinoma cell line toward a

goblet-like phenotype. J Cell Physiol. 1993;157:253-62.
105. Hernandez-Trejo JA, Suarez-Perez D, Gutierrez-Martinez IZ, et al.

The pro-inflammatory cytokines IFNgamma/TNFalpha increase

chromogranin A-positive neuroendocrine cells in the colonic epithe-

lium. Biochem J. 2016;473:3805-3818.

106. Brenner D, Blaser H, Mak TW. Regulation of tumour necrosis factor

signalling: live or let die.Nat Rev Immunol. 2015;15:362-74.
107. Pallai A, KissB,VerebG, et al. TransmembraneTNF-alpha reverse sig-

naling inhibits lipopolysaccharide-inducedproinflammatory cytokine

formation in macrophages by inducing TGF-beta: therapeutic impli-

cations. J Immunol. 2016;196:1146-57.
108. Rutgeerts P, Sandborn WJ, Feagan BG, et al. Infliximab for induc-

tion and maintenance therapy for ulcerative colitis. N Engl J Med.
2005;353:2462-76.

109. Bank S, Andersen PS, Burisch J, et al. Genetically determined high

activity of IL-12 and IL-18 in ulcerative colitis andTLR5 inCrohns dis-

ease were associated with non-response to anti-TNF therapy. Phar-
macogenomics J. 2018;18:87-97.

110. Kanai T, Watanabe M, Okazawa A, et al. Macrophage-derived IL-18-

mediated intestinal inflammation in themurinemodel of Crohn’s dis-

ease.Gastroenterology. 2001;121:875-88.
111. Ten Hove T, Corbaz A, Amitai H, et al. Blockade of endogenous IL-18

ameliorates TNBS-induced colitis by decreasing local TNF-alpha pro-

duction inmice.Gastroenterology. 2001;121:1372-9.
112. Salcedo R, Worschech A, Cardone M, et al. MyD88-mediated signal-

ing prevents development of adenocarcinomas of the colon: role of

interleukin 18. J ExpMed. 2010;207:1625-36.
113. Henao-Mejia J, Elinav E, Jin C, et al. Inflammasome-mediated

dysbiosis regulates progression of NAFLD and obesity. Nature.
2012;482:179-85.

114. Elinav E, Strowig T, Kau AL, et al. NLRP6 inflammasome regu-

lates colonic microbial ecology and risk for colitis. Cell. 2011;145:
745-57.

115. Nowarski R, Jackson R, Gagliani N, et al. Epithelial IL-18 equilibrium

controls barrier function in colitis. Cell. 2015;163:1444-56.
116. Miyata N, Morris LL, Chen Q, et al. Microbial sensing by intestinal

myeloid cells controls carcinogenesis and epithelial differentiation.

Cell Rep. 2018;24:2342-2355.
117. Santiago L, CastroM, Sanz-Pamplona R, et al. Extracellular granzyme

a promotes colorectal cancer development by enhancing gut inflam-

mation. Cell Rep. 2020;32: 107847.
118. Zhao M, Tang S, Xin J, Wei Y, Liu D. Reactive oxygen species induce

injury of the intestinal epithelium during hyperoxia. Int J Mol Med.
2018;41:322-330.

119. Tepperman BL, Brown JF, Whittle BJ. Nitric oxide synthase induc-

tion and intestinal epithelial cell viability in rats. Am J Physiol.
1993;265:G214-8.

120. Al-Sadi RM,MaTY. IL-1beta causes an increase in intestinal epithelial

tight junction permeability. J Immunol. 2007;178:4641-9.
121. Shenoy AK, Fisher RC, Butterworth EA, et al. Transition from colitis

to cancer: highWnt activity sustains the tumor-initiating potential of

colon cancer stem cell precursors. Cancer Res. 2012;72:5091-100.
122. KeerthivasanS,AghajaniK,DoseM, et al. beta-Cateninpromotes col-

itis and colon cancer through imprinting of proinflammatory proper-

ties in T cells. Sci Transl Med. 2014;6: 225ra28.
123. Aoki K, Aoki M, Sugai M, et al. Chromosomal instability by beta-

catenin/TCF transcription in APC or beta-cateninmutant cells.Onco-
gene. 2007;26:3511-20.

124. Montrose DC, Nakanishi M, Murphy RC, et al. The role of PGE2 in

intestinal inflammation and tumorigenesis. Prostaglandins Other Lipid
Mediat. 2015;116–117:26-36.

125. Kim HB, Kim M, Park YS, et al. Prostaglandin E2 activates YAP

and a positive-signaling loop to promote colon regeneration after

colitis but also carcinogenesis in mice. Gastroenterology. 2017;152:
616-630.

126. Nowarski R, Gagliani N, Huber S, Flavell RA. Innate immune cells in

inflammation and cancer. Cancer Immunol Res. 2013;1:77-84.
127. Niesler B, Kuerten S, Demir IE, Schafer KH. Disorders of the enteric

nervous system - a holistic view. Nat Rev Gastroenterol Hepatol.
2021;18:393-410.



328 CAO ET AL.

128. Jacobson A, Yang D, Vella M, Chiu IM. The intestinal neuro-immune

axis: crosstalk between neurons, immune cells, and microbes.

Mucosal Immunol. 2021;14:555-565.
129. Gabanyi I, Muller PA, Feighery L, Oliveira TY, Costa-Pinto FA,Mucida

D.Neuro-immune interactions drive tissue programming in intestinal

macrophages. Cell. 2016;164:378-91.
130. Borovikova LV, Ivanova S, Zhang M, et al. Vagus nerve stimulation

attenuates the systemic inflammatory response to endotoxin.Nature.
2000;405:458-62.

131. Borovikova LV, Ivanova S, Nardi D, et al. Role of vagus nerve signal-

ing in CNI-1493-mediated suppression of acute inflammation. Auton
Neurosci. 2000;85:141-7.

132. Ghia JE, Blennerhassett P, El-Sharkawy RT, Collins SM. The protec-

tive effect of the vagus nerve in a murine model of chronic relapsing

colitis. Am J Physiol Gastrointest Liver Physiol. 2007;293:G711-8.
133. Matteoli G, Gomez-Pinilla PJ, Nemethova A, et al. A distinct vagal

anti-inflammatory pathwaymodulates intestinal muscularis resident

macrophages independent of the spleen.Gut. 2014;63:938-48.
134. Cailotto C, Gomez-Pinilla PJ, Costes LM, et al. Neuro-anatomical

evidence indicating indirect modulation of macrophages by vagal

efferents in the intestine but not in the spleen. PLoS One. 2014;9:
e87785.

135. Delgado M, Ganea D. Inhibition of endotoxin-induced macrophage

chemokine production by vasoactive intestinal peptide and pitu-

itary adenylate cyclase-activating polypeptide in vitro and in vivo. J
Immunol. 2001;167:966-75.

136. Delgado M, Munoz-Elias EJ, Martinez C, Gomariz RP, Ganea D. VIP

and PACAP38modulate cytokine and nitric oxide production in peri-

toneal macrophages and macrophage cell lines. Ann N Y Acad Sci.
1999;897:401-14.

137. Miampamba M, Sharkey KA. Distribution of calcitonin gene-related

peptide, somatostatin, substance P and vasoactive intestinal

polypeptide in experimental colitis in rats. Neurogastroenterol Motil.
1998;10:315-29.

138. Abad C, Martinez C, Juarranz MG, et al. Therapeutic effects

of vasoactive intestinal peptide in the trinitrobenzene sulfonic

acid mice model of Crohn’s disease. Gastroenterology. 2003;124:
961-71.

139. Arranz A, Abad C, Juarranz Y, et al. Effect of VIP on TLR2 and TLR4

expression in lymph node immune cells during TNBS-induced colitis.

Ann N Y Acad Sci. 2006;1070:129-34.
140. Gomariz RP, Arranz A, Abad C, et al. Time-course expression of Toll-

like receptors 2 and 4 in inflammatory bowel disease and homeo-

static effect of VIP. J Leukoc Biol. 2005;78:491-502.
141. Vu JP,MillionM, LaraucheM, et al. Inhibition of vasoactive intestinal

polypeptide (VIP) induces resistance todextran sodiumsulfate (DSS)-

induced colitis in mice. J Mol Neurosci. 2014;52:37-47.
142. Rosas-Ballina M, Ochani M, Parrish WR, et al. Splenic nerve is

required for cholinergic antiinflammatory pathway control of TNF in

endotoxemia. Proc Natl Acad Sci USA. 2008;105:11008-13.
143. Magro F, Vieira-Coelho MA, Fraga S, et al. Impaired synthesis or cel-

lular storage of norepinephrine, dopamine, and 5-hydroxytryptamine

in human inflammatory bowel disease.Dig Dis Sci. 2002;47:216-24.
144. Straub RH, Grum F, Strauch U, et al. Anti-inflammatory role of sym-

pathetic nerves in chronic intestinal inflammation.Gut. 2008;57:911-
21.

145. Agac D, Estrada LD, Maples R, Hooper LV, Farrar JD. The beta2-

adrenergic receptor controls inflammation by driving rapid IL-10

secretion. Brain Behav Immun. 2018;74:176-185.
146. Liu L, Wu Y, Wang B, et al. DA-DRD5 signaling controls colitis by

regulating colonic M1/M2 macrophage polarization. Cell Death Dis.
2021;12:500.

147. McCafferty DM,Wallace JL, Sharkey KA. Effects of chemical sympa-

thectomy and sensory nerve ablation on experimental colitis in the

rat. Am J Physiol. 1997;272:G272-80.

148. Severn A, Rapson NT, Hunter CA, Liew FY. Regulation of tumor

necrosis factor production by adrenaline and beta-adrenergic ago-

nists. J Immunol. 1992;148:3441-5.
149. Spengler RN, Chensue SW, Giacherio DA, Blenk N, Kunkel SL.

Endogenous norepinephrine regulates tumor necrosis factor-alpha

production from macrophages in vitro. J Immunol. 1994;152:3024-
31.

150. Spengler RN, Allen RM, Remick DG, Strieter RM, Kunkel SL.

Stimulation of alpha-adrenergic receptor augments the produc-

tion of macrophage-derived tumor necrosis factor. J Immunol.
1990;145:1430-4.

151. Bai A, Lu N, Guo Y, Chen J, Liu Z. Modulation of inflammatory

response via alpha2-adrenoceptor blockade in acute murine colitis.

Clin Exp Immunol. 2009;156:353-62.
152. Willemze RA, Welting O, van Hamersveld P, et al. Loss of intestinal

sympathetic innervation elicits an innate immune driven colitis. Mol
Med. 2019;25:1.

153. Chandrasekharan B, Bala V, Kolachala VL, et al. Targeted deletion

of neuropeptide Y (NPY) modulates experimental colitis. PLoS One.
2008;3: e3304.

154. Hassani H, Lucas G, Rozell B, Ernfors P. Attenuation of acute experi-

mental colitis by preventing NPY Y1 receptor signaling. Am J Physiol
Gastrointest Liver Physiol. 2005;288:G550-6.

155. Engel MA, Leffler A, Niedermirtl F, et al. TRPA1 and substance P

mediate colitis in mice.Gastroenterology. 2011;141:1346-58.
156. Castagliuolo I, Keates AC, Qiu B, et al. Increased substance P

responses in dorsal root ganglia and intestinal macrophages during

Clostridium difficile toxin A enteritis in rats. Proc Natl Acad Sci USA.
1997;94:4788-93.

157. Kulkarni S, Micci MA, Leser J, et al. Adult enteric nervous system in

health is maintained by a dynamic balance between neuronal apop-

tosis and neurogenesis. Proc Natl Acad Sci USA. 2017;114:E3709-
E3718.

158. Muller PA, Koscso B, Rajani GM, et al. Crosstalk between muscularis

macrophages andenteric neurons regulates gastrointestinalmotility.

Cell. 2014;158:1210.
159. Kinoshita K, Horiguchi K, Fujisawa M, et al. Possible involvement of

muscularis resident macrophages in impairment of interstitial cells

of Cajal and myenteric nerve systems in rat models of TNBS-induced

colitis.Histochem Cell Biol. 2007;127:41-53.
160. Matheis F, Muller PA, Graves CL, et al. Adrenergic signaling in

muscularis macrophages limits infection-induced neuronal loss. Cell.
2020;180: 64-78 e16.

161. Crotti A, Glass CK. The choreography of neuroinflammation in Hunt-

ington’s disease. Trends Immunol. 2015;36:364-73.
162. Bezzi P, Domercq M, Brambilla L, et al. CXCR4-activated astrocyte

glutamate release via TNFalpha: amplification by microglia triggers

neurotoxicity.Nat Neurosci. 2001;4:702-10.
163. Sayre LM, Perry G, Smith MA. Oxidative stress and neurotoxicity.

Chem Res Toxicol. 2008;21:172-88.
164. Dora D, Arciero E, Hotta R, et al. Intraganglionic macrophages: a new

population of cells in the enteric ganglia. J Anat. 2018;233:401-410.
165. Gautier EL, Shay T, Miller J, et al. Gene-expression profiles and tran-

scriptional regulatory pathways that underlie the identity and diver-

sity of mouse tissuemacrophages.Nat Immunol. 2012;13:1118-28.
166. Butovsky O, Jedrychowski MP, Moore CS, et al. Identification of a

unique TGF-beta-dependent molecular and functional signature in

microglia.Nat Neurosci. 2014;17:131-43.
167. Zujovic V, Benavides J, Vige X, Carter C, Taupin V. Fractalkine mod-

ulates TNF-alpha secretion and neurotoxicity induced by microglial

activation.Glia. 2000;29:305-15.
168. Zujovic V, Schussler N, Jourdain D, Duverger D, Taupin V. In vivo

neutralization of endogenous brain fractalkine increases hippocam-

pal TNFalpha and 8-isoprostane production induced by intracere-

broventricular injection of LPS. J Neuroimmunol. 2001;115:135-43.



CAO ET AL. 329

169. Cardona AE, Pioro EP, Sasse ME, et al. Control of microglial neuro-

toxicity by the fractalkine receptor.Nat Neurosci. 2006;9:917-24.
170. Hadis U, Wahl B, Schulz O, et al. Intestinal tolerance requires gut

homing and expansion of FoxP3+ regulatory T cells in the lamina pro-

pria. Immunity. 2011;34:237-46.
171. Kim YG, Kamada N, Shaw MH, et al. The Nod2 sensor promotes

intestinal pathogen eradication via the chemokine CCL2-dependent

recruitment of inflammatorymonocytes. Immunity. 2011;34:769-80.
172. Lawrance IC, Maxwell L, Doe W. Altered response of intesti-

nal mucosal fibroblasts to profibrogenic cytokines in inflammatory

bowel disease. InflammBowel Dis. 2001;7:226-36.
173. Kaushansky K, Lin N, Adamson JW. Interleukin 1 stimulates fibrob-

lasts to synthesize granulocyte-macrophage and granulocyte colony-

stimulating factors. Mechanism for the hematopoietic response to

inflammation. J Clin Invest. 1988;81:92-7.
174. Fibbe WE, Van Damme J, Billiau A, et al. Human fibroblasts produce

granulocyte-CSF, macrophage-CSF, and granulocyte-macrophage-

CSF following stimulation by interleukin-1 and poly(rI).poly(rC).

Blood. 1988;72:860-6.
175. Buechler MB, Fu W, Turley SJ. Fibroblast-macrophage reciprocal

interactions in health, fibrosis, and cancer. Immunity. 2021;54:903-
915.

176. Malvin NP, Seno H, Stappenbeck TS. Colonic epithelial response to

injury requires Myd88 signaling in myeloid cells. Mucosal Immunol.
2012;5:194-206.

177. Okuno T, Andoh A, Bamba S, et al. Interleukin-1beta and tumor

necrosis factor-alpha induce chemokine and matrix metallopro-

teinase gene expression in human colonic subepithelial myofibrob-

lasts. Scand J Gastroenterol. 2002;37:317-24.
178. Otte JM, Rosenberg IM, Podolsky DK. Intestinal myofibroblasts

in innate immune responses of the intestine. Gastroenterology.
2003;124:1866-78.

179. Yuan Q, Gu J, Zhang J, et al. MyD88 in myofibroblasts enhances

colitis-associated tumorigenesis via promoting macrophage M2

polarization. Cell Rep. 2021;34: 108724.
180. Fichtner-Feigl S, StroberW, Kawakami K, Puri RK, Kitani A. IL-13 sig-

naling through the IL-13alpha2 receptor is involved in induction of

TGF-beta1 production and fibrosis.NatMed. 2006;12:99-106.
181. Salvador P, Macias-Ceja DC, Gisbert-Ferrandiz L, et al. CD16+

macrophages mediate fibrosis in inflammatory bowel disease. J
Crohns Colitis. 2018;12:589-599.

182. Valatas V, Filidou E, Drygiannakis I, Kolios G. Stromal and immune

cells in gut fibrosis: themyofibroblast and the scarface.AnnGastroen-
terol. 2017;30:393-404.

183. Wynn TA, Vannella KM. Macrophages in tissue repair, regeneration,

and fibrosis. Immunity. 2016;44:450-462.
184. Meng XM, Wang S, Huang XR, et al. Inflammatory macrophages

can transdifferentiate into myofibroblasts during renal fibrosis. Cell
Death Dis. 2016;7: e2495.

185. Reilkoff RA, Bucala R, Herzog EL. Fibrocytes: emerging effector cells

in chronic inflammation.Nat Rev Immunol. 2011;11:427-35.
186. Rieder F, Fiocchi C. Intestinal fibrosis in inflammatory bowel dis-

ease - Current knowledge and future perspectives. J Crohns Colitis.
2008;2:279-90.

187. Kisseleva T, von Kockritz-Blickwede M, Reichart D, et al. Fibrocyte-

like cells recruited to the spleen support innate and adaptive immune

responses to acute injury or infection. J Mol Med (Berl). 2011;89:997-
1013.

188. Pilling D, Buckley CD, Salmon M, Gomer RH. Inhibition of fibrocyte

differentiation by serum amyloid P. J Immunol. 2003;171:5537-46.
189. ShaoDD, Suresh R, Vakil V, Gomer RH, PillingD. Pivotal Advance: th-

1 cytokines inhibit, and Th-2 cytokines promote fibrocyte differenti-

ation. J Leukoc Biol. 2008;83:1323-33.
190. Pilling D, Gomer RH. Differentiation of circulating monocytes into

fibroblast-like cells.MethodsMol Biol. 2012;904:191-206.

191. Chesney J, Metz C, Stavitsky AB, BacherM, Bucala R. Regulated pro-

duction of type I collagen and inflammatory cytokines by peripheral

blood fibrocytes. J Immunol. 1998;160:419-25.
192. Abe R, Donnelly SC, Peng T, Bucala R, Metz CN. Peripheral blood

fibrocytes: differentiation pathway and migration to wound sites. J
Immunol. 2001;166:7556-62.

193. Van Linthout S, Miteva K, Tschope C. Crosstalk between fibroblasts

and inflammatory cells. Cardiovasc Res. 2014;102:258-69.
194. Bernstein CN, Sargent M, Gallatin WM. Beta2 integrin/ICAM

expression in Crohn’s disease. Clin Immunol Immunopathol. 1998;86:
147-60.

195. Danese S, Sans M, Scaldaferri F, et al. TNF-alpha blockade down-

regulates theCD40/CD40Lpathway in themucosalmicrocirculation:

a novel anti-inflammatory mechanism of infliximab in Crohn’s dis-

ease. J Immunol. 2006;176:2617-24.
196. Baert FJ, D’Haens GR, Peeters M, et al. Tumor necrosis fac-

tor alpha antibody (infliximab) therapy profoundly down-regulates

the inflammation in Crohn’s ileocolitis. Gastroenterology. 1999;116:
22-8.

197. Zeissig S, Rosati E, Dowds CM, et al. Vedolizumab is associated with

changes in innate rather than adaptive immunity in patients with

inflammatory bowel disease.Gut. 2019;68:25-39.
198. Wyant T, Fedyk E, Abhyankar B. An overview of the mechanism

of action of the monoclonal antibody vedolizumab. J Crohns Colitis.
2016;10:1437-1444.

199. Sikorski EE, Hallmann R, Berg EL, Butcher EC. The Peyer’s patch

high endothelial receptor for lymphocytes, the mucosal vascular

addressin, is inducedonamurineendothelial cell lineby tumornecro-

sis factor-alpha and IL-1. J Immunol. 1993;151:5239-50.
200. OgawaH, BinionDG,Heidemann J, et al.Mechanisms ofMAdCAM-1

gene expression in human intestinal microvascular endothelial cells.

Am J Physiol Cell Physiol. 2005;288:C272-81.
201. Pousa ID, Mate J, Gisbert JP. Angiogenesis in inflammatory bowel

disease. Eur J Clin Invest. 2008;38:73-81.
202. AlkimC, SavasB, Ensari A, et al. Expression of p53, VEGF,microvessel

density, and cyclin-D1 in noncancerous tissue of inflammatory bowel

disease.Dig Dis Sci. 2009;54:1979-84.
203. Maruyama K, Kidoya H, Takemura N, et al. Zinc finger protein

St18 protects against septic death by inhibiting VEGF-A from

macrophages. Cell Rep. 2020;32: 107906.
204. Yamazaki T,NalbandianA,UchidaY, et al. Tissuemyeloid progenitors

differentiate into pericytes through TGF-beta signaling in developing

skin vasculature. Cell Rep. 2017;18:2991-3004.
205. Zheng M, Mao K, Fang D, et al. B cell residency but not T cell-

independent IgA switching in the gut requires innate lymphoid cells.

Proc Natl Acad Sci USA. 2021;118.
206. Lee JS, TatoCM, Joyce-ShaikhB, et al. Interleukin-23-independent IL-

17 production regulates intestinal epithelial permeability. Immunity.
2015;43:727-38.

207. Maxwell JR, Zhang Y, Brown WA, et al. Differential roles for

interleukin-23 and interleukin-17 in intestinal immunoregulation.

Immunity. 2015;43:739-50.
208. Manta C, Heupel E, Radulovic K, et al. CX(3)CR1(+) macrophages

support IL-22 production by innate lymphoid cells during infection

with Citrobacter rodentium.Mucosal Immunol. 2013;6:177-88.
209. Xiao P, Guo Y, Zhang H, et al. Myeloid-restricted ablation of Shp2

restrains melanoma growth by amplifying the reciprocal promotion

of CXCL9 and IFN-gamma production in tumor microenvironment.

Oncogene. 2018;37:5088-5100.
210. Mikucki ME, Fisher DT, Matsuzaki J, et al. Non-redundant require-

ment for CXCR3 signalling during tumoricidal T-cell traffick-

ing across tumour vascular checkpoints. Nat Commun. 2015;6:

7458.

211. SmitMJ, Verdijk P, van der Raaij-Helmer EM, et al. CXCR3-mediated

chemotaxis of human T cells is regulated by a Gi- and phospholipase



330 CAO ET AL.

C-dependent pathway and not via activation ofMEK/p44/p42MAPK

nor Akt/PI-3 kinase. Blood. 2003;102:1959-65.
212. Bao X, Qin Y, Lu L, Zheng M. Transcriptional regulation of early

T-lymphocyte development in thymus. Front Immunol. 2022;13:

884569.

213. Makita N, Hizukuri Y, Yamashiro K, Murakawa M, Hayashi Y. IL-

10 enhances the phenotype of M2 macrophages induced by IL-4

and confers the ability to increase eosinophil migration. Int Immunol.
2015;27:131-41.

214. Liu B, Jia Y, Ma J, et al. Tumor-associated macrophage-derived

CCL20 enhances the growth and metastasis of pancreatic cancer.

Acta Biochim Biophys Sin (Shanghai). 2016;48:1067-1074.
215. HsuAT, Lupancu TJ, LeeMC, et al. Epigenetic and transcriptional reg-

ulation of IL4-induced CCL17 production in human monocytes and

murinemacrophages. J Biol Chem. 2018;293:11415-11423.
216. Ushio A, Arakaki R, Otsuka K, et al. CCL22-producing resident

macrophages enhance T cell response in Sjogren’s. Syndrome Front
Immunol. 2018;9:2594.

217. Shmuel-Galia L, Humphries F, Lei X, et al. Dysbiosis exacerbates

colitis by promoting ubiquitination and accumulation of the innate

immune adaptor STING in myeloid cells. Immunity. 2021;54: 1137-
1153 e8.

218. Ueda Y, KayamaH, Jeon SG, et al. Commensal microbiota induce LPS

hyporesponsiveness in colonicmacrophages via the production of IL-

10. Int Immunol. 2010;22:953-62.
219. MorthaA,ChudnovskiyA,HashimotoD, et al.Microbiota-dependent

crosstalk betweenmacrophages and ILC3 promotes intestinal home-

ostasis. Science. 2014;343: 1249288.
220. Perez-Lopez A, Behnsen J, Nuccio SP, Raffatellu M. Mucosal immu-

nity to pathogenic intestinal bacteria.NatRev Immunol. 2016;16:135-
48.

221. Nowarski R, Jackson R, Flavell RA. The stromal intervention: regu-

lation of immunity and inflammation at the epithelial-mesenchymal

barrier. Cell. 2017;168:362-375.
222. Brown EM, SadaranganiM, Finlay BB. The role of the immune system

in governing host-microbe interactions in the intestine.Nat Immunol.
2013;14:660-7.

223. FriedrichM, PohinM, Powrie F. Cytokine networks in the pathophys-

iology of inflammatory bowel disease. Immunity. 2019;50:992-1006.
224. Allavena P, Anfray C, Ummarino A, Andon FT. Therapeutic manip-

ulation of tumor-associated macrophages: facts and hopes from a

clinical and translational perspective. Clin Cancer Res. 2021;27:3291-
3297.

225. Rivollier A, He J, Kole A, Valatas V, Kelsall BL. Inflammation switches

the differentiation programof Ly6Chimonocytes fromantiinflamma-

tory macrophages to inflammatory dendritic cells in the colon. J Exp
Med. 2012;209:139-55.

226. Bain CC, Scott CL, Uronen-Hansson H, et al. Resident and pro-

inflammatory macrophages in the colon represent alternative

context-dependent fates of the same Ly6Chi monocyte precursors.

Mucosal Immunol. 2013;6:498-510.
227. Sade-Feldman M, Kanterman J, Ish-Shalom E, Elnekave M, Horwitz

E, Baniyash M. Tumor necrosis factor-alpha blocks differentiation

and enhances suppressive activity of immature myeloid cells during

chronic inflammation. Immunity. 2013;38:541-54.
228. Vos AC, Wildenberg ME, Arijs I, et al. Regulatory macrophages

induced by infliximab are involved in healing in vivo and in vitro.

InflammBowel Dis. 2012;18:401-8.
229. Nakanishi Y, Sato T, Takahashi K, Ohteki T. IFN-gamma-dependent

epigenetic regulation instructs colitogenic monocyte/macrophage

lineage differentiation in vivo.Mucosal Immunol. 2018;11:871-880.
230. Foster N, Lea SR, Preshaw PM, Taylor JJ. Pivotal advance: vasoactive

intestinal peptide inhibits up-regulation of human monocyte TLR2

and TLR4 by LPS and differentiation of monocytes to macrophages.

J Leukoc Biol. 2007;81:893-903.

231. Corzo CA, Condamine T, Lu L, et al. HIF-1alpha regulates function

and differentiation of myeloid-derived suppressor cells in the tumor

microenvironment. J ExpMed. 2010;207:2439-53.
232. Abraham C, Cho J. Interleukin-23/Th17 pathways and inflammatory

bowel disease. InflammBowel Dis. 2009;15:1090-100.
233. Digby-Bell JL, Atreya R, Monteleone G, Powell N. Interrogating host

immunity to predict treatment response in inflammatory bowel dis-

ease.Nat Rev Gastroenterol Hepatol. 2020;17:9-20.
234. Noviello D, Mager R, Roda G, Borroni RG, Fiorino G, Vetrano S.

The IL23-IL17 immune axis in the treatment of ulcerative colitis:

successes, defeats, and ongoing challenges. Front Immunol. 2021;12:
611256.

235. Barbara G, Xing Z, Hogaboam CM, Gauldie J, Collins SM. Inter-

leukin 10 gene transfer prevents experimental colitis in rats. Gut.
2000;46:344-9.

236. Ribbons KA, Thompson JH, Liu X, Pennline K, Clark DA, Miller

MJ. Anti-inflammatory properties of interleukin-10 administration in

hapten-induced colitis. Eur J Pharmacol. 1997;323:245-54.
237. TomoyoseM,MitsuyamaK, IshidaH, ToyonagaA, TanikawaK. Role of

interleukin-10 in a murine model of dextran sulfate sodium-induced

colitis. Scand J Gastroenterol. 1998;33:435-40.
238. Steidler L,HansW,Schotte L, et al. Treatmentofmurine colitis by Lac-

tococcus lactis secreting interleukin-10. Science. 2000;289:1352-5.
239. Fedorak RN, Gangl A, Elson CO, et al. Recombinant human inter-

leukin 10 in the treatment of patients with mild to moderately active

Crohn’s disease. The interleukin 10 Inflammatory Bowel Disease

Cooperative Study Group.Gastroenterology. 2000;119:1473-82.
240. van Deventer SJ, Elson CO, Fedorak RN. Multiple doses of intra-

venous interleukin 10 in steroid-refractory Crohn’s disease. Crohn’s

Disease Study Group.Gastroenterology. 1997;113:383-9.
241. BraatH, Rottiers P, HommesDW, et al. A phase I trial with transgenic

bacteria expressing interleukin-10 in Crohn’s disease. Clin Gastroen-
terol Hepatol. 2006;4:754-9.

242. Colombel JF, RutgeertsP,MalchowH, et al. Interleukin10 (Tenovil) in

the prevention of postoperative recurrence of Crohn’s disease. Gut.
2001;49:42-6.

243. Schreiber S, Fedorak RN, Nielsen OH, et al. Safety and efficacy of

recombinant human interleukin 10 in chronic active Crohn’s disease.

Crohn’s Disease IL-10 Cooperative Study Group. Gastroenterology.
2000;119:1461-72.

244. Marlow GJ, van Gent D, Ferguson LR. Why interleukin-10 supple-

mentation does not work in Crohn’s disease patients. World J Gas-
troenterol. 2013;19:3931-41.

245. Hatayama H, Iwashita J, Kuwajima A, Abe T. The short chain

fatty acid, butyrate, stimulates MUC2 mucin production in the

human colon cancer cell line, LS174T. Biochem Biophys Res Commun.
2007;356:599-603.

246. Schauber J, Svanholm C, Termen S, et al. Expression of the catheli-

cidin LL-37 ismodulatedby short chain fatty acids in colonocytes: rel-

evance of signalling pathways.Gut. 2003;52:735-41.
247. BordinM, D’Atri F, Guillemot L, Citi S. Histone deacetylase inhibitors

up-regulate the expression of tight junction proteins.Mol Cancer Res.
2004;2:692-701.

248. Chang PV, Hao L, Offermanns S,Medzhitov R. Themicrobialmetabo-

lite butyrate regulates intestinal macrophage function via histone

deacetylase inhibition. Proc Natl Acad Sci USA. 2014;111:2247-52.
249. Ji J, Shu D, Zheng M, et al. Microbial metabolite butyrate facili-

tates M2 macrophage polarization and function. Sci Rep. 2016;6:
24838.

250. Luhrs H, Gerke T, Muller JG, et al. Butyrate inhibits NF-kappaB acti-

vation in lamina propria macrophages of patients with ulcerative col-

itis. Scand J Gastroenterol. 2002;37:458-66.
251. Salas A, Hernandez-RochaC, DuijvesteinM, et al. JAK-STAT pathway

targeting for the treatment of inflammatory bowel disease. Nat Rev
Gastroenterol Hepatol. 2020;17:323-337.



CAO ET AL. 331

252. Spalinger MR, Sayoc-Becerra A, Ordookhanian C, et al. The JAK

inhibitor tofacitinib rescues intestinal barrier defects caused by

disrupted epithelial-macrophage interactions. J Crohns Colitis.
2021;15:471-484.

253. Pickert G, Neufert C, Leppkes M, et al. STAT3 links IL-22 signaling

in intestinal epithelial cells to mucosal wound healing. J Exp Med.
2009;206:1465-72.

254. Willson TA, Jurickova I, Collins M, Denson LA. Deletion of intestinal

epithelial cell STAT3 promotes T-lymphocyte STAT3 activation and

chronic colitis following acute dextran sodium sulfate injury in mice.

InflammBowel Dis. 2013;19:512-25.
255. Kobayashi M, Kweon MN, Kuwata H, et al. Toll-like receptor-

dependent production of IL-12p40 causes chronic enterocol-

itis in myeloid cell-specific Stat3-deficient mice. J Clin Invest.
2003;111:1297-308.

256. Durant L, Watford WT, Ramos HL, et al. Diverse targets of the tran-

scription factor STAT3 contribute to T cell pathogenicity and home-

ostasis. Immunity. 2010;32:605-15.
257. Huang Z, Rose AH, Hoffmann FW, et al. Calpastatin prevents NF-

kappaB-mediated hyperactivation of macrophages and attenuates

colitis. J Immunol. 2013;191:3778-88.
258. Nenci A, Becker C, Wullaert A, et al. Epithelial NEMO links innate

immunity to chronic intestinal inflammation. Nature. 2007;446:557-
61.

259. Hidalgo-Garcia L, Molina-Tijeras JA, Huertas-Pena F, et al. Intesti-

nal mesenchymal cells regulate immune responses and promote

epithelial regeneration in vitro and indextran sulfate sodium-induced

experimental colitis in mice. Acta Physiol (Oxf). 2021;233: e13699.
260. Sala E, GenuaM, Petti L, et al. Mesenchymal stem cells reduce colitis

in mice via release of TSG6, independently of their localization to the

intestine.Gastroenterology. 2015;149: 163-176 e20.
261. Tolomeo AM, Castagliuolo I, Piccoli M, et al. Extracellular vesicles

secretedbymesenchymal stromal cells exert opposite effects to their

cells of origin in murine sodium dextran sulfate-induced colitis. Front
Immunol. 2021;12: 627605.

262. Mao F, Wu Y, Tang X, et al. Exosomes derived from human umbilical

cord mesenchymal stem cells relieve inflammatory bowel disease in

mice. Biomed Res Int. 2017;2017: 5356760.

How to cite this article: CaoQ,Mertens RT, Sivanathan KN,

Cai X, Xiao P.Macrophage orchestration of epithelial and

stromal cell homeostasis in the intestine. J Leukoc Biol.

2022;112:313–331.

https://doi.org/10.1002/JLB.3RU0322-176R

https://doi.org/10.1002/JLB.3RU0322-176R

	Macrophage orchestration of epithelial and stromal cell homeostasis in the intestine
	Abstract
	1 | INTRODUCTION
	2 | ORIGIN AND PHENOTYPE OF IM&#x03C6;S
	3 | CROSSTALK BETWEEN IECS AND IM&#x03C6;S
	3.1 | Epithelium regulation of IM&#x03C6; functions
	3.2 | IM&#x03C6;s communicating with IECs&#x2014;feedback mechanisms

	4 | CROSSTALK BETWEEN ENTERIC NERVOUS SYSTEM AND IM&#x03C6;S
	4.1 | Neuroregulation of IM&#x03C6; function
	4.2 | Separated brothers? IM&#x03C6;s and microglia

	5 | CROSSTALK BETWEEN MESENCHYMAL CELLS AND IM&#x03C6;S
	5.1 | IM&#x03C6;&#x2013;fibroblast interplay
	5.2 | IM&#x03C6;&#x2013;endothelium interplay

	6 | MULTIPLE PLAYERS-HIGHLY INTERTWINED CROSSTALK
	7 | THERAPEUTIC IMPLICATIONS-FROM A MACROPHAGE PERSPECTIVE
	8 | CONCLUDING REMARKS
	ACKNOWLEDGEMENTS
	AUTHORSHIP
	DISCLOSURE
	REFERENCES


