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Abstract: As a main digestive organ and an important immune organ, the intestine plays a vital role in resisting the invasion of
potential pathogens into the body. Intestinal immune dysfunction remains important pathogenesis of inflammatory bowel disease
(IBD). In this review, we explained the interactions among symbiotic flora, intestinal epithelial cells, and the immune system, clarified
the operating mechanism of the intestinal immune system, and highlighted the immunological pathogenesis of IBD, with a focus on
the development of immunotherapy for IBD. In addition, intestinal fibrosis is a significant complication in patients with long-term
IBD, and we reviewed the immunological pathogenesis involved in the development of intestinal fibrogenesis and provided novel
antifibrotic immunotherapies for IBD.
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Introduction

Inflammatory bowel disease (IBD) consists of ulcerative colitis (UC) and Crohn’s disease (CD), and it affects approxi-
mately 6 to 8 million people worldwide.' As a chronic, progressive, relapsing, or remitting intestinal disorder, IBD has
a serious impact on patient’s life quality and activities of daily living, leading to increased healthcare costs. Although it
has been widely accepted that IBD is caused by an abnormal immune response against the microorganisms in genetically
susceptible individuals, the exact pathogenesis remains largely unexplored.

The currently available therapies for IBD include untargeted therapies (such as amino salicylates, glucocorticoids, and
immunomodulators) and targeted biologic therapies (such as anti-TNF, anti-IL-12/IL-23, and anti-a4f7 integrin).>®
Biologic therapies are effective in many patients, while up to 30% of patients do not response to initial treatment, and the
response is lost over time in up to 50% of patients.’

Intestinal fibrosis is a critical complication for patients with long-term IBD. However, the specific molecular
mechanisms and pathways involved in the development of intestinal fibrogenesis remain largely unclear, and effective
antifibrotic strategies are still unavailable. Therefore, we aimed to summarize the interaction among symbiotic flora,
intestinal epithelial cells (IECs), and the immune system, clarify the operating mechanism of the intestinal immune
system, and highlight the immunological pathogenesis of IBD, with a focus on the development of the immunotherapy
for IBD. In addition, we reviewed the immunological pathogenesis associated with the development of intestinal
fibrogenesis, and provide novel anti-fibrotic immunotherapies for IBD.
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Intestinal Immune System

Gut Microbiota

The human gut microbiota is constituted by trillions of microorganisms, including fungi, protozoa, viruses, archaea, and
predominantly bacteria, which inhabit mainly on the surfaces of the distal ileum and colon.'® Gut microbiota plays
a crucial role in the pathogenesis of IBD by regulating activation of the innate immune system and influencing host
energy metabolism, immune homeostasis and maturation, and maintenance of mucosal integrity (Figure 1).'"'? For
instance, Clostridium difficile can induce goblet cells and dendritic cells (DCs) to secrete TGF-p and IL-10, thereby
generating ample signals to elevate the Treg population.'* Moreover, Bacteroides fragilis can induce the population of
Treg population and promote the levels of anti-inflammatory cytokines to against colitis.'*'> In addition, gut microbiota
can produce essential components, such as vitamin K, and short-chain fatty acids (SCFAs), and interfere with the invaded
pathogens by competing for space and nutrients.'® Microbiota dysbiosis can be categorized into loss of beneficial
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Figure | The disturbance of the immune cell on the progression of IBD.
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organisms and overall microbial diversity and excessive growth of potentially harmful organisms.'” It has been proved
that gut dysbiosis is related to various diseases, including IBD.'®!?

Accumulating evidence has proved that the composition of gut microbiota is altered in IBD patients.”>* For
example, Parent et al have found that IBD patients have an altered gut microbiota when Pseudomonas-like bacteria
are detected in the tissues of CD patients.*® Furthermore, Escherichia coli, as pathogenic bacteria, is increased in the gut,
has the capability of surviving and replicating in macrophages, and induces the secretion of tumor necrosis factor o
(TNF-a) and inflammatory response in IBD.** In addition, Faecalibacterium prausnitzii, as probiotic bacteria, can
stimulate DCs to secret anti-inflammatory cytokine IL-10, and inhibit the production of IL-12 and interferon y (INF-y)
in the gut, whereas these cytokines were strikingly decreased in the gut of IBD patients.”> 2" Although these studies are
unable to precisely demonstrate the relationships between microbiota dysbiosis and IBD, they have presented possible
effective treatments for IBD. Meanwhile, Britton has colonized germ-free mice with intestinal microbiota from healthy
and IBD donors and found that mice receiving feces from IBD donors are more inclined to develop colitis compared with
those receiving fecal matter from healthy individuals.”® However, the efficacy of fecal microbiota transplantation (FMT)
for the treatment of IBD has not been validated in Clinical trials, since the specific components of donor feces are
uncertain.? "

It has been described that the metabolites of gut microbiota are also altered in IBD patients, such as disrupted bile
acid metabolism, decreased tryptophan metabolism levels, reduced SCFAs, and increased levels of nicotinuric acid,
taurine, and acylcarnitines.>> Loss of these metabolites through the course of intestinal inflammation may be a driving
force for the pathogenesis of IBD. For example, SCFAs, particularly butyrate, acetate, and propionate, have been found
to affect diverse biological processes and induce the proliferation of Tregs in the intestine.**** Butyrate can especially
maintain intestinal epithelial barrier function through inducing actin-binding protein synaptopodin (SYNPO), and serve
as the primary fuel source for colonocytes.*” Bile acids and gut microbiota interact mutually. Deficiency in bile acids
tends to generate small intestine bacterial overgrowth, activation of inflammation, and gut epithelium damage, suggesting

its importance in intestinal antimicrobial defense.*®

IECs

The intestinal epithelium is the largest mucosal surface of the human body that acts as a physical and biochemical barrier
between luminal contents and the underlying immune system.”” It is constituted of a single layer of different subtypes of
specialized IECs, mainly including columnar epithelium, goblet cells, and Paneth cells, which are linked by tight
junctions (TJs), and intercalated with immune cells.*® The main functions of the intestinal epithelium include nutrient
absorption, physical barrier, and signal respondent to the intestinal microbiota and immune system (Figure 1).°

Goblet cells, as the secretory cells of the intestinal epithelium, can secrete mucins on the luminal surface of the
intestinal mucosa (Figure 1).>° The mucus layer provides the first line of defense to prevent large particles and intact
bacteria based on the protective function of mucins.*” Many factors, such as microbes, growth factors, neuropeptides,
pro-inflammatory cytokines, and toxins, regulate the mucin expression in response to inflammation in colonic mucosa.*!
It is observed that the mucin structure is markedly altered in active enterocolitis, and Muc2-knockout mice show
decreased mucus secretion and develop spontaneous colitis.*? Parikh has recently found that down-regulation of whey
acidic protein four-disulfide core domain 2 (WFDC?2), a protein secreted by colonic goblet cells, leads to abnormalities in
mucus layer formation, increases colonization and invasion of microbiota, and breakdowns of the epithelial barrier,
indicating its potentially protective role in IBD.*

Paneth cells, the special granule-containing cells, find in the epithelial crypts of the small intestine, play an essential
role in innate intestinal defenses and the protection of nearby stem cells (Figure 1). They can produce antimicrobial
peptides (AMPs), such as alpha-defensins, lysozyme C, phospholipases, C-type lectin, and regenerating islet-derived
3-gamma (Reglllg), which fight for invaded luminal pathogens.** Tt has been demonstrated that AMPs are defective in
CD patients.* Moreover, a recent study has shown that dysbiosis resulting from Paneth cell alpha-defensin misfolding
may contribute to the CD pathogenesis, suggesting that Paneth cells are potential therapeutic targets in the future.*

Another essential component of the intestinal epithelium is the apical junctional complex, consisting of the tight
junction (TJ), adherens junction (AJ) and desmosome, which seal the IECs tightly to prevent the entry of pathogens and
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regulate permeability to water, ions and nutrients.*”**® Mutations in genes encoding TJ, and dysfunction of TJ have been
elucidated as a crucial pathogenic factor of IBD.*>! Moreover, some pro-inflammatory cytokines, such as TNF-o. and
IFN-y, have been shown to increase the permeability of TJs, resulting in the loss of epithelial barrier function and

intestinal mucosal inflammation.’>>3

Intestinal Immune Cells

Intestinal immune cells can be divided into innate immune cells and adaptive immune cells, both of which greatly
contribute to the immune responses in IBD. Innate immune cells, such as macrophages, dendritic cells (DCs),
neutrophils, natural killer (NK) cells, and innate lymphoid cells (ILCs), interact together and produce cytokines,
chemokines, and antimicrobial agents to trigger inflammation, leading to phagocytosis, antigen presentation, and
activation of the adaptive immune system (Figure 1).°*

Macrophages, DCs, neutrophils, NKT cells, and ILCs constitute the first line of defense in the mucosal innate immune
system (Figure 1). Macrophages and DCs share the presence of innate immune receptors (pattern-recognition receptors,
PRRs), such as Toll-like receptors (TLRs) and NOD-like receptors (NLRs), which are important for developing tolerance
to certain pathogens and promoting wound healing.”® Binding to these receptors by certain pathogen-associated
molecular patterns (PAMPs) of pathogens leads to the activation of several signaling pathways and the production of pro-
inflammatory cytokines, chemokines, and antimicrobial peptides.’® Moreover, they are antigen-presenting cells (APCs),
which link innate immunity and adaptive immunity by secreting cytokines and presenting antigens to the T cells.”’®
Healthy gut resident macrophages, characterized by lack of CD14 expression, manifest decreased response, proliferation,
and chemotactic activity.”> However, it has been shown that gut resident macrophages have increased phagocytic activity
and secretion of cytokines in IBD patients, triggering dramatic inflammation.® Gut DCs also remain in
a “hyporesponsive and tolerogenic state” in healthy mucosa, and they are activated with high levels of specific TLRs
in IBD patients.®" They work by migrating to peripheral lymphoid tissue, where they generate antigen-specific T-cell
responses and induce adaptive immune responses. It has been found that blockage of the interactions between DCs and
T cells prevents the development of colitis.®> NK cells not only deal with pathogenic infections, but also supervise and
kill tumor cells, playing an important role both in innate immunity and adaptive immunity. It has been reported that there
exists NK and NKT cells expressing more active immune molecules, such as CD25, CD28, and CD69, in IBD
patients.®>*** ILCs have been recognized increasingly over the past decade due to their importance in immune system,
which can initiate an early and rapid response to invading pathogens and epithelial damage.®>*® Mature helper ILCs can
be categorized into type-1 (ILCls), type-2 (ILC2s), and type-3 (ILC3s).°” ILCls are mainly located in the upper
gastrointestinal tract, including the esophagus, stomach, and duodenum, while ILC2s only make up a small population
throughout the whole healthy intestine. On the contrary, NKp44+ ILC3s constitute the main helper ILC population in the
lower gastrointestinal tract, including the caecum, ileum, and colon.®®” Remarkable changes in local ILC populations
have been found in inflamed intestine tissues of IBD patients. For example, NKp44+ ILC3s are significantly decreased at
sites of active inflammation, while ILC1s, ILC2s, and NKp44- ILC3s are increased in IBD patients, highly suggesting
a regulatory or protective role of ILC3s in intestinal inflammation.®®””" Moreover, trans-differentiation of other ILC
subtypes into ILC1s is observed in the IL-12-enriched inflamed gut of CD patients.”” In contrast to CD patients, NKp44-
ILC3s are highly accumulated in the intestinal tissue of UC patients and correlated with severe illness, making ILC1s and
NKp44- ILC3s specifically important in CD and UC, respectively.®’

In contrast to the innate immune cells, adaptive immune cells acquire high specificities and immune memory abilities,
which supplement each other and eliminate invading pathogens. Key players of the adaptive immune response are T cells
(Figure 1). Stimulated by antigens in the gut-associated lymphoid tissue (GALT) or mesenteric lymph nodes, the naive
T cells are activated and differentiated into different subsets, such as effector, regulatory, and memory T cells with up-
regulated specific homing receptors, such as chemokine receptors (CCR9 in the small intestine and CCR10 in the colon)
and integrins like aLB2, a4p1, a4B7 and aEB7.”> The binding of these receptors to cellular adhesion molecules (CAMs)
expressed on endothelial cells of the blood vessels allows migration of leukocytes to the inflamed intestine.”* Nowadays,
plenty of drugs targeting these receptors have been successfully used in clinical practice to stop leukocyte trafficking to

the intestine and prevent inflammation in IBD patients.”> "’
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It has been reported that CD is a Thl/Thl7-mediated disease, while UC is associated with a Th2-type-like
response.’> % Thl cells are activated in response to intracellular pathogens, including intracellular bacteria, parasites,
and viruses, and mediate cell-mediated immunity and delayed-type hypersensitivity reactions (Figure 1).*' Thl cells can
be induced by IL-12, secrete IFN-y, TNF-0, and IL-2, and activate a transcription factor known as STAT1 (signal
transducer and activator of transcription-1), leading to up-regulation of transcription factor T-B, and recruitment of
macrophages, NK cells, and CD8+ T cells.*"** Abnormal Thl responses are thought to be associated with intestinal
inflammation. A recent study has demonstrated that Th1-type cytokine TNF-a can synergize with IFN-y to kill IECs and
disrupt gut epithelial barrier function through the CASP8-JAK1/2-STAT1 module.®

Th17 cells are first discovered in 2005 and play a crucial role in protecting the host against extracellular bacterial and
fungal infections in the mucosa (Figure 1).%* Th17 cells express the transcription factor RORyt, and produce cytokines, such
as IL-17A, IL-17F, IL-21, and IL-22, and such process is mediated by the activation of STAT3 and induced by TGF-p, IL-6
and IL-23.%°%¢ IL-21 up-regulates the IL-23 receptor on Th17 cells, activates STAT3, and further up-regulates ROR¥t,
forming a positive autoregulatory feedback loop.®” Th17 cells and their cytokines are important in driving inflammation in
IBD. The genome-wide association studies (GWAS) have identified numerous IBD susceptibility genes related to Th17,
including JAK2, STAT3, IL-23R, IL-12B, and CCR6.***? Clinical studies have found that the intestinal mucosa and lamina
propria of IBD patients contain much higher levels of Th17 cells, IL-17, and IL-23 compared with the healthy controls.’*"!
Opposite effects of IL-17A and IL-17F have been demonstrated in experimental IBD models. In the dextran sulfate sodium
(DSS)/ 2, 4, 6-three nitrobenzene sulfonic acid (TNBS) mouse models, deficiencies of IL-17A and IL-17F are shown to be
protective against colitis.”>"*

Th2 cells are induced by IL-13, which release IL-4, IL-5, and IL-13 and specialize in eliminating helminth and
extracellular microbes.”* Th2 cytokines inhibit the development of Thl cells and enhance the innate immune response
through the activation of macrophages.®' It has been shown that Th2 cytokines are higher in UC compared with the
healthy controls (Figure 1).%°

Treg cells, expressing the transcription factor forkhead box P3 (FOXP3), play a negative immunomodulatory role in
immune tolerance and an essential role in the pathogenesis of IBD (Figure 1).”*°” They exert regulatory functions by
producing anti-inflammatory cytokines, such as IL-10 and TGF-, expressing inhibitory molecules, such as cytotoxic
T-lymphocyte antigen 4 (CTLA-4) and T-cell immunoreceptor with immunoglobulin and immunoreceptor tyrosine-based
inhibition motif domains, and suppressing the immune cell responses.”®* Treg cells also suppress type-17 immune
responses in the gut mucosa by up-regulating RORt, the transcription factor for Th17 cells and ILC3s.'% They not only
restrain effector T cell functions, but also control intestinal inflammation.®® In vivo and in vitro studies have found
decreased Treg cells in the peripheral blood of UC mouse model and the intestinal mucosa of IBD patients, whereas IBD
symptoms can be ameliorated by increasing the secretion of Treg-type cytokines.'*''°? However, some studies found that
Treg cells in the intestine fail to alleviate inflammation, which is correlated with the intestinal microenvironment.”®'%3
Moreover, Treg cells can be transformed into Th17 cells in the presence of IL-6, which is important in the onset of
intestinal inflammation.'®*

Memory T cells are characterized by increased expressions of CD69 and CD103 in the gut mucosa.'®® The memory
T cells can position at key barrier surfaces, such as skin, intestinal, and respiratory mucosa, and mitigate the microbial
load in the earliest phase of infection by directly recognizing antigen, augmenting innate immunity, and recruiting
circulating memory T cells.'°® Tissue-resident immune cells may play a pathogenic role in inflammatory diseases because
of memory T cells activated, poised state, and the anatomical location at barrier surfaces (Figure 1).'°7 It has been
reported that the number of memory T cells is increased in both UC and CD.'*®

B cells are capable of presenting antigens, producing antibodies, and secreting cytokines, which are critical to
intestinal immune homeostasis (Figure 1).'% Intestinal B cells can differentiate into plasma cells and secrete IgG and
IgA, which limits intestinal inflammation."'®!"'" They also modulate the effector response and produce anti-inflammatory
cytokine IL-10.""? It has been reported that IgG and IgA responses are elevated in IBD patients.''*''* Some studies have
shown the ineffectiveness of rituximab (anti-CD20 antibody) in inducing remission in active UC,'"> while others show

114,116

IgG predominance and IgA deficiency in IBD-inflamed gut tissues, which comes up with the potential therapeutic

approaches of targeting 1gG-producing plasma cells or shifting the imbalance of IgG and IgA in the inflamed tissues.

Journal of Inflammation Research 2022:15 hetps: 1829

Dove:


https://www.dovepress.com
https://www.dovepress.com

Lu et al Dove

Immunological Pathogenesis of IBD

STAT 3-Inducing Cytokines (IL-22 and IL-6)

IL-22 is a pleiotropic cytokine, and secreted by Th22, Th17, and Th1 cells, which activates STAT3 to promote intestinal
tissue repair and restrain intestinal pathogens (Figure 2) (Table 1).""7 It is widely expressed in the small intestine and
hardly detected in the large intestine, which can be induced by signals from commensal microbiota in IBD.''® Moreover,
IL-22 not only promotes the expressions of IBD-susceptibility genes, such as fur2, secl, bci2115, and ptpn22,''° but also
induces the expression of deleted in malignant brain tumor 1 (DMBT1) to promote epithelial cell differentiation.'*® In
addition, epithelial cell regeneration is activated through the IL-22-STAT3-dependent pathway.'?'

IL-6 is mainly produced by macrophages and dendritic cells (DCs) in lamina propria (Figure 2) (Table 1). It has
been found that the level of IL-6 is increased in the serum and intestine of CD patients, which is related to the
clinical disease activity, frequency of relapses, and the severity of inflammation.'?*'** After binding to its receptor,
IL-6 activates gp130-positive T cells and leads to the translocation of signal transducer and activator of transcription
3 (STAT-3), subsequently activating transcription of the anti-apoptotic genes Bcl-2 and Bel-x1.'** Therefore, the
humanized anti-IL-6R monoclonal antibody, tocilizumab, has been emerged for the treatment of IBD, which will be
elucidated in the last part.

IL-12/IL-23 Pathway

IL-12 and IL-23, produces by DCs, both belong to the IL-12 family, and plays a significant role in the pathogenesis of
chronic inflammatory diseases'?® (Figure 2) (Table 1). In several models of colitis, pathogenic T cell responses are driven
by IL-12 and IL-23."2° IL-12 is composed of the p40 and IL-12p35 subunits and signals through the IL-12Rp1 and IL-
12RP2 subunits. It can promote the differentiation of naive CD4" T cells into IFN-y producing Thl cells and the
proliferation and effector functions of NK cells, NKT cells, and cytotoxic T cells.'?” IL-23 is composed of IL-23p19 and
p40 subunits, and it signals through IL-12RB1 and IL-23R.'*® IL-23 exerts its biological function by reinforcing and
shaping the Th17 cell response,'” while it also antagonizes anti-inflammatory Foxp3+ Treg cell responses to promote

intestinal inflammation.'*°

IL-17 Cytokines
IL-17 cytokines, including IL-17A and IL-17F, also play an important role in the pathogenesis of IBD, which has been

elucidated in the part of intestinal immune cells (Figure 2) (Table 1).

l-10

IL-10 acts as the most important cytokine for suppressing pro-inflammatory responses in the immune system and can be
produced by a large number of different types of cells, including Tregs, macrophages, DCs, and so on (Figure 2)
(Table 1)."*' IL-10 receptors, IL-10Ra and IL-10RB, are commonly expressed on most immune cells, so that IL-10 can
regulate different innate and adaptive immune cells to exert its functions.'*® Mutations in IL-10R subunit genes are
related to intestinal hyperinflammatory immune responses in the early onset of IBD patients.'** Indeed, both IL-10- and
IL-10R-deficient mice can develop spontaneous colitis.'**!** Inactivation of ¢c-MAF in Treg cells results in the
dysfunction of IL-10 production, thus developing spontaneous colitis.'*® IL-10 inhibits IFN-y production by Thl cells
in mice transferred with CD45RB™ CD4" T cells, reduces Th17 responses in the dextran sulfate sodium (DSS) model,
and enables Treg cells to suppress pathogenic Th17 cell responses in colitis.'*” '3 IL-10 also functions through the

macrophage-ROS-NO axis in the DSS-induced colitis model.'*

IL-1B Family Cytokines IL-13 and IL-18

IL-1PB is a type of pro-inflammatory cytokine secreted by macrophages, which acts synergistically with other pro-
inflammatory cytokines, such as TNF-a and IL-6, to induce IBD inflammation (Figure 2) (Table 1)."*' Liu et al have
found that IL-1B secretion is increased in IL-10 deficient mice before the spontaneous onset of colitis.'** Siegmund et al
have found that deletion of the inflammasome component caspase-1 prevents the release of IL-1B and IL-18 and
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Table | The Cytokines of Immunological Pathogenesis of IBD

Cytokines | Cells Secreting Influence on the Function Reference
Cytokines Inflammation
IL-22 Th22, Th17, Thi cells Pleiotropic function Promote intestinal tissue repair and restrain intestinal [117]
pathogens
Promoting IBD-susceptibility genes expression
IL-6 Macrophages, DCs Pro-inflammatory Activating CD4+ T cells and STAT-3 signaling pathway [122, 123]
IL-12/IL-23 | DCs Pro-inflammatory Promoting the differentiation of Th17 cells [125]
IL-17 Thi7 Pro-inflammatory Promoting the secretion of pro-inflammatory cytokines [84]
IL-10 Treg, macrophages, Anti-inflammatory Inhibiting the secretion of pro-inflammatory cytokines and [131]
DCs macrophage-ROS-NO axis
IL-1B/IL-18 | Macrophages Pro-inflammatory Promoting the secretion of pro-inflammatory cytokines [141]
TNF Monocytes, Pro-inflammatory Promoting the secretion of pro-inflammatory cytokines [146]
macrophages, T cells Activating JNK pathway and NF-kB signaling pathway

Abbreviations: TNF, tumor necrosis factor; IL, interleukin; DCs, dendritic cells, Treg, regulatory T cells; STAT-3, signal transducer and activator of transcription 3; IBD,
inflammatory bowel disease; ROS, reactive oxygen species; NO, nitric oxide; JNK, Jun N-terminal kinase; NF-kB, nuclear factor kappa B.

ameliorates DSS-induced colitis in mice.'** Moreover, genetic deficiency or inhibition of IL-1p and IL-18 signaling

alleviates experimental colitis.'**'*®

TNF and TNF Like Ligand 1A (TLIA)

TNEF, secreted by monocytes, macrophages, and T cells, has been recognized as a pro-inflammatory cytokine in the
pathogenesis of IBD (Figure 2) (Table 1)."#¢ It can stimulate the acute phase response, promote the secretions of IL-1 and
IL-6, and increase the expressions of adhesion molecules.'*” Three pathways can be activated by the binding of TNF-o to
its receptor, including apoptosis pathway, JNK pathway, and NF-xB pathway. It has been found that TNF-a is
significantly elevated in the blood, epithelial tissue, and stool of active IBD patients, and its level is correlated with
the clinical disease activity of CD patients.'*® Blockade of TNF-o signaling by anti-TNF-a monoclonal antibodies
(mAbs) has become an important treatment for patients with moderate-to-severe refractory IBD.'*

TL1A, a member of the TNF family, has also been found to be a crucial mediator of intestinal inflammation, and its
level is also increased in IBD patients.'* TL1A exerts its function by mainly binding to death domain receptor 3 (DR3)
and co-localizes to antigen-presenting cells and T cells in the intestine.'”® TL1A can also synergistically promote the
production of IL-4, IL-12, and IL-23 and increase the expression of DR3 by Thl, Th2, and Thl7 cells to promote

. . 149,151
inflammation.'*%13

Immune Cell Trafficking

Immune cell trafficking to the gut to initiate and maintain immune responses is crucial pathogenesis of IBD, of which
T cell trafficking is the most important one (Figure 2).'>* The complete process of immune cell trafficking includes
tethering, rolling, activation, adhesion, and extravasation, which involves various integrins, selectins, chemokines, and
their ligands or receptors. Recognition of the cognate antigens in the gut-associated lymphoid tissue leads to T cell
activation, proliferation, and upregulation of adhesion molecules, such as integrin 04p7, a4p1, B2 integrins, and CCR9
for small intestinal homing, and integrin 04f7, and GPR15 for migration to the colon.'>* '3 Tethering and rolling are
mediated by low-affinity binding of CD62L (L-selectin) and integrins (a4p7 and a4f1) on T cells to glycosylation-
dependent cell adhesion molecule-1 (GlyCAM-1), mucosal addressin cell adhesion molecule-1 (MAdCAM-1), and
vascular cell adhesion molecule 1(VCAM-1) on endothelial cells, which slows down the exposure of cells to
a chemokine gradient.'**'>” After being activated, the T cell changes to its active conformation and adheres to the
endothelial wall via interaction of integrin and its ligands (B2 integrin heterodimers to ICAM-1, a4p1 to VCAM-1 and
04p7 to MAACAM-1), followed by firm arrest and extravasation to the tissue.'”® T cells either retain in the tissue or
recirculate back to the blood and lymph via sphingosine-1 phosphate (S1P) and S1P receptors (S1PRs)."**'®® Numerous
therapies targeting different steps of immune cell trafficking have been evolved, which will be introduced in the last part.
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Immunological Pathogenesis of Intestinal Fibrosis in IBD

Intestinal fibrosis is a severe and common complication of IBD with approximately >30% of patients in CD and 5%
patients in UC, which can contribute to intestinal obstruction and surgical resection.'®’"'*? Intestinal fibrosis is char-
acterized by chronic, recurrent or unsolved, intestinal inflammation, contributing to an excessive accumulation of
extracellular matrix (ECM) and loss of normal function.'®*'®* Although great progress has been made in the under-
standing of the pathogenesis of IBD, the specific cellular and molecular fibrosis pathways remain undetermined.''>-1¢6
Therefore, we, in this part, mainly described the molecular mechanisms underlining the pathogenesis of intestinal

fibrogenesis and provide new therapeutic targets in IBD (Figure 3).

Transforming Growth Factor-f (TGF-f) Signaling Pathway

TGF-p signaling pathway plays a critical role in the development of intestinal fibrosis, and both TGF-f and its receptors
are particularly overexpressed in intestinal cells of fibro-stenotic CD and in animal models of intestinal fibrosis.'®”:'¢®
The canonical TGF-f signaling pathway is mediated by Smad proteins as TGF-f receptor activation phosphorylates
Smad2 and Smad3, which then form a complex with Smad4, ultimately translocating into nucleus to regulate the
transcription of TGF-p target genes'® (Figure 3). Moreover, the expressions of TGF-B at the transcription level and
phosphorylated Smad2/3 were elevated in the mucosa overlying strictures than in mucosa overlying non-strictures areas
in CD patients.'®” The activated TGF-B signaling pathway exerts several effects with regards to intestinal fibrosis through
differentiating from fibroblasts to myofibroblasts, promoting the production of ECM, and inhibiting the expressions of
matrix metalloproteinases (MMPs).'®* However, Smad6 and Smad7 can inhibit the TGF-p signaling pathway via

‘:y o =
/ -\ \\'l
Myofibroblast or Proliferation of fibroblasts
activated fibroblast

Figure 3 Interactions between the gut immune system and intestinal fibroblasts.
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competing with Smad2 and Smad3 for TGF-P receptors.'”® Additionally, Smad7 downregulation and Smad2/3 upregula-
tion detected in intestinal strictures of CD, implying the pro-fibrogenic role of the TGF-B signaling pathway.'¢’
Nevertheless, blockade of TGF-f signaling pathway, either by increasing Smad7 expression, or decreasing Smad2/3,
can reduce intestinal fibrosis, providing an effective therapeutic strategy targeting the TGF-p signaling pathway in the

intestinal fibrosis of IBD in the future.

IL-17 Cytokines
IL-17 cytokines are primarily produced by Th17 cells and composed of six related proteins: IL-17A, IL-17B, IL-17C, IL-
17D, IL-17E, and IL-17F, which play an important role in the promotion of chemokine production for granulocyte

activation and inflammatory response (Figure 3).171

With regards to their role in intestinal fibrosis, both human and
animal data suggest that IL-17A is significantly over-expressed in the strictured areas of CD compared with the non-
strictured area, which suppresses myofibroblast migration and elevates the production of collagen and tissue inhibitor of

metalloproteinase-1 (TIMP).'2

Moreover, in subepithelial myofibroblast, IL-17A can promote the production of heat
shock protein 47 (HSP47) and collagen, which are prominently over-expressed in the intestinal tissues of the patients
with active CD, and in turn, result in the expression of IL-17A-induced collagen L.!7? In TNBS-induced intestinal fibrosis
mice model, blockade of IL-17A with anti-IL-17A antibody can ameliorate intestinal fibrosis by decreasing the
expressions of profibrogenic cytokines, such as TGF-B, TNF-o, and IL-1p, and decrease the production of collagen.'”
Unfortunately, Secukinumab, as a human anti-IL-17A monoclonal antibody, not only has no therapeutic effect in patients
with moderate to severe CD, but also accompanies with serious adverse events, including fungal infections, in
a randomized, double-blind placebo-controlled trial.'”> Therefore, the IL-17-involved mechanism underlying intestinal

fibrosis in IBD might be complex and needs further research.

TNF-a

TNF-a is universally detected in IBD and closely associated with intestinal fibrosis through promoting myofibroblast
proliferation and collagen accumulation'’® (Figure 3). Moreover, TNF-a can also promote the expressions of TGF-B and
TIMP-1 in colonic epithelial cells and elevate the levels of MMP-9 in colonic subepithelial myofibroblasts.'”” In
addition, TNF-a superfamily members, TNF-like cytokine 1A (TL1A) and TNF superfamily member 15 (TNFSF15),
play both pro-inflammatory and pro-fibrogenic roles in the pathogenesis of IBD, which are increased in IBD mucosa and
contribute to collagen accumulation in colon.'”®!'”® In CD mouse model, CNTO1081, as a rat-specific anti-TNF-a
antibody, targets at blocking TNF-o and effectively prevents the development of intestinal fibrosis.'®*" In clinical trial,
however, infliximab (IFX), a human TNF-a antibody, can not prevent the development of intestinal stricture, rather than
longer duration of CD, more severe CD, and isolated small bowel disease was related with intestinal stricture.'®! In
addition, a multi-center inception cohort study has demonstrated that CD patients administered anti-TNF-o antibody,
IFX, have less penetrating complication but not stricture complication compared with those do not receive anti-TNFa.'®*
Until now, it is generally suggested that the anti-TNF-o antibody cannot attenuate intestinal fibrosis in IBD.

T Helper (Th) 2 Cytokines

Th2 cytokines are consisted of IL-4 and IL-13 and secreted by Th2 cells, which are overexpressed in fibrotic disease, and
facilitating fibroblast activation, proliferation, and collagen accumulation.'®® Moreover, IL-13 signals can bind with IL-
4Ra/IL-13Ral receptor and exert a pro-fibrotic effect in experimental model of fibrosis, including IBD.'®* Furthermore,
IL-13 signaling can elevate the expression of TGF-B and promote intestinal fibrosis by combining with IL-13Ra2
receptor, whereas blockade of IL-13 signaling can suppress the levels of TGF-p and intestinal fibrosis.'®"'%® However, in
IBD, the function and underlying mechanism of IL-4 involved in intestinal fibrosis remain obscure. Although the levels
of IL-4 in intestinal mucosa in both CD and UC patients are not detected, blockade of IL-4 can contribute to a striking
remission of oxazolone colitis in mouse model.'®” Nevertheless, the data from anti-IL-4/IL-13 antibodies in clinical
application for IBD are limited. In a randomized multi-center study, anrukinzumab, a human anti-IL-13 antibody, does
not have a statistically significant therapeutic effect in patients with active UC compared with placebo.'®® Therefore, it is
necessary to further confirm the potential role of anti-IL4/IL-13 antibodies in the intestinal fibrosis of IBD.
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Thl Cytokines
Thl cytokine includes INF-y, and is released by Th1 cells, which has an antifibrotic effect through suppressing fibroblast

proliferation and migration.'®'*° INF-y can inactivate the TGF-p signaling pathway via inducing phosphorylation of
Smad3 and increasing the levels of Smad7."®! Although several other models have found that INF-y has a potent effect
on anti-fibrogenesis, clinical studies involved in its therapeutic potential of intestinal fibrosis in IBD remain
limited.'*>'"?

Immunotherapy of IBD

Despite the advancements in the knowledge of mechanisms underlying intestinal fibrosis in IBD, there is still no effective
antifibrotic therapy until now. The relationship between intestinal inflammation and fibrosis is closely associated.
Therefore, the strategies for the treatment of IBD (such as biological agents) may relieve intestinal fibrosis.'®*
Moreover, biological agents are effective in inducing and maintaining clinical remission of IBD and promoting mucosal
healing. At present, seven biological agents have been officially approved by the US Food and Drug Administration
(FDA) for the treatment of IBD, as described in the Figure 4. A number of clinical trials of innovative drug candidates for
the treatment of IBD are underway. We listed the clinical trials in Table 2.

Targeting TNF-a

Anti-TNF antibodies have been widely used for approximately 25 years. For now, four TNF-a inhibitors have been approved
for clinical use, including IFX, adalimumab (ADL), golimumab (GOLI), and certolizumab pegol (CZP). IFX can induce the
healing of mucosal ulcers. It is the first treatment approved for perianal fistulas in CD and proved to be effective in both CD

1Y ) Ol ¢ )
) O (W £
. Human ‘ ) ( v\ y
Murine Fv Human Fv Human Fv Fey1 ’7 . WY Structure
Human Fecy1 Human Fey1 Human Fey1 Humang§ |§ Iy
Fey1 { Wy
Infliximab Adalimumab Golimumab Certolizumab  Etanercept  Ustekinumab Tocilizumab Name \
IL-10R
IL-2R -
IL-4R IL-9R

Ty S
MY A L0

999
51511

AKX

SARALLLALEL

XL

(e} NN

\ Tofacitinib Ik)';:} l

Dese
=== SSso
=== Sss
T—} Pro-inflammatory gene expression \\
\\
0
J

Figure 4 Currently approved and available immunotherapy strategies for IBD include: four TNF antibody drugs infliximab, Adalimumab, certolizumab, and golimumab.
Ustekinumab is human monoclonal IgG antibodies that block the p40 subunit receptor of the IL-12/23 complex. Tofacitinib is a JAK inhibitor in the JAK/STAT pathway.
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Table 2 Selected Immunotherapy in IBD

Therapeutic Drug Disease Targeted Cytokine or | Clinical ClinicalTrials.gov Identifier
Pathway Trials Phase | (NCT Number)
Recombinant IFNJ uc IFNB Phase Il NCTO006 16434
Anrukinzumab and tralokinumab ucC IL-13 Phase Il NCTO01284062
Vedolizumab IV UC and CD TNF-a Phase IV NCT04804540
Ustekinumab uc IL-12/23p40 Phase Il NCT04963725
CT-P13/AVX-470 UC and CD TNF-a Phase 1Il/I NCT02539368
Tocilizumab Cb IL-6R Phase Il NCTO01287897
Secukinumab Cb IL-17A Phase Il NCTO03568136
Vedolizumab Cbh a4p7 Phase Il NCT02038920
ABX464 Cb miR-124 Phase Il NCTO03905109
Tofacitinib uc JAK Phaselll NCT03281304
Ontamalimab uc MAdCAM-| Phaselll NCT03290781
Adalimumab, Certolizumab pegol, UC and CD TNF-a Phase Il NCT00409617
Infliximab, Golimumab
Brazikumab, Risankizumab, Brazikumab, UC and CD IL-23p19 Phaselll/ll NCT03759288
Guselkumab, Mirkizumab
Recombinant IL-10 uc IL-10 Phase Il NCT00729872
Recombinant IL-11 Cb IL-11 Phase Il NCT00040521
Recombinant IFN uc IFNB Phase Il NCT0030338I
Recombinant IGF-1 (rhIGF, Increlex) CD IGF-1 Phaselll/Il NCT00764699
SMADY antisense oligonucleotides CcD TGFB-SMAD7 Phase IlI NCTO02641392
Etrolizumab Severe UC and CD | 04B7 and oEB7 integrin Phase IlI NCT02403323
NCT02394028
Abrilumab Severe UC 04P7 integrin Phase I NCTO1694485
Natalizumab Severe CD a4p | and 04p7 integrins Phase Il NCT0007861 |
Alicaforsen (antisense oligonucleotide CD Intercellular adhesion Phase IlI NCT000481 I3
drug) molecule (ICAM-I)

Abbreviations: UC, ulcerative colitis; CD, Crohn’s disease.

and UC (Figure 4)."* Maintenance treatment is superior to episodic treatment.® Unlike IFX, ADL is first tested and approved
for the treatment of methotrexate (MTX)-refractory rheumatoid arthritis (RA).” It induces mucosal healing in CD as early as
12 weeks of treatment. It is also effective in both CD and UC, as well as in CD patients who lose response to IFX.® Although
anti-TNF therapy shows clinical effectiveness, 10-30% of IBD patients do not respond, and 20—40% of patients lose their
response over time.'*® CZP is only developed for CD in two Phase III trials and approved for the treatment of CD in the USA
but not in Europe (except for Switzerland), while GOLI is approved and marketed as Simponi at maintenance doses of
100 mg every 4 weeks in the USA and 50 mg every 4 weeks in Europe.°

Targeting IL-12/IL-23
Ustekinumab is the monoclonal antibody directed against the p40 subunit of IL-12 and IL-23, and it has shown a positive
effect in the treatment of IBD (Figure 4).” It is currently the only anti-IL-23 therapy approved by the FDA. Another more

specific target is against the p19 subunit of IL-23, which also shows clinical effectiveness, including risankizumab,'®>

197
5

brazikumab,'*® guselkumab,'®” and mirikizumab.'*® However, they are still undergoing clinical trials.

Targeting JAKs

The Janus kinase (JAK) family contains four intracellular tyrosine kinases: JAK1, JAK2, JAK3, and non-receptor
tyrosine-protein kinase 2, which activate STAT pathway and play a crucial role in the pathogenesis of IBD
(Figure 4).* Currently, 10 JAK inhibitors have been evaluated for the clinical efficacy for IBD, whereas Tofacitinib is
the only one with clinical efficacy and is approved for the clinical treatment of UC.”-'?%2%
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Targeting Cell Adhesion Molecules

As the essential mediators of T cell recruitment and intestinal inflammation, cell adhesion molecules serve as promising
targets for IBD (Figure 4). For example, the anti-a4f7 integrin antibody vedolizumab and anti-a4 integrin antibody
natalizumab have shown great efficacy in the treatment of IBD, which are currently approved and widely used in clinical
practice.>*®! Etrolizumab (an IgGl monoclonal antibody selectively binding the B7 subunit), abrilumab (an IgG2
monoclonal antibody blocking the 047 integrin) and ontamalimab (a monoclonal IgG2 humanized antibody targeting

MAdCAM-1) are also effective in pre-clinical data but still undergoing clinical trials.?’*2%*

Targeting NLRP3 Inflammasome

Elevated levels of the NLRP3 inflammasome and pro-inflammatory cytokines are the main pathological mechanism of
IBD. It has been observed that CD patients have high levels of the NLRP3 inflammasome.'**
NLRP3 inflammasome can promote excess IL-1B production and alter TJ expression in the colonic epithelium, thus

Moreover, activated

accelerating disease progression.”’> Therefore, targeting NLRP3 inflammasome provides a promising strategy for IBD
therapy (Figure 4). Various types of innovative drugs that target the NLRP3 inflammasome can be reasonably developed
for IBD treatment, including direct and indirect inhibitors, some old drugs, and naturally sourced medicines, which have
shown great efficacy in experimental models.?’® 2%’ However, the development of targeting agents still has a long way to
go before they reach clinical applications for IBD therapy.

Conclusions and Future Perspectives

In this review, we clarified the interactions of different components in the intestinal immune system and summarized the
currently found immunological pathogenesis and the relative immunotherapies in intestinal fibrosis and IBD. Over the
past several decades, the immunological mechanisms of IBD have made great advancements, providing new strategies
for the treatment of IBD. However, the immunological mechanisms underlying the pathogenesis of intestinal fibrosis are
still obscure. Therefore, in-depth understanding of molecular mechanisms that underlie the pathogenesis of fibrosis is
critical and may pave the way for the development of anti-fibrotic drugs for IBD.

It has long been accepted that adaptive immune responses play a central role in the pathogenesis of IBD. Although
T cell response is the key driver of intestinal inflammation in IBD, the specific interaction and contribution of
different T cells should be further elucidated. On the other hand, the inherent defects in innate immunity in IBD have
been increasingly raised concerns. The utilization of technological innovations and model systems and the develop-
ment of reliable biomarkers to predict response may help us better understand the heterogeneity and complexity
of IBD.

In the past decades, the field of IBD genetics has made great progress, and numerous relative molecular and cellular
pathways have been found. Alterations in specific gene loci can be promising therapeutics for IBD in the future.
Moreover, FMT, naturally sourced or derived medicines, novel antibodies or inhibitors, combined treatment programs,
and multifactor blockers are also expected to break the bottleneck of therapeutics of IBD. In addition, therapeutic
strategies combining the use of drugs with anti-inflammatory actions and drugs with antifibrotic actions will provide
great insights into the current treatment of IBD.

Abbreviation

IBD, Inflammatory bowel disease; UC, ulcerative colitis; CD, Crohn’s disease; SCFAs, short-chain fatty acids; SYNPO,
synaptopodin; IECs, intestinal epithelial cells; TJs, tight junctions; WFDC2, Whey acidic protein four-disulfide core
domain 2; AMPs, antimicrobial peptides; TNF-a, tumor necrosis factor a; DCs, dendritic cells; NK, natural killer; ILCs,
innate lymphoid cells; TLRs, Toll-like receptors; NLRs, Nod-like receptors; PAMPs, pathogen associated molecular
patterns; APCs, antigen-presenting cells; GALT, gut-associated lymphoid tissue; CAMs, cellular adhesion molecules;
STAT3, transcriptional activation factor 3; GWAS, genome-wide association studies; FOXP3, factor forkhead box P3;
CTLA-4, cytotoxic T-lymphocyte antigen 4; ECM, extracellular matrix; TGF-B, Transforming growth factor-f; MMPs,
matrix metalloproteinases; TIMP1, tissue inhibitor of metalloproteinase-1; HSP47, heat shock protein 47; TL1A, TNF-
like cytokine 1A; TNFSF15, TNF superfamily member 15; INF-y, interferon gamma.
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