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Abstract: The intestinal immune system is the largest immune organ in the human body. Excessive immune response to intestinal 
cavity induced by harmful stimuli including pathogens, foreign substances and food antigens is an important cause of inflammatory 
diseases such as celiac disease and inflammatory bowel disease (IBD). Although great progress has been made in the treatment of IBD 
by some immune-related biotherapeutic products, yet a considerable proportion of IBD patients remain unresponsive or immune 
tolerant to immunotherapeutic strategy. Therefore, it is necessary to further understand the mechanism of immune cell populations 
involved in enteritis, including dendritic cells, macrophages and natural lymphocytes, in the steady-state immune tolerance of IBD, in 
order to find effective IBD therapy. In this review, we discussed the important role of innate and adaptive immunity in the development 
of IBD. And the relationship between intestinal immune system disorders and microflora crosstalk were also presented. We also focus 
on the new findings in the field of T cell immunity, which might identify novel cytokines, chemokines or anti-cytokine antibodies as 
new approaches for the treatment of IBD. 
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Introduction
Inflammatory bowel disease (IBD), encompassing Crohn’s disease (CD) and ulcerative colitis (UC), is a chronic 
relapsing inflammatory disorder of the gastrointestinal (GI) tract. The condition is characterized pathologically by 
intestinal inflammation and epithelial damage.1 Notably, the prevalence of IBD exceeds 0.3% in Western nations and 
is progressively rising in newly industrialized countries with their increasingly Westernized societies.2 UC primarily 
involves the rectum, affecting part of the colon or the entire colon in an inverted continuous pattern. In contrast, CD 
typically affects the ileum and colon, with intermittent involvement of other GI tract regions. The predominant clinical 
symptoms for IBD include recurrent abdominal pain, diarrhea, and rectal bleeding. In certain cases, extraintestinal 
manifestations such as uveitis, erythema nodosum, and primary sclerosing cholangitis can also occur in conjunction with 
the aforementioned symptoms.3,4 IBD necessitates lifelong management to prevent disease deterioration, along with 
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close collaboration between general practitioners and specialists. Currently, the medical interventions utilized for IBD 
patients primarily consist of 5-aminosalicylates, glucocorticoids, immunosuppressive agents, and biologics.5 Although 
favorable therapeutic effects of these drugs are observed in certain patients, long-term outcomes for many remain 
suboptimal. Additionally, they are often associated with significant adverse effects, including increased risk of infection, 
drug tolerance, and other immune-related complications.6

The precise mechanisms underlying the pathogenesis of IBD remain elusive; however, an increasing body of evidence 
suggests that IBD is the result of an inappropriate immune response to intestinal microorganisms in genetically 
predisposed hosts. However, the intricate mechanisms underlying gene-environment-immune interactions remain under-
explored, particularly in relation to accurately predicting and preventing individualized IBD, identifying at-risk indivi-
duals, and developing more targeted therapies. The GI mucosa is constantly exposed to a vast array of microbial and food 
antigens. Intestinal commensal bacteria fulfill numerous vital physiological functions in the host, including digestion and 
metabolism of non-absorbable food components, vitamin production, regulation of the epithelial barrier, and develop-
ment of the intestinal immune system.7 However, the intestinal lumen also provides the access to pathogenic micro-
organisms responsible for tissue damage. The intestinal immune system thus undertakes a very delicate 
immunomodulatory role of maintaining the ability to mount a rapid and effective immune response against invading 
pathogens while tolerating commensal microorganisms and harmless dietary components. A disruption in this dynamic 

Graphical Abstract

https://doi.org/10.2147/JIR.S492079                                                                                                                                                                                                                                    

DovePress                                                                                                                                                 

Journal of Inflammation Research 2024:17 9988

Yue et al                                                                                                                                                               Dovepress

Powered by TCPDF (www.tcpdf.org)

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


balance predisposes the host to developing IBD. Research indicates that both innate and adaptive immunity play an 
important role in the pathophysiogenesis of IBD.8 Intestinal innate immunity, a non-specific immune response, consti-
tutes the first line of protection against pathogenic microorganisms. It is primarily comprised of intestinal epithelial cells 
(IECs), Paneth cells, macrophages, dendritic cells (DCs), and innate lymphoid cells (ILCs), which respond initially and 
rapidly to microorganisms by recognizing pattern recognition receptors (PRRs).9 In contrast to innate immunity, 
intestinal adaptive immunity is highly specific and immune-memorizing, in which T cells are the primary 
participants.10 In general, CD is mediated by T helper (Th) 1 cells whereas UC is mediated by Th2 cells.11 However, 
the precise mechanisms by which interactions between the innate and adaptive immune systems trigger and regulate 
inflammatory responses in different IBD subtypes, such as CD and UC, remain poorly understood. Moreover, the 
molecular pathways driving immune dysregulation and the transition from protective immunity to pathological states that 
cause tissue damage during disease progression continue to pose significant challenges in research. All in all, the etiology 
of IBD is complex, and the exact functions of the intestinal immune system in this disease context remain unclear. This 
uncertainty contributes to the lack of response to immunotherapeutic strategies in a significant proportion of IBD patients 
and highlights gaps in our understanding of disease pathology.12 Therefore, a thorough investigation of the interactions 
between intestinal immune cells at various stages of IBD, along with strategies to restore the microbial-immune balance, 
will be crucial for future research and the development of innovative therapies.

In this review, we detail the pivotal roles of intestinal innate and adaptive immunity in the pathogenesis of IBD and 
their interactions with gut microbes. Furthermore, we highlight recent advancements in immunomodulators, which have 
undoubtedly opened new possibilities for the treatment of IBD.

Intestinal Immune Compartmentalization and Immune Cell Composition
The intestine represents the largest and most complicated immune organ in the body and is constantly exposed to foreign 
antigens and potential immune stimuli (Figure 1). The gut is divided into multiple anatomically and functionally diverse 
sections, each exposed to different environmental stresses.13 Continuous crosstalk between the immune system and 
outside environmental signals is essential for maintaining local tissue homeostasis. However, any changes to these 
signals can disturb the makeup and function of the immune cells, thereby increasing the susceptibility to IBD. Therefore, 
understanding the constituents and roles of the innate and adaptive immune responses in distinct regions of the GI tract, 
including the proximal small intestine, distal small intestine, and large intestine, will contribute to unraveling the 
pathogenesis of IBD and developing therapeutic strategies tailored to different intestinal locales.

Proximal Small Intestine
The proximal small intestine, divided into the duodenum and jejunum, exhibits distinctive structural and functional features. 
Long and dense villi protrude into the lumen, significantly increasing the epithelial surface area for efficient digestion and 
absorption. The length of the villi gradually decreases from the duodenum to the ileum, reflecting the varying absorptive 
ability along the length of the small intestine. The epithelial surface of the small intestine is merely covered by a relatively 
loose mucosal layer, facilitating the isolation of intestinal microorganisms while allowing unimpeded nutrient absorption. 
Paneth cells are unique to the crypt of the small intestine, whose distribution gradually increases from the duodenum to the 
ileum, aligning with the changing microbial landscape along the small intestine.14 Paneth cells secrete antimicrobial peptides 
that exert antimicrobial effects in response to interleukin-22 (IL-22) and pattern recognition receptors, such as toll-like 
receptor (TLR) and nucleotide-binding oligomerization domain 2 (NOD2). Additionally, they produce pro-epidermal growth 
factor (pro-EGF), WNT3, and Notch ligand 3, which are essential for maintaining normal crypt stem cell activity. 
Consequently, alterations in Paneth cell function are closely associated with the pathology of CD. Therefore, strategies 
aimed at promoting the differentiation of intestinal epithelial cells into Paneth cells are crucial for the treatment of CD.15 The 
proximal small intestine possesses distinct physiological characteristics, including high oxygen levels, acidic pH, a short 
transit time, and an abundance of antimicrobial peptides. Consequently, the microbial load is significantly reduced in this 
region (105 bacteria per mL in the proximal small intestine compared to up to 1012 bacteria per mL in the ileum and large 
intestine), which is consistent with the distribution of macrophages along the intestine. CD103+CD11b+ DCs predominantly 
reside in the proximal small intestine and are rarely observed in the colon (Figure 1). CD103+CD11b+ DCs in the lamina 
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propria (LP) of the small intestine are mature pro-inflammatory cells that rely on interferon regulatory factor 4 (IRF4) to 
facilitate the differentiation of Th17 cells and the production of IL-17. In contrast, DCs located within the epithelium exhibit 
a tolerogenic phenotype. Food-derived retinoic acid (ATRA) enhances actinomyosin contractility, promoting the migration of 
LP DCs toward the epithelium. Once there, these DCs, influenced by ATRA and mucins, adopt a tolerogenic phenotype, 
playing a critical role in inducing tolerance to dietary antigens.16,17 Therefore, strategies that induce the migration of LP DCs 
to intraepithelial DCs may offer therapeutic potential for CD. Additionally, in humans and mice, epithelial lymphocyte counts 
are highest in the proximal small intestine and decrease progressively along the length of small intestine. This phenomenon 
appears to be associated with higher concentrations of intestinal CCL25, CCR9, AHR ligands, G protein-coupled receptors 18 
(GPR18), and retinoic acid (RA) in the small intestine.18–22 In the LP, CCR9 induces the localization of activated CD4+ and 

Figure 1 The compartment of intestinal immune system. Five major immune zones exist in the gastrointestinal (GI) tract: the proximal small intestine consists of the duodenum 
and jejunum, and the distal small intestine of the ileum, the large intestine contained colonic tissue, as well as the mesenteric and intestinal draining lymph nodes, and intestinal- 
associated lymphoid nodes. The proximal small intestine, features long, thin villi and serves as the primary site for food digestion and absorption. Key immune cells present in this 
area include CD103+CD11b+ dendritic cells (DCs), Th17 cells, intraepithelial lymphocytes (IELs), and elevated levels of luminal IgA1.The distal small intestine, villi become 
shorter and flatter, while the mucus layer thickens. Although nutrient absorption is reduced in this region, it plays a vital role in bile acid reabsorption. In response to increased 
bacterial presence, levels of innate lymphoid cells type 3 (ILC3s), Paneth cells, goblet cells, and Peyer’s patches rise. Compared to the small intestine, the large intestine has 
limited nutrient absorption capacity, a thicker mucosal layer, and a more diverse bacterial flora. It contains a higher abundance of goblet cells, rare Paneth cells, and increased 
numbers of immune cells such as macrophages, CD103+CD11b− DCs, and regulatory T (Treg) cells, along with elevated levels of luminal IgA2.
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CD8+ T cells to the small intestine.23 Moreover, the LP CD4+ T cells exhibit high diversity and have the ability to differentiate 
into various subpopulations, including effector T cells (Th1, Th2, and Th17 cells) and regulatory T (Treg) cells. However, the 
distribution and function of these subpopulations differ noticeably across the length of the gut. The abundance of Foxp3+ Treg 
cells in the LP increases progressively from the small intestine to the colon, whereas Th17 cells in the LP are increased in the 
small intestine, correlating with its unique intestinal environment (Figure 1). Interestingly, it has been hypothesized that 
preferential access of adherent microorganisms to the small intestinal epithelium may underlie the increased population of 
Th17 cells in this gut region.24 This immune adaptation underscores the close relationship between microbial load and 
immune cell function across different gut regions. In contrast, the frequencies of Th1 and Th2 cells do not show significant 
variations throughout the length of the intestine. Additionally, tissue-resident memory (TRM) T cells are essential for local 
immune responses, demonstrating functional specialization through metabolic reprogramming to respond rapidly to their 
microenvironment. In the proximal small intestine, TRM cells facilitate immune surveillance due to a high antigenic load, 
while in the colon, they exhibit enhanced anti-inflammatory properties that help balance the dense commensal microbiota. 
Single-cell RNA sequencing analyses have revealed that CD4+CD103+ TRM cells display a distinct inflammatory profile in 
CD patients,25 whereas CD8+ TRM cells aggregate and shift toward an inflammatory state in the colonic mucosa of UC 
patients.26 Altogether, the immune system of the proximal small intestine undergoes adaptations to meet the functional 
requirements of nutrient absorption and pathogen encounters. These adaptations constitute the basis of the unique immune 
environment within this specific intestinal region.

Distal Small Intestine
The distal small intestine, specifically the ileum, exhibits certain anatomical and functional characteristics that distinguish it 
from the proximal small intestine. The villi in the ileum are shorter and wider, and the mucus layer is thicker. Although the 
contribution of the distal small intestine to nutrient absorption is comparatively less, it plays a vital role in bile salt and vitamin 
B12 absorption. There is also an increase in the luminal bacterial population (107 bacteria per mL) that requires an 
enhancement in the epithelial barrier, such as an increase in the number of Paneth cells producing antimicrobial peptides 
and mucus-producing goblet cells.13 Liu et al demonstrates that a Western diet increases the abundance of intestinal 
Clostridium difficile, mediates the conversion of primary to secondary bile acids in the ileum, and activates the farnesoid 
X receptor (FXR) in Paneth cells and myeloid cells. Myeloid cells respond to FXR activation to enhance the production of type 
I interferon (IFN), which sequentially influences intestinal epithelial cells, leading to the development of abnormal Paneth 
cells. Notably, discontinuation of the Western diet may allow for potential reversibility of these Paneth cell defects, high-
lighting important implications for the treatment of IBD.27 In addition, in the ileum, increased density of Peyer’s patches may 
enhance antigen uptake by microfolded cells (M cells) (Figure 1).28 An intriguing study suggests that TRPV1+ sensory 
neurons, which innervate the intestine, can respond to Salmonella enterica serovar Typhimurium (STm) through calcitonin 
gene-related peptide (CGRP). This response modulates the density of M cells in ileum Peyer’s patch follicle-associated 
epithelia (FAE), thereby limiting invasion by STm. These findings highlight the key role of interactions between the nerves, 
microbes and immunity in maintaining the dynamic homeostasis of the gut’s complex microenvironment and offer new 
insights for IBD treatment.29 The distribution and composition of macrophages in the distal small intestine appear to be similar 
to that in the proximal small intestine. However, CD103+CD11b−DCs counts are slightly increased in the ileum compared to 
the duodenum. Microorganisms colonizing the ileum also contribute to shaping the ileal immune landscape. For example, 
segmental filamentous bacteria (SFB) preferentially colonize the ileum, inducing an increase in Th17 cells in the ileum and 
thereby draining lymph nodes.30 Conversely, there is no apparent difference in the abundance of Foxp3+ Treg cells in the ileum 
compared to the proximal small intestine. In conclusive, the immune compartmentalization of the distal and proximal small 
intestine is not wholly distinct.

Large Intestine
The large intestine consists mainly of the cecum, colon, rectum, as well as the anus, and is characterized by a flat 
epithelial surface lacking villi, rendering it minimally involved in digestion. Rather, it serves as a prominent reservoir for 
a vast number of commensal bacteria with up to 1012 bacteria per mL (Figure 1). To detect and react to this microbial 
burden, TLR4, TLR2, and TLR5 are robustly expressed coupled with an increase in the count of mucus-secreting goblet 
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cells.13,31 The colon is covered with a double mucus layer, featuring a loose external layer and a denser inner layer, 
restricting direct contact between the bacteria and the intestinal epithelium. Parikh et al utilizing single-cell RNA 
sequencing technology has shown that healthy human colonic epithelial cells, specifically BEST4/OTOP2 cells, 
selectively express uroguanylin. This peptide is crucial for maintaining luminal homeostasis in a pH-dependent manner 
through the guanylate cyclase 2C receptor signaling. Notably, the number of uroguanylin-producing cells is significantly 
reduced in IBD patients, suggesting a novel pathogenic mechanism. These findings provide a theoretical foundation for 
the development of therapies based on uroguanylin mimetics for the treatment of IBD.32 In mice, the abundance of 
macrophages is greatest in the colon and least in the proximal small intestine.33 However, the abundance of macrophages 
appear to be similar between distinct regions of the human intestine.34 Colonic and small intestinal macrophages both 
highly express MHCII, F4/80, CD64, CD163, and CX3C chemokine receptor1(CX3CR1).35–37 However, colonic 
macrophages also exhibit elevated expression of CD40, CD209, CCL2, CCR5, and formyl-peptide receptors 
(FPRs).38,39 Furthermore, macrophages in the colonic region are closer to the epithelial surface than in the small 
intestine, enabling a more swift response to pathogenic invasion and underscoring the significance of the microbiota 
and their metabolites for both the development and the function of colonic macrophages (Figure 1).40 

CD103+CD11b−DCs represent the predominant CD103+DC subpopulation within the colon, exhibiting functional 
specialization that induces interferon (IFN)-γ secretion from lymphocytes in the LP and colon epithelium, and triggering 
an early and reversible early anti-inflammatory response in the intestinal epithelium.33,41 The Foxp3+ Treg cell population 
in the LP of the intestine increases progressively in abundance from the small intestine to the colon, adapting to the 
environment of the intestine. In germ-free or antibiotic-treated mice, the number of Foxp3+ Treg cells is decreased in the 
colon but not in the small intestine, suggesting that the majority of Foxp3+ Treg cells in the colon develop in response to 
the microbiota.42 A recent research indicates that the promoter of polysaccharide A (PSA) synthesis in Bacteroides 
fragilis is more frequently “on” in healthy individuals, while it is often “off” in patients with IBD. This shift is associated 
with elevated levels of phages and acts through Treg cells. Importantly, this phase change can be reversed as inflamma-
tion subsides. This suggests that phages influence bacterial function and, consequently, the host’s immune response and 
disease progression through DNA inversion states. These findings provide new insights into the role of the gut microbiota 
in IBD and may lead to innovative strategies for its diagnosis and treatment.43 Moreover, in the mouse colon, the 
distribution of Th17 cells exhibits a negative correlation with the distribution of Treg cells, whereas in humans, the 
abundance of Th17 cells is increased in the large intestine.33 Furthermore, both humans and mice harbor the majority of 
their intestinal plasma cells (PCs) in the LP, with the highest density of PCs observed in the proximal small intestine and 
distal large intestine, approximately 75–80% and 90%, respectively. Throughout the intestine are IgA-producing PCs that 
exhibit specificity towards the microbiota and autoantigens. Humans generate both IgA1 and IgA2, with IgA1-producing 
PCs dominating in the proximal small intestine and IgA2-producing PCs dominating in the colon.44 Notably, under 
conditions of bacterial overgrowth, the typical prevalence of IgA1 in the small intestine can shift towards IgA2.45 

Concordantly, IgA2 possesses a stiff structure, being more resistant to bacterial proteases, thereby indicating its 
adaptation for bacterial-rich colonic environments.46 In conclusion, the intricate interactions between immune cells 
and gut microbes in large intestine are crucial for maintaining local homeostasis and responding to inflammation. These 
findings not only enhance our understanding of the pathological mechanisms underlying IBD but also open new avenues 
for developing targeted therapeutic strategies.

Implications of Intestinal Immune Compartmentalization
Regional immune specialization facilitates the localization of inflammatory diseases within the gut. Considerable data 
suggest that dysfunction of Paneth cells increases the susceptibility to CD.47–50 Furthermore, the aggregation of cells 
encoding the IL-23 receptor gene, such as DCs, macrophages, and Th17 cells, constitutes another risk factor for CD.51 

Specific intestinal microorganisms are associated with various pathological sites of CD. For example, adherent invasive 
Escherichia coli (AIEC), predominantly present in the small intestine, are frequently observed in the ileal mucosa in CD 
patients.52 In addition, specific knockdown of IL-10 receptor signaling in macrophages results in colitis, but not small 
bowel disease.53 Moreover, CD11c+ cell activation-dependent tumor necrosis factor (TNF) receptor-associated factor 6 
(TRAF6)-deficient mice exhibit decreased counts of Foxp3+ Treg cells and loss of immune tolerance specifically in the 
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small intestine, but not in the colon.54 Contrarily, mice with CD11c+ cells lacking αVβ8 integrin fail to activate 
transforming growth factor β (TGF-β), leading to reduced Treg cell numbers and inflammation in the colon, but not in 
the small intestine.55 Understanding intestinal regional immune specialization highlights the potential of immune 
strategies in the treatment of IBD based on specific intestinal regions.

Intestinal Immune-Microecology Interactions in IBD
The intestine harbors trillions of microorganisms and serves as the primary site of host immunity and interactions with 
both commensal and pathogenic microbes. Over thousands of years of evolution, the intestinal immune system and gut 
microorganisms have established a symbiotic partnership. In healthy individuals, the gut microbiota is essential for 
regulating the growth and function of both innate and adaptive immune cells, while the immune system modulates the 
composition and abundance of the gut microbiota. However, disruption of this interdependent relationship due to gut 
dysbiosis may underlie the pathophysiology of IBD.

Colonization of the intestinal flora is essential for the proper development of the intestinal immune system, as 
evidenced by immune defects observed in germ-free animals.7 Microbial metabolites exert profound regulatory effects on 
immune cell development and differentiation. For example, short-chain fatty acids generated by Clostridium clusters VI, 
XIVa, and XVIII promote the differentiation of Foxp3+ Treg cells via activating TGF-β signaling in the epithelium.56 

Butyrate, by inhibiting histone deacetylase (HDAC), suppresses pro-inflammatory cytokine expression in macrophages, 
hinders DCs development and maturation, and maintains low responsiveness to commensal bacteria.57,58 Another 
microbial metabolite, acetate, activates mTOR signaling to drive the differentiation of Th1, Th17, and Treg cells through 
acetylation of p70 S6 kinase (S6K) and phosphorylation of ribosomal protein S6 (rS6).59 Additionally, in the small 
intestine, pyruvate and lactate activate GPR31 signaling to induce dendritic protrusion of CX3CR1+ phagocytes.60

Moreover, bacterial components can modulate the host immune response by engaging PRRs like TLRs and NOD-like 
receptors (NLRs). For instance, polysaccharide A (PSA) from Bacteroides fragilis induces IL-10 production in Foxp3+ 

Treg cells by acting directly on TLR2.61 Furthermore, bacteria themselves play a pivotal role in the development and 
maturation of the intestinal immune system. For example, administration of Lactobacillus rhamnosus CNCM I-3690 in 
mice enhances colonic barrier function, as evidenced by increased mucus production and restoration of goblet cell 
populations.62 The probiotic Clostridium butyricum stimulates the production of IL-10 by intestinal macrophages via 
TLR2/MyD88 signaling, thereby exerting inhibitory effects on dextran sodium sulfate (DSS)-induced colitis.63 

Additionally, in the small intestine, specific antigens derived from SFB are recognized by MHCII-expressing 
CD11c+DCs, inducing the development and differentiation of Th17 cells, subsequently promoting IL-17 expression.64 

This observation underscores the intricate interplay between bacterial antigens and the adaptive immune system.
In turn, gut immune cells exert direct and indirect effects on the microflora. For example, IL-22 suppresses the expansion 

of SFB, thereby suppressing the differentiation of Th17 cells and preventing Th17-mediated bowel inflammation.64 

Deficiency in IL-22 has been associated with alterations in the composition of the colonic microbiota, including a decreased 
abundance of Lactobacillus and increased levels of other genera, resulting in a heightened susceptibility to DSS-induced 
colitis.60 Furthermore, the major histocompatibility complex class I-like molecule, Cd1d, expressed by DCs and IECs, 
enhances the colonization of gut symbionts by controlling Paneth cell function.65 Secretory immunoglobulin A (SIgA) 
assumes a critical role in maintaining intestinal microbiota homeostasis. A deficiency in IgA can lead to abnormal expansion 
of SFB in the intestine, triggering a potent immune response in the intestinal mucosa.66

Collectively, the gut microbiota plays a pivotal position in regulating host immune defenses against bacterial components 
and metabolites. Conversely, the gut immune system exerts precise regulation over microbial composition, diversity, as well as 
transport. Microecological and immune dysfunctions constitute the underlying pathogenesis of bowel inflammation. Hence, 
maintaining a stable balance between the intestinal flora and the immune system is essential for overall health.

Innate Immune in IBD
The intestinal innate immune system, as the primary defensive barrier of the body, recognizes and initiates the inflammatory 
responses against microorganisms (Figure 2). It is comprised of the intestinal epithelial barrier, innate immune cells, and innate 
immune molecules, collectively responsible for this crucial process. These innate immune cells recognize foreign bacteria 
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through intra- and extracellular PRRs, such as TLRs and NLRs, that activate multiple signaling pathways. This activation 
culminates in the recruitment of inflammatory cells and the generation of pro-inflammatory cytokines, chemokines, as well as 
antimicrobial peptides. A growing body of evidence emphasizes the significance of innate immune disorders in conjunction 
with IBD.

Intestinal Epithelial Barrier
The intestinal epithelial barrier assumes a critical function in maintaining a precise equilibrium between gut luminal 
contents and mucosal immune responses. The intestinal epithelium acts as a physical barricade to prevent the passage of 
bacteria and other antigens derived from the GI tract into the bloodstream. In IBD patients, increased intestinal 
permeability is frequently observed, and these abnormalities may arise from defects in epithelial barrier function.67 

Additional defense against bacterial intrusion exists in the form of specialized epithelial cells, comprised of goblet cells 
and Paneth cells.

Figure 2 Schematic representation of the interaction of intestinal immune system and cytokines. The recognition and uptake of antigens by macrophages and DCs trigger 
the differentiation of naïve CD4+ T cells into various effector T cell subtypes, including Treg, Th1, Th2, Th17, Th9, Th22, and T follicular helper (Tfh) cells. These effector 
T cells play a crucial role in maintaining intestinal immune homeostasis and defending against pathogen invasion by secreting specific cytokines. In turn, cytokines released by 
activated effector T cells can influence the differentiation direction of naïve CD4+ T cells and regulate the interconversion and function of different T cell subtypes.
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Goblet cells contribute to the protective mucus layer covering the gut epithelium. This mucosal layer primarily 
consists of mucin-2 (MUC2), calcium-activated chloride channel regulator 1 (CLCA1), and Fcγ binding protein 
(FCGBP), which are essential for mucosal defense and repair.68–70 Goblet cell exhaustion is frequently reported as 
a common characteristic of colitis. For instance, MUC2-deficient mice were found to develop spontaneous colitis.71 

Likewise, patients with active UC exhibit a reduced number of goblet cells and a weakening of core mucus structural 
components.68 Impaired intercrypt goblet cells and defective intercrypt mucus have been observed in UC patients, 
facilitating the onset and progression of this disease.72 Other than mucin production and secretion, goblet cells also 
deliver luminal antigens via goblet cell-associated antigen passages (GAPs). This process contributes to maintaining 
preexisting Treg cells within the LP, imparting tolerance properties to LP DCs and promoting IL-10 production by LP 
macrophages, thus establishing a bridge to the immune system.73,74 Consequently, impaired delivery of intestinal luminal 
antigens by goblet cells results in increased susceptibility to colitis.75,76

Paneth cells, another highly specialized epithelial cell population, perform a crucial function in maintaining intestinal 
homeostasis and modulating the microbiota within the small intestinal. Paneth cells are positioned at the base of small 
intestinal crypts and secrete antimicrobial peptides (such as lysozyme, defensins, and regenerating islet-derived protein 
IIIγ (REGIIIγ)) and inflammatory mediators in response to sensing pathogen-associated pattern molecules (PAMPs) 
through TLR and NOD2 receptor. This ensures the protection and regulation of the homeostasis between commensal 
bacteria and the host mucosa.77,78 IBD patients frequently exhibit aberrant Paneth cell function, which disrupts the 
microecological balance and impairs mucosal repair.79

Several critical susceptibility genes and pathogenic pathways impacting Paneth cell function have been studied 
include microbial signaling (NOD2), autophagy (ATG16L1), and endoplasmic reticulum (ER) stress.79,80 Notably, NOD2 
is highly expressed in ileal Paneth cells and closely associated with α-defensin production. Ileal CD patients carrying 
NOD2 risk variants exhibit reduced levels of human enteric alpha-defensins (HD5 and HD6) secreted by Paneth cells, 
although not necessarily associated with the degree of inflammation in CD patients.81 Intriguingly, NOD2 (-/-) mice, 
when challenged with Helicobacter hepaticus, developed granulomatous inflammation in the ileum, which is a typical 
characteristic of CD.82 Furthermore, NOD2 is involved in the sorting of Paneth cell-derived AMP, and deficiency in 
NOD2 directs AMP to lysosomes instead of staying in dense core vesicles (DCVs).83 Thus, in NOD2-deficient patients, 
CD can be initiated by the lack of Paneth cell-derived AMP. ATG16L1 plays a protective role in CD by maintaining 
autophagy and responding to environmental stimuli in Paneth cells. Defective ATG16L1 impairs autophagy and alters the 
proteomic abundance profile in Paneth cells, restricting Paneth cell defensin and antimicrobial peptide cytosolic 
secretion.84 Moreover, ATG16L1-deficient Paneth cells acquire unexpected functions, including involvement in peroxi-
some proliferator-activated receptor (PPAR) signaling, lipid metabolism, and acute phase reactants responses.84 Thus, 
CD may be triggered by the dysfunction of ATG16L1-deficient Paneth cells. Furthermore, variants in ER stress-related 
genes such as X-box binding protein-1(XBP1) and anterior gradient-2(AGR2) in Paneth cells are linked to an increased 
susceptibility for CD.85,86 Deletion of XBP-1 in mouse IECs, along with subsequent ER stress, results in Paneth cell 
damage and spontaneous colitis.85 Similarly, Agr2 (-/-) mice exhibit disrupted Paneth cell and goblet cell functions, 
increasing ER stress and leading to severe terminal ileitis and colitis.86 However, NOD2, ATG16L1, and XBP1 are not 
exclusive to Paneth cells, as their functions in other cell groups may also increase risk for IBD. Thus, Paneth cell 
dysfunction alone appears to be insufficient in provoking intestinal inflammation, and may require additional inflamma-
tory stimulation or injury.

Macrophages and DCs
Macrophages and DCs are responsible for initiating innate immunity, being closely associated with the onset and 
development of IBD (Figure 2). In healthy individuals, intestinal LP macrophages are characterized by a lack of 
CD14 and exhibit a predominantly hyporeactive phenotype towards inflammatory stimuli. These macrophages secrete 
anti-inflammatory molecules like IL-10, contributing to Treg cell differentiation and suppressing Th1 and Th17 cell 
responses. Simultaneously, they retain their phagocytic and bactericidal functions, thus serving as key contributors to 
intestinal immune homeostasis.87 However, an abundance of CD14+ macrophages has been found in patients with CD 
that generate substantial amounts of pro-inflammatory cytokines, including TNF-α, IL-23, and IL-6.88 These CD14+ 
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macrophages also stimulate the secretion of IFN-γ by IL-23- and TNF-α-dependent LP monocytes (LPMC), thereby 
further initiating aberrant macrophage differentiation with high IL-23 production capacity.89 In addition, normal intestinal 
macrophages lack the expression of triggering receptors expressed on myeloid cells 1 (TREM-1), which promotes the 
secretion of pro-inflammatory factors. However, an increased number of TREM-1+ macrophages is observed in IBD 
patients and correlates with disease activity.90 Consequently, targeting the TREM-1 signaling pathway holds promise as 
a potential therapeutic approach for IBD. Moreover, all macrophages in the intestinal LP appear to express CX3CR1 
receptors. CX3CR1+ macrophages derived from Ly6Chi precursors are recruited to the inflamed intestine via CCR2. In an 
inflammatory environment, the differentiation of Ly6Chi monocytes is blocked at an immature stage, rendering them 
highly responsive to TLR signaling. As a result, these immature macrophages release high levels of pro-inflammatory 
mediators such as TNF-α, IL-1β, IL-6, as well as IL-12, while reducing the levels of IL-10. This skewed cytokine profile 
promotes the immune response mediated by Th1 and Th17 cells.36,91,92 In contrast, mature CX3CR1hi macrophages in 
the LP retain a hyporeactive and anti-inflammatory character.93 Studies on CX3CR1 (-/-) mice have shown a decreased 
abundance of LP macrophages and an increased translocation of commensal bacteria to the mesenteric lymph nodes. 
These alterations contribute to the exacerbation of DSS-induced colitis. Notably, disease severity can be ameliorated by 
the transfer of CX3CR1+macrophages.94

In contrast to macrophages, DCs serve as specialized antigen-presenting cells (APCs) that constitute an interface between 
innate and adaptive immunity. They play a critical role in initiating both protective pro-inflammatory and tolerogenic immune 
responses. DCs possess distinctive characteristics, including a unique stellate morphology, high MHC II expression, and the 
ability to capture antigens and migrate to draining lymph nodes. In these lymph nodes, DCs trigger naive T cells and guide 
their differentiation into distinct phenotypes, including inflammatory (Th1, Th2, and Th17) or Treg cells.95 The intestinal 
tissue-resident DCs are sentinels for intestinal mucosal immunity and facilitate the sampling of bacteria by myeloid 
differentiation primary response gene 88 (MyD88)-dependent signaling via TLRs and CX3CR1. This process represents 
the initial step in the initiation of adaptive immunity.96 In healthy individuals, LP CD103+CX3CR1−DCs promote the 
differentiation of Foxp3+ Treg cells and IgA secretion, relying on RA and TGF-β to induce immune tolerance.97,98 

Importantly, the number of DCs is elevated in the inflamed mucosa of patients with IBD, while the CD103+ subpopulation 
is specifically reduced.99 Furthermore, duodenal LP PD-L1+ DCs and colonic LP XCR1+ DCs serve as distinct tolerogenic 
subpopulations that are critical for maintaining intestinal homeostasis. Mice lacking PD-L1+ and XCR1+ DCs result in 
elevated levels of Th1/Th17 cells and decreased Treg cells, thereby creating a pro-inflammatory intestinal environment and 
exacerbating disease severity in colitis models.100 Conversely, in an inflammatory milieu, Ly6Chi monocytes heavily infiltrate 
the colon and differentiate into pro-inflammatory CD103 − CX3CR1+ DCs, producing high levels of IL-12, IL-23, inducible 
nitric oxide synthase (iNOS) and TNF.101 Moreover, intestinal DCs from IBD patients demonstrate increased expression of 
several PRRs, as TLR2 and TLR4, enhancing their capacity to recognize microbial antigens and exacerbating the immune 
response.102 In summary, just as macrophages and DCs contribute to maintaining intestinal tolerance, aberrant function of 
these cells may represent a contributing factor in the pathogenesis of IBD.

Innate Lymphoid Cells (ILCs)
ILCs constitute a crucial part of the intestinal innate immune system, contributing to the maintenance of intestinal 
mucosal homeostasis and the development of IBD. Originating from a common lymphoid progenitor cell population, 
ILCs represent the innate counterpart of T lymphocytes. However, they lack the diverse antigen receptors expressed by 
T and B cells.103,104 Primarily residing in the LP of the intestine, ILCs maintain healthy immune responses to 
commensals and pathogens, while also participating in organ development, tissue protection and regeneration, and 
preserving mucosal homeostasis.104,105 Based on their developmental pathways, expression of transcription factors, and 
cytokine secretion profiles, ILCs can be subdivided into three subsets: group 1 ILCs, group 2 ILCs, and group 3 ILCs.

Group 1 ILCs include ILC1s and natural killer (NK) cells, whose functions correspond to Th1 cells and CD8+T cells, 
respectively. The growth and function of these cells are dependent on the T box transcription factor T-bet. They respond 
to IL-12, IL-15, and IL-18, producing IFN-γ and TNF. Consequently, they contribute to immune responses against 
intracellular pathogens and tumors.106,107 Group 2 ILCs, represented by ILC2s, functionally resemble Th2 cells. Their 
development is reliant on GATA3 and vincristine-related orphan nuclear receptor (ROR) alpha, which are stimulated by 
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IL-25, IL-33, and thymic stromal lymphopoietin (TSLP). ILC2s secrete IL-6 and Th2 cell-related cytokines such as IL-4, 
IL-5, IL-9, IL-13, and granulocyte macrophage colony-stimulating factor (GM-CSF). They perform a pivotal task in 
combating helminth infection and regulating tissue repair.108–110 Group 3 ILCs, including NCR− ILC3s and NCR+ ILC3s 
(NKp44, NKp46), are comparable to Th17 and Th22 cells in terms of their function. The development and maturation of 
these ILCs depend on the regulation of RORγt and AHR, and the secretion of IL-17, IL-22, and TNF-α in response to IL- 
1 and IL-25 stimulation. They participate in the innate immune response against extracellular bacteria and in the control 
of intestinal commensals.111

Various subtypes of ILCs exist in the human intestinal mucosa and are engaged in maintaining gut homeostasis. However, 
the dysregulation and imbalance of these cells can facilitate the onset of IBD. The balance between ILC1s and ILC3s has been 
identified as particularly significant in the context of IBD. Under IL-12 stimulation, ILC3s acquire the ability to secrete IFN-γ 
and exhibit ILC1-like characteristics through upregulation of T-bet expression and downregulation of RORγt expression.112 

According to Bernink et al, CD patients exhibit an elevated abundance of ILC1s and a decreased number of ILC3s in intestinal 
tissues, which contribute to intestinal inflammation through IFN-γ secretion.113 Thus, dysregulation of ILC subgroup home-
ostasis due to intercellular transformation contributes to the pathogenesis of IBD. Nevertheless, not all ILC3 subsets are 
decreased in IBD. ILCs isolated from inflamed colon tissue of CD patients exhibit increased gene expression of key ILC3- 
associated cytokines such as IL-17A and IL-22, cytokine receptors (such as IL-23R), and transcription factors (such as RORγt 
and AHR).114 IL-22 secreted by ILC3s promotes the generation of antimicrobial peptides and mucin by epithelial cells, 
serving as protection against invading pathogens.115 Furthermore, IBD patients exhibit upregulated expression of AHR, which 
is crucial for the function of group 3 ILCs. A study in AHR (-/-) mice demonstrates a decrease in ILC3s and an increase in Th17 
cells, suggesting a potential role for ILC3s in negatively regulating Th17 cells and inhibiting T cell-mediated intestinal 
inflammation.116 However, ILC3s stimulated with IL-23 produce IL-17 and IFN-γ, which induce the development of intestinal 
inflammation.117,118 This evidence suggests that ILC3s can either inhibit or induce intestinal inflammatory responses under 
different circumstances. Thus, the role of ILC3s in IBD is complicated and necessitates further investigation and clarification.

In addition, NK cells in group 1 ILCs not only produce IFN-γ to encourage the recruitment of additional NK cells 
from peripheral blood but also highly express perforin to directly kill pathogens, which contributes to the induction of the 
immune response. Notably, NK cells can exacerbate intestinal inflammation by upregulating NK cell group 2D (NKG2D) 
expression, promoting ER stress in IECs.119 Takayama et al discovered that the equilibrium between NKp44+ and 
NKp46+ NK cells was disrupted in the bowel mucosa of CD patients. NKp46+ NK cells may mediate the pathogenesis of 
CD by activating intestinal inflammatory macrophages through IFN-γ.120 Moreover, LPNK cells undergo metabolic 
reprogramming during IBD. In the setting of acute colitis, LPNK cells are more cytotoxic to target cells compared to in 
healthy individuals through an upregulation in the expression of glycolysis and oxidative phosphorylation-related genes, 
potentially as a response to impending microbial infection.121

The precise role of group 2 ILCs in IBD pathogenesis remains poorly understood, as they are virtually undetectable in 
the healthy adult intestine.122 Forkel et al reported an increase in group 1 ILCs in CD patients, whereas group 2 ILCs 
were elevated in UC patients.123 In the oxazolone-induced colitis mouse model, an increase in IL-13+ ILC2s suggested 
they play a proinflammatory role in UC.124 Furthermore, under inflammatory conditions, group 2 ILCs are plastic and 
can convert to group 1 ILCs or group 3 ILCs. For example, IL-13+ ILC2s have been detected in CD patients and can 
obtain the ability to generate IFN-γ via IL-12/IL-12R signaling, associated with increased T-bet expression.125 Similarly, 
AHR activation inhibits ILC2 function while enhancing ILC3 function, and alterations in AHR expression-mediated 
ILC2s/ILC3s conversion influence the intestinal immune response in IBD.126 However, ILC2s may also exert 
a protective role in IBD. Notably, ILC2-derived IL-13 promotes the differentiation of intestinal stem cells into goblet 
and Turf cells, facilitating the restoration of damaged intestinal mucosa.127 Moreover, in an acute colitis mouse model, 
IL-33-activated ILC2s exert protective effects and reduce disease severity by secreting the growth factor amphiregulin 
(AREG), possibly through upregulation of tight junction protein-1 and MUC-2 expression.110 Overall, the role of group 2 
ILCs in the human gut remains elusive, and further investigations are warranted to uncover the mechanisms underlying 
immune imbalance in IBD.
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Unusual T Cells (γδT Cells)
The T cell receptor (TCR) on the surface of γδT cells is a heterodimer comprised of γ and δ chains (TCRγδ), enabling 
direct recognition and binding of antigen molecules without requiring MHC molecules and APCs. γδT cells exert their 
biological effects mainly by lysing target cells and secreting various cytokines (IL-17, TNF-α, and IFN-γ) and 
chemokines. Additionally, they can serve as APCs and present antigens to αβT cells. In healthy individuals, γδT cells 
in the gut constitute a small subset of IL-17-producing T lymphocytes. However, during intestinal microbial infections, 
IL-17-producing γδT cells expand their population to enhance host defense against infections.128 Furthermore, in the 
context of IBD, tissue-resident γδT cells exhibit increased IL-17 production, contributing to the regulation of host 
pathogen defense and intestinal inflammation. Notably, this function can be inhibited by short-chain fatty acids derived 
from intestinal microbes.129 Moreover, γδT cells display an anti-inflammatory effect by secreting apoptosis inhibitory 
factor 5 (API5), promoting the viability of ATG16L1 gene-deficient Paneth cells.130 Studying the role of γδT cells in IBD 
has received limited attention, and further exploration is required to elucidate their specific functions.

Adaptive Immune System in IBD
Mounting research supports the contribution of adaptive immunity in the etiology of IBD. Unlike innate immunity, 
adaptive immunity is an acquired, highly specific, and long-lasting immunity with the capacity for immune memory 
(Figure 2). Recognition of intestinal microbial antigens by APCs (DCs and macrophages) initiates a complex interplay of 
pro-inflammatory as well as anti-inflammatory signals. Disruption of the delicate balance between these signals in IBD 
results in the migration of leukocytes to the intestinal mucosa, triggering aberrant activation of T cells and perpetuating 
inflammation through excessive release of cytokines and chemokines.131,132 Typically, activated naive CD4+ T cells can 
differentiate into diverse effector T cell subpopulations (Th1, Th2, Th9, Th17, Th22, and T follicular helper (Tfh) cells) 
or Treg cells (Figure 2).133 Notably, the T cell populations driving immune responses in CD and UC appear to be distinct, 
which may account for the differences in the phenotypes seen in clinical practice and the variable responses to new 
targeted therapies.6,9 Therefore, gaining a comprehensive understanding of the mechanisms underlying adaptive immu-
nity in CD and UC will assist in the development and targeted selection of therapeutic agents.

T Cell Immune Responses in CD
CD is typically considered to be associated with Th1 and Th17 cells, whereas Th2 and CD1d-restricted NKT cells (IL-13) are 
more commonly associated with UC.134 Activation of Th1 cells is primarily induced by IFN-γ, leading to the activation of 
signal transducer and activator of transcription 1(STAT1) and upregulation of T-bet expression. This, in turn, up-regulates IL- 
12R and activates STAT4 and NF-κB signaling pathways in the presence of IL-12, promoting the production of IFN-γ, IL-12, 
and TNF-α. These events facilitate macrophage activation and restrict epithelial cell proliferation.135,136 Furthermore, Th1 cell 
responses can be intensified by IL-15 and IL-18. Th1 cells are essential for combating intracellular pathogens. Under the 
influence of low TGF-β concentrations, naive CD4+ T cells can polarize into Th17 cells when exposed to IL-6 or IL-1β 
through STAT3 or mTOR signaling. This differentiation leads to the secretion of IL-17A, IL-17F, IL-21, and IL-22, which play 
a role in the recruitment and activation of neutrophils, thereby promoting inflammatory responses.137,138 Notably, IL-21 and 
IL-23 promote the proliferation and functional maintenance of Th17 cells.139 Th17 cells functionally contribute to the removal 
of extracellular bacteria and fungi. Treg cells, in a homeostatic state, regulate the activity of Th1 and Th17 cells and prevent 
uncontrolled inflammation. However, in CD, disruption of the epithelial barrier by intestinal microbial dysbiosis triggers a pro- 
inflammatory immune response in DCs and M cells. This dysbiosis leads to a replacement of the regulatory Treg cells with the 
inflammatory Th1 and Th17 cells. Studies have revealed significantly higher proportions of Th17 and Th1 cells in patients 
with active CD compared to those in remission.140 In addition, CD patients exhibited a stronger immune response from Th1 
and Th17 cells compared to UC and normal controls, resulting in increased generation of IFN-γ and IL-17, subsequent death of 
IECs, and recruitment of inflammatory cells.141

IL-12 and IL-23 are heterodimeric cytokines sharing the p40 subunit while paired with the p35 and p19 subunits, 
respectively, and are considered to serve a critical role in T cell-mediated inflammatory responses.142 IL-23 has been 
recognized as a key factor in the pathogenesis of CD. CD-associated Th17 cells expressing an upregulated IL-23R, in the 
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presence of IL-23, activate multiple pathways via the Janus kinase (JAK) and STAT pathway, such as P38-MAPK, PI3K- 
Akt and NF-κB signaling pathway. Consequently, several effector cytokines, including IL17A, IL17F, and IL22, are 
released in CD.143 Furthermore, the amplification of apoptosis-resistant TNFR2+IL23R+ T cells in response to IL-23 
results in heightened expression of IFN-γ, T-bet, IL-17A, and RORγt, all associated with resistance to anti-TNF treatment 
in CD and further supporting a role for IL-23 in CD pathogenesis.144 Additionally, IL-17 expression is enhanced in the 
mucosa and serum of IBD patients, particularly in the setting of CD compared to UC.145 However, blocking IL-17A has 
been shown to be ineffective in the treatment of CD and may even exacerbate the disease.146 These findings suggest that 
IL-17A may also exert a protective role in maintaining barrier integrity and Treg cell function.147

In contrast to effector T cells, Treg cells differentiate in response to IL-2 and high levels of TGF-β. These cytokines 
induce the upregulation of Foxp3 expression via the JAK-1-STAT5 or JAK-3-PI3K signaling pathways, promoting IL-10 
and TGF-β secretion. This regulatory response contributes to the control of inflammatory processes.56 Indeed, in patients 
with Foxp3 mutations, Treg cells are absent in number or function, which tends to cause more severe intestinal 
inflammation.148 Furthermore, a lower abundance of Treg cells in the small intestine of CD patients is associated with 
reduced IL-2 production by ILC3, which is influenced by gut microbes.149 Conversely, adult and pediatric CD patients 
demonstrate increased numbers of Treg cells in both inflamed and non-inflamed tissues, which implies that IBD 
pathogenesis may be attributed to a deficiency in Treg cell function rather than an insufficient number of Treg 
cells.150 Similarly, despite high levels of TGF-β in CD patients, the ability of Treg cells to suppress the local 
inflammatory response is compromised, probably due to the suppression of TGF-β signaling in the inflammatory 
environment.151 Impaired trafficking of Treg cells also contributes to the emergence of IBD. For example, CD patients 
exhibit lower expression levels of integrin α4β7 on Treg cells compared to control patients, hampering Treg cell 
movement and decreasing the ability to suppress immune responses. This idea is reinforced by the fact that elevating 
the levels of integrin α4β7 restores the normal function of Treg cells.152 However, the specific differences in Treg cell 
number and functional changes between UC and CD remain unclear.

T Cell Immune Responses in UC
Compared to healthy individuals, UC patients exhibit increased secretion of IL-5 and IL-13 and decreased production of IL-4. 
Thus, UC is considered to be an atypical Th2 cell-mediated disease (Figure 3).11,153 Activation of Th2 cells is primarily 
initiated by IL-4, which results in the activation of STAT6 and upregulation of the transcription factor GATA-3. This cascade 
induces the release of IL-4, IL-5, IL-9, IL-13, IL-21, coupled with IL-25, known for their roles in antiparasitic responses and 
allergic reactions.154 Interestingly, intestinal IL-33 has been shown to enhance GATA-3 expression, implying that the elevated 
IL-33 levels may be the reason for the increased Th2 cell counts in UC patients. Intriguingly, intestinal biopsies from active 
UC patients demonstrate higher expression levels of IL-33 compared to those from inactive UC patients and healthy subjects, 
further demonstrating the association between Th2 cell responses and UC.155 Moreover, it has been demonstrated that the 
majority of IL-13 in UC is derived from CD1d-restricted non-classical NKT cells.153,156 IL-13 can compromise epithelial 
barrier function by influencing epithelial tight junctions, apoptosis, and repair processes.153 Evidence from a mouse study 
demonstrates the protective effect of specific antibodies targeting IL-13 in an oxazolone-induced colitis model.156 However, 
specific inhibition of IL-13 signaling by IL-13 inhibitors in UC patients has proven insufficient to shield them from the illness, 
which poses a challenge to the therapeutic targeting of IL-13.157 Therefore, the precise role of IL-13 in the pathogenesis of UC 
necessitates further elucidation. Furthermore, IL-17-producing Th17 cells, IL-9-producing Th9 cells, and CD-mediating Th1 
cells frequently appear in the LP mucosa of UC patients and are engaged in the pathological process of UC (Figure 3) (see 5.1 
for Th1 and Th17 cell features).158

Th1 cells and related cytokines have been demonstrated to be crucial in the early stages of UC, with the disease 
shifting from a Th1 cell-driven immune response to a Th2 cell-driven immune response as the disease progresses.159 

Among these cytokines, IL-9 plays a significant role in the evolution of UC. Elevated levels of IL-9 have been discovered 
in mice with oxazolone-induced colitis. Functionally, IL-9 impairs intestinal barrier function and hinders the healing of 
mucosal injury in vivo. In turn, deficiency in IL-9 and transcription factor PU.1 (a key transcription factor for Th9 cell 
development) inhibits acute and chronic colitis in mouse models.160 A prominent feature of UC is the formation of crypt 
abscesses, resulting from the accumulation of neutrophils and lymphocytes in the crypt epithelium. Evidence suggests 
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that IL-9 and IL-17 play a crucial role in crypt abscess formation in UC by inducing the release of IL-8, recruiting 
neutrophils, and secreting matrix metalloproteinases.161,162 Moreover, enhanced generation of IL-23 and IL-17 has been 
noted in colitis mouse models and UC patients, highlighting the involvement of the IL-23/IL-17 axis in the pathogenesis 
of UC.163,164 Initially, the IL-23 inhibitors were considered effective only in CD; however, a recent phase III clinical trial 
has demonstrated the anti-inflammatory effects of ustekinumab in UC patients.165 Th17 cells can also exert protective 
effects by producing anti-inflammatory cytokines, such as IL-22, which influences antimicrobial peptide production, 
mucus secretion, and epithelial cell differentiation and proliferation.166 Studies in UC patients and colitis mice have 
shown that IL-22 also promotes the growth of intestinal commensal bacteria and maintains intestinal microecological 
homeostasis through mediating host glycosylation or AHR signaling.167,168 Therefore, IL-22 amplification holds poten-
tial therapeutic implications for UC. However, several studies have shown that Th22 cells, a crucial source of IL-22 in 
the intestine, are significantly decreased in UC patients but not in CD patients.169 Moreover, Th17 cells have demon-
strated plasticity, being able to convert to IFN-γ-producing Th1 or Th17/Th1 cells in response to IL-12 or IL-23 
signaling, which contributes to the pathogenesis of colitis.170 Therefore, strategies that prevent the transition of Th17 
cell precursors to Th1-like cells or inhibit the activity of Th1 or Th1-like cells deserve attention as potential interventions. 
Furthermore, the disruption of the Th17/Treg cell balance not only contributes to CD but is also implicated in the 
development of UC. Therefore, restoring the balance of Th17/Treg cells could have beneficial therapeutic effects on UC.

Figure 3 Potential modalities of the role of excessive T-cell immune responses in UC. Damage to the intestinal barrier and increased intestinal permeability facilitate 
bacterial invasion. When macrophages and DCs recognize bacterial antigens, their functional state shifts from a tolerant to an activated phenotype, resulting in the 
production of pro-inflammatory factors. Following antigen processing, these immune cells present the antigens to naïve CD4+ T cells, disrupting the balance between Treg 
cells and effector T cells in the inflammatory environment. Circulating T cells expressing integrin-α4β7 migrate to areas of intestinal inflammation by binding to mucosal 
addressin cell adhesion molecule 1(MAdCAM-1) on intestinal vascular endothelial cell.
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Besides CD4+ T cells, CD8+ T cells also play a role in the pathogenesis of IBD. Colonic tissue-resident memory 
CD8+ T cells possess the ability to rapidly respond to repetitive antigen exposure and may be involved in tissue damage 
in IBD. Nevertheless, the cellular phenotype, transcriptional regulation, and effector functions of CD8+ T cells, as well as 
their specific influence on IBD pathogenesis remain elusive. The constitution of CD8+ T cells in the colon is extremely 
heterogeneous, encompassing both effector and post-effector differentiated CD8+ T cells. CD8+ effector T cells related 
with UC are implicated in tissue destruction and TNF-α production, whereas CD8+ post-effector T cells expressing IL-26 
possess innate characteristics that drive immune regulation and alleviate excessive inflammation.171 Interestingly, UC 
patients exhibit an increase in IL-26-producing CD8+ T cells compared to healthy individuals. However, in UC, these 
cells are persistently activated and display a “depleted” signature. To explore any functional implications, researchers 
employed a humanized IL-26 transgenic mice model and discovered that IL-26 inhibited the induction of pro- 
inflammatory cytokines(such as TNF-α) and chemokines (such as CXCL9 and CXCL10), which play a potentially 
protective role during the acute phase of UC.172 Thus, the imbalance between CD8+ post-effector T cells expressing IL- 
26 and CD8+ effector T cells may encourage tissue damage and participate in the etiology of UC.

B Cell Immune Responses in CD and UC
In addition to T cells, B cells have also emerged as active participants in the pathogenesis of CD. Normally, humoral 
immunity contributes to maintaining the balance between the intestinal microorganisms and the host immune system. 
B cells control the microbiota and prevent bacterial assault on epithelial cells by secreting immunoglobulin A (IgA) into 
the lumen. Perturbations in immunoglobulin subclasses observed in CD and UC indicate abnormalities in humoral 
immunity.173 Defective humoral immunity can result in inflammation in the small intestine by disrupting the balance of 
bile acid.174 Interestingly, CD patients exhibit persistently aberrant B cell responses, accompanied by increased molecular 
maturation of IgA and IgG, which relates to the formation of granuloma tissue.175 Furthermore, CD patients tend to 
generate antibodies against CD-associated bacterial antigens (such as bacterial flagellin (CBir1) and Escherichia coli 
outer membrane protein C). Although the pathogenic role of these antibodies in CD remains to be established, these 
observations convey a valuable message regarding humoral immune studies in IBD: the more antibacterial antibodies that 
are present, the higher their titers and the more severe the clinical process.176

However, B cells have not been adequately studied in UC. On the one hand, intestinal CD11b+ B cells are important 
immunosuppressive cells, crucial for maintaining intestinal homeostasis by secreting IgA and thereby ameliorating 
colitis.177 On the other hand, UC patients display an increased presence of naive B cells and IgG PCs. However, the 
diversity and maturation of the B cells appear to be diminished in the setting of UC.178,179 IgG rich PCs can enhance the 
immune response by recruiting inflammatory monocytes and Th17 cells via FcγR-dependent mechanisms.180 Moreover, 
a significantly decreased abundance of CD24hiCD38hiand CD5+ regulatory B cells (Bregs) has been observed in 
peripheral blood and intestinal tissues of UC patients, along with lower serum IL-10 levels. The abundance of Bregs 
and the levels of IL-10 exhibit a negative correlation with Mayo clinical scores in UC patients.181 Collectively, evidence 
from these studies points to a potential role of dysregulated B cell responses in the development of UC.

Updated Immunomodulator Approaches in IBD
Considering the overwhelming evidence that immune activation and inflammation are crucial for the pathogenesis of 
IBD, it is not astonishing that biologics and small molecule agents targeting the immune system have achieved 
breakthroughs in the clinical management of IBD. Table 1 summarizes clinical trials in IBD involving novel immune- 
therapeutics that have been completed or are ongoing. Currently, the most successful biologic agents for the treatment of 
IBD have turned out to be antibodies targeting TNF-α, of which infliximab (IFX), adalimumab (ADL), golimumab 
(GOLI), and certolizumab pegol (CZP) have received approval form the US Food and Drug Administration (FDA). The 
independent efficacy of these anti-TNF agents precisely reflects the pleiotropic role of TNF-α in the pathogenesis of IBD. 
Although anti-TNF therapy is quite potent, it is frequently limited by an initial non-response or loss of therapeutic effect 
over time. The non-response to anti-TNF-α treatment in IBD may be attributed to factors such as immunogenicity and 
proteolytic degradation of biological agents, as well as a unique network of interactions between immune cells.182–184 In 
light of these limitations, the evaluation of switching to a second anti-TNF-α drug or a novel drug with a distinct 
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Table 1 Clinical Trials in IBD Involving Biological and Small Molecule Therapies (https://www.clinicaltrials.gov/)

Drug Type Drug Name Target Development Status Clinical Trial ID/Ref

TNF inhibitors Infliximab TNF-α UC: approved; CD: approved NCT02770040 
NCT00336492187 

NCT01817426

Adalimumab TNF-α UC: approved; CD: approved NCT00573794188 

NCT02065570189

Golimumab TNF-α UC: approved; CD: Phase II, Recruiting NCT00488631190 

NCT05242471

Certolizumab pegol TNF-α UC: phase II, completed; CD: approved NCT01090154 
NCT00356408191

V565 TNF-α UC: Phase I, completed; CD: phase II, completed NCT03705117 
NCT02976129

PRA023 TL1A UC: phase II, active, not recruiting; CD: phase II, active, 
not recruiting

NCT04996797 
NCT05013905

IL-12/IL-23 
inhibitors

Ustekinumab IL-12/23P40 UC: approved; CD: approved NCT02407236165,192,193 

NCT03107793194,195

Risankizumab IL-23P19 UC: Phase III, active, not recruiting; CD: approved NCT03398148 
NCT03398135 
NCT03105128196

Guselkumab IL-23P19 UC: phase III, active, not recruiting; CD: phase III, active, 
not recruiting

NCT04033445 
NCT05197049

Brazikumab IL-23P19 UC: phase II, enrolling by invitation; CD: phase III, enrolling 
by invitation

NCT04277546 
NCT03961815

Mirikizumab IL-23P19 UC: phase III, active, not recruiting; CD: phase III, active, 
not recruiting

NCT03524092 
NCT03926130

Other cytokine 
inhibitors

PF-04236921 IL-6 UC: -; CD: phase II, completed NCT01287897197 

NCT01345318197

Olamkicept IL-6/IL-6R UC: phase II, completed; CD: - NCT03235752198

Spesolimab IL-36R UC: phase II/III, completed; CD: phase II, completed NCT03482635 
NCT03752970

Brodalumab IL-17RA UC: -; CD: phase II, terminated NCT01199302 
NCT01150890

JAK inhibitors Tofacitinib Nonselective JAK UC: approved; CD: phase II, completed NCT01465763199 

NCT01393899200

Izencitinib (TD-1473) Nonselective JAK UC: phase II/III, terminated 
CD: phase II, recruiting

NCT03758443 
NCT04254549

Upadacitinib JAK 1 UC: approved; CD: approved NCT03653026201 

NCT03345849202

Filgotinib JAK1,2,3, TYK2 UC: phase III, completed; CD: phase III, completed NCT02914522203 

NCT02914561

Anti-adhesion 
agents

Ontamalimab MAdCAM-1 UC: phase III, completed; CD: phase III, active, not 
recruiting

NCT03290781 
NCT03283085

PF-00547659 MAdCAM-1 UC: phase III, completed; CD: phase III, active, not 
recruiting

NCT03290781 
NCT03283085

Vedolizumab α4β7 integrin UC: approved; CD: approved NCT00783718204–206 

NCT02630966207

Abrilumab α4β7 integrin UC: phase II, completed; CD: phase II, completed NCT01694485 
NCT01696396

Natalizumab α4 integrin UC: -; CD: 
approved

NCT00078611 
NCT00032799208

Carotegrast methyl 
(AJM300)

α4 integrin UC: phase III, active, not recruiting; CD: - NCT03531892

Etrolizumab β7 integrin UC: phase III, completed; CD: phase III, completed NCT02100696209 

NCT02165215210 

NCT02394028211

(Continued)
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mechanism of action has been considered. The success of such a conversion depends on several factors, including the 
reasons for discontinuing the previous drug and the order of drug administration.185,186

Agents targeting IL-12/IL-23 pathways have reported promising efficacy in the treatment of IBD. This includes 
IL-12/IL-23 p40 inhibitors (ustekinumab and briakinumab) and IL-23 p19 inhibitors (risankizumab, guselkumab, 
brazikumab, and mirikizumab). Currently, ustekinumab is the only approved drug in this class for both CD and UC 
treatment. Data from the phase III UNITI and UNIFI trials have shown that the long-term efficacy and safety of 
ustekinumab induction (130 mg) and maintenance (90 mg) was superior to placebo for moderate to severe CD and 
UC patients.165,215 Moreover, phase III ADVANCE and MOTIVATE trials have demonstrated the effectiveness and 
tolerability of risankizumab (600mg and 1200mg) in inducing remission in patients with moderate to severe CD.196 

The phase III FORTIFY trial has further supported the maintenance of clinical remission for 1 year in patients with 
moderate to severe CD using risankizumab (180mg and 360mg).216 Thus, risankizumab has become the first 
approved inhibitor that specifically targets IL-23 p19 for the therapy of adult patients with moderate to severe 
CD based on the results from these two clinical trials. This represents a significant milestone in CD therapy. 
However, it is important to note that the consistency of such encouraging results for all drugs in this class relies on 
the outcomes of ongoing clinical trials.

The comparative efficacy of selective IL-23 inhibitors versus IL-12/IL-23 inhibitors was initially investigated in 
phase III UltIMMa-1 and UltIMMa-2 clinical trials involving psoriasis patients, wherein risankizumab demonstrated 
superior efficacy to ustekinumab.217 A similar phase III trial is currently ongoing to compare the efficacy of these 
two drugs in adult subjects with moderate to severe CD (NCT04524611). Encouraged by the favorable efficacy of 
antibodies targeting IL-23 p40 and p19, research efforts have turned towards strategies that target the IL-23/IL-17 
axis within IBD. Activation of the IL-17R signaling pathway, which modulates the expression of α4β7 integrin on 
T cells and enhances intestinal homing and colonic inflammation, has been noted in IBD patients who did not 
respond to anti-TNF or anti-α4β7 therapy, thus highlighting IL-17R as a promising therapeutic target.218 Moreover, 
IL-17A inhibitors (secukinumab and ixekizumab) and IL-17A receptor inhibitors (brodalumab) have exhibited 
therapeutic benefits for psoriasis.219 However, their efficacy in the treatment of IBD has yielded conflicting results, 
with some studies reporting worsened colitis accompanied by compromised barrier function, potentially attributable 
to the protective effect of IL-17A on intestinal epithelial barrier integrity.220,221

However, the intricate cytokine network in IBD poses challenges when targeting a single cytokine, as it may lead 
to compensatory pro-inflammatory cytokine pathways. Therefore, alternative strategies that focus on cytokine signal 
transduction pathways have been explored to achieve more reliable and complete remission. One such pathway is 
the JAK-STAT signaling pathway, which is activated by cytokines and exerts a significant influence on IBD 
pathogenesis. Tofacitinib, a first-generation oral pan-JAK inhibitor, gained FDA authorization in 2018 for the 
clinical treatment of UC patients based on 3 phase III clinical trials (OCTAVE 1 and 2 induction trials and 
OCTAVE maintenance trial). The outcomes of these trials showed that tofacitinib induced and maintained clinical 

Table 1 (Continued). 

Drug Type Drug Name Target Development Status Clinical Trial ID/Ref

S1P receptor 
modulators

Ozanimod S1PR 1, 5 UC: approved; CD: phase III, recruiting NCT0243599212 

NCT03467958

Etrasimod S1PR 1, 4, 5 UC: phase III, completed; CD: phase III, recruiting NCT03945188213 

NCT04173273

Amiselimod S1PR 1 UC: phase II, recruiting; CD: phase II, completed NCT04857112 
NCT02378688

Co-stimulatory 
blockade

ABBV-323 CD40 UC: phase II, completed; CD: - NCT03695185

FFP-104 CD40 UC: -; CD: phase II, completed NCT02465944

KHK4083 OX40 UC: phase II, completed; CD: - NCT02647866

TLR agonist Cobitolimod TLR9 UC: phase III, completed; CD NCT01493960214

Journal of Inflammation Research 2024:17                                                                                          https://doi.org/10.2147/JIR.S492079                                                                                                                                                                                                                       

DovePress                                                                                                                      
10003

Dovepress                                                                                                                                                              Yue et al

Powered by TCPDF (www.tcpdf.org)

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


remission for 52 weeks in UC patients who were unresponsive to conventional or anti-TNF-α therapy.199 However, 
the clinical use of first-generation JAK inhibitors was limited due to their non-selectivity, which resulted in serious 
toxic side effects such as tumors, infections, and cardiovascular diseases, despite achieving good efficacy.199 To 
address these concerns, second-generation JAK inhibitors, such as upadacitinib (a selective JAK1 inhibitor), have 
been developed to more precisely regulate cytokine signal transduction in the JAK-STAT pathway, effectively 
resolving the safety issues in the first-generation JAK inhibitors.201 Upadacitinib received its first approval in 
China in February 2023 as a therapeutic option for adult patients diagnosed with moderately to severely active 
UC who had an insufficient response, intolerance to, or contraindication to one or more TNF-α inhibitors. 
Additionally, other potential and selective JAK inhibitors (filgotinib, ivarmacitinib, and izencitinib) are being 
investigated for improved safety and efficacy.

Another therapeutic approach in IBD involves homing of lymphocytes to the gut through inhibition of the interaction 
between the α4β7 integrin and adhesion molecule-1 (MAdCAM1) expressed by intestinal endothelial cells. Anti-integrins 
or anti-MAdCAM1 have been shown to be promising as IBD therapy. Natalizumab, a monoclonal antibody to α4 
integrin, is the first anti-integrin antibody sanctioned by the FDA for the treatment of CD patients. Although it is effective 
in inducing and sustaining clinical remission in CD patients, natalizumab use was largely discontinued due to cases of 
progressive multifocal leukoencephalopathy, a consequence of natalizumab inhibiting lymphocyte homing to the brain 
via the α4β1 integrin and resulting in JC virus reactivation.222 Subsequently, vedolizumab (an anti-α4β7 integrin 
antibody) was developed to selectively inhibit lymphocyte migration into the inflamed intestine and demonstrated 
favorable therapeutic effects in UC and CD patients. Therefore, vedolizumab was approved by the FDA in 2014 as 
a treatment option for patients with moderately to severely active UC and CD who had previously experienced treatment 
failure with conventional therapy or anti-TNF-α agents. Significantly, a recent phase IV clinical trial reported vedolizu-
mab was superior to placebo in realizing clinical remission of UC patients with chronic pouchitis after ileal pouch-anal 
anastomosis (IPAA).223 In addition, etrolizumab (anti-β7 integrin), carotegrast methyl (anti-α4 integrin), and ontamali-
mab (anti-MAdCAM-1) have shown therapeutic potential in IBD patients, and clinical trials to assess their efficacy and 
safety are still ongoing.224–226 The development of several sphingosine-1-phosphate (S1P) modulators for the treatment 
of IBD has also yielded encouraging results. Ozanimod, a selective agent targeting S1P receptor subtypes 1 and 5, 
effectively inhibits lymphocytes migration to sites of intestinal inflammation. The phase III True North trial revealed 
a significantly higher clinical response rate for ozanimod compared to placebo during induction and maintenance 
therapy.212 Consequently, in May 2021, the FDA granted approval for the use of ozanimod as an induction and 
maintenance therapy for patients with moderately to severely active UC. Additionally, other S1P modulators, including 
etrasimod and amiselimod, have been developed and are undergoing clinical trials with initial results showing 
promise.213,227

It is worth noting that most of the clinical trials primarily focused on clinical remission rather than immunological 
endpoints. Incorporating immunological endpoints into the design of future clinical studies is crucial, as it may prompt a shift 
towards combination therapies targeting multiple processes. Other potential therapeutic strategies and their combinations 
should be considered in the future, such as Treg cell therapy, the transfer of tolerogenic DCs, induction of regulatory immune 
responses, modulation of ILCs and B cells, and co-stimulatory blockade among others.178,228–233 Additionally, novel 
therapeutic approaches aimed at modulating immune pathways in IBD are being rapidly developed and translated into clinical 
applications. These include bacteriophage therapy, engineered microbiota, intestinal organoid technology, and nanovesicle 
therapy (Figure 4).43,234–236 Patient enrollment criteria and recruitment timing play pivotal roles in treatment outcomes since 
the inflammatory response evolves over time. Specifically, if dysregulated immune responses begin early in the disease 
process, investigators may not be able to improve the disease by giving immunomodulatory interventions after clinical 
diagnosis. In addition, notable differences in mucosal cellular immune responses between CD and UC have been identified.237 

The diverse responses to highly selective agents such as cytokine inhibitors, JAK inhibitors, and lymphocyte homing blockade 
underscore the complexity of IBD immunopathogenesis, which is a regulated by a multilayered interplay of microbial and 
genetic factors.238 Leveraging the rich data from preclinical and clinical trials to study the precise intrinsic phenotypes and 
biomarkers of inflammation holds promise for stratifying and individualizing patients. This endeavor promotes the appropriate 
prescription of biological and small molecule therapies, thereby providing improved treatment options for future clinical trials.
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Concluding Remarks
A wealth of evidence derived from animal models and clinical trials emphasizes the pivotal roles of innate and adaptive immune 
responses in the development and maintenance of inflammatory pathologies in IBD. However, the immunological mechanisms 
involved in the pathogenesis of IBD remain enigmatic. The precise balance between intestinal immune cell types and 
mechanisms of action changes significantly along the length of the intestine, reflecting differences in intestinal lumen contents, 
function, and anatomy. Consequently, the unique challenges posed by the gut necessitate constant immune system adaptations to 
maintain an appropriate immune landscape. In IBD, immune cells interact and are highly coordinated, forming a complex 
network that drives a chronic inflammatory response which result in persistent damage to the intestinal mucosa and immune 
dysregulation. Furthermore, the dialogue between the gut microbiota and its metabolites and the host is crucial for maintaining 
the immune landscape of the gut, which may explain why therapeutic interventions efficacious in genetically analogous 
autoimmune conditions (eg, secukinumab in psoriasis) yield opposite results in IBD.220 Furthermore, although T cells are key 
drivers of the intestinal inflammatory response, the precise contribution of distinct T cell subsets in orchestrating the intricate 
inflammatory mechanisms underlying the disparate clinical phenotypes, CD and UC, remains incompletely understood. Hence, 
identifying reliable markers that distinguish immune mechanisms driving UC and CD could significantly enhance our under-
standing of the distinct immune cell types and functional contributions involved in different stages of IBD.

As the clinical implementation of diverse immunotherapies gains momentum, several pressing challenges remain. First, 
a major issue with biologic and small molecule agents is the poor response or loss of response, which reflects the fact that the 
immune mechanisms of IBD are more complex than previously recognized. Therefore, the development of therapeutic agents 
should take into account factors such as the specific location and nature of inflammation, plasticity of immune cells, and cytokine 
production patterns and their mechanisms of action. Another challenge is to develop novel detection technologies, such as single- 

Figure 4 Novel therapies to modulate immunological pathways for IBD.
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cell sequencing, to predict disease trajectories in order to unravel the critical stages of the immune dysregulation. To this end, 
comprehensive genomic, transcriptomic, and immunomic analyses are imperative, necessitating the collection of immune cells 
and tissues from individuals at genetic and environmental risk for IBD. This approach will facilitate the search for meaningful 
changes in responses to immune challenges rather than just comparing differences in immune cell types and functions between 
healthy and diseased cases. Finally, the discovery of accurate early diagnostic tools or biomarkers holds significant potential for 
providing effective treatments aimed at preventing, delaying, or halting the disease progression. A deeper unraveling of the 
intricate immunopathogenic mechanisms in IBD, coupled with the development of accurate diagnostic modalities, promises to 
foster tremendous therapeutic advances. Armed with this knowledge, clinicians will be empowered to intervene effectively in the 
future, employing redesigned or new immunomodulatory and anti-inflammatory approaches to mitigate disease progression.
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