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Digestive System Toxicities of Immune 
Checkpoint Inhibitors: Mechanisms and 
Clinical Implications

Graphical abstract

Highlights

•	 This review summarized the clinical spectrum, mechanisms, diagnostic 
workflow, and management strategies of digestive system irAEs (ir-DSAEs) 
induced by ICIs.

•	 A unified mechanistic model links T-cell activation, cytokine signaling, auto-
immunity, and gut microbiome disruption to the development of ir-DSAEs.

•	 Drug-specific toxicity patterns of different ICI classes are compared with 
detailed characterization of pancreatic and hepatobiliary ir-DSAEs.

•	 A future research framework is proposed integrating AI-based risk predic-
tion, single-cell analysis, and microbiome- or target-directed therapeutic 
strategies.
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In brief

This review summarized the risk fac-
tors, immunopathogenic mechanisms, 
and diagnostic–therapeutic strategies 
of immune-related digestive adverse 
events induced by ICIs, highlight-
ing the role of T-cell dysregulation, 
cytokine signaling, and microbiota 
alterations, and underscoring the 
need for early evaluation and mecha-
nism-guided management.
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Introduction

Immune checkpoint inhibitors (ICIs), as 
revolutionary cancer immunotherapeutic 
approaches, have achieved remarkable effi-
cacy in the treatment of malignancies [1]. 
Multiple studies indicate that tumor cells 
evade immune surveillance by expressing 
multiple immunosuppressive proteins that 
inhibit the activation of immune effec-
tor cells [2, 3]. ICIs function by reversing 
the exhausted phenotype of immune cells 
[4, 5], thereby reactivating T cell immune 
responses against tumor cells and facili-
tating tumor cell destruction. Current evi-
dence suggests that ICIs primarily target 
signaling pathways related to programmed 
cell death receptor-1 (PD-1), programmed 
cell death ligand 1 (PD-L1), and cyto-
toxic T lymphocyte-associated antigen 4 
[CTLA-4] [6–9]. Furthermore, novel ICIs 
are under development, among which lym-
phocyte activation gene 3 (LAG-3) inhibi-
tors have demonstrated promising clinical 
potential and are emerging as next-gener-
ation therapeutic agents [10]. The advent 
of ICIs has provided new treatment options 
for patients with unresectable tumors and 

elderly patients with malignancies. These 
agents have become important first-line 
therapeutic regimens in clinical oncology 
due to significant antitumor activity and 
favorable safety profiles [11].

However, the robust immune activation 
elicited by ICIs through reversal of immune 
suppression also triggers a spectrum of 
immune-related adverse events [irAEs] 
[12–14]. irAEs are a series of autoim-
mune-like reactions triggered by immune 
system dysregulation during ICI therapy. 
ICIs effectively reverse T cell exhaustion by 
alleviating immune suppression. However, 
hyperactivated T cells may aberrantly rec-
ognize and attack normal tissues, resulting 
in irAEs. Common irAEs include mul-
ti-system inflammatory reactions, such as 
rashes, hepatitis, colitis, pneumonitis, and 
myocarditis, as well as systemic adverse 
reactions, including diarrhea and fatigue 
[15–17]. Different ICIs classes exhibit dis-
tinct irAE profiles, as follows: PD-1 inhib-
itor-related irAEs predominantly manifest 
as skin reactions, fatigue, and diarrhea; 
PD-L1 inhibitor-related irAEs are similar 
to those of PD-1 inhibitors but generally 
of lesser severity [18–20]; and CTLA-4 
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Abstract

Immune checkpoint inhibitors (ICIs) have achieved remarkable efficacy in treating malignancies but may 
simultaneously induce immune-related adverse events (irAEs), among which ICI-related digestive system 
adverse events (ir-DSAEs) occur with relatively high frequency and present severe clinical manifestations. 
This review systematically examined ir-DSAEs, including clinical presentations, pathogenic mechanisms, 
risk factors, diagnostic approaches, and therapeutic strategies. It has been reported that ir-DSAEs primarily 
include colitis, hepatitis, and pancreatitis with underlying mechanisms involving T cell-mediated inflam-
matory responses, cytokine storm, activation of autoimmune reactions, and alterations in gut microbiota. 
The diagnosis of ir-DSAEs requires integration of multiple approaches. Standardized therapeutic strategies 
include treatment regimen adjustments, corticosteroid administration, use of selective immunosuppressants, 
and comprehensive supportive care. An in-depth understanding of ir-DSAEs has significant clinical impli-
cations for enhancing the safety and efficacy of ICI therapy, thereby providing a theoretical foundation for 
future precise prediction, prevention, and treatment of ir-DSAEs.
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inhibitor-related irAEs primarily present as digestive sys-
tem toxicities [15]. Among multisystem irAEs, ICIs-related 
digestive system AEs (ir-DSAEs) are characterized by nota-
bly elevated incidence rates and severe clinical manifesta-
tions with an overall incidence ranging from 2%–40% [21]. 
The incidence suggests considerable organ-specific hetero-
geneity. Specifically, intestinal toxicity can reach 35%, the 
hepatotoxicity rate is approximately 14%, pancreatic toxic-
ity is typically observed in 0.3%–3.9% of cases, and oral and 
esophageal toxicity is uncommon. ir-DSAEs can induce var-
ious complications with moderate-to-severe digestive sys-
tem toxicity potentially leading to organ dysfunction or even 
failure [22], which may become life-threatening in severe 
cases. The occurrence of ir-DSAEs significantly reduces 
the quality of life with gastroenteritis-related diarrhea and 
vomiting frequently accompanied by decreased appetite and 
abdominal pain, potentially culminating in malnutrition and 
weight loss. The onset of ir-DSAEs frequently necessitates 
treatment interruption, significantly compromising treat-
ment adherence and diminishing clinical benefit.

Despite the increasing recognition of ir-DSAEs as a prom-
inent research focus, significant challenges remain regarding 
the specific pathophysiologic mechanisms, predictive factors, 
and optimal management strategies. Accumulating evidence 
indicates that the pathogenesis of ir-DSAEs involves mul-
ti-level and -pathway immune dysregulation mechanisms, 
including immune cell-mediated tissue injury, cytokine-
driven inflammatory responses, and intestinal microbiota 
dysbiosis [22–24]. Early identification of ir-DSAEs not only 
contributes to improved quality of life but may also lead to 
enhanced therapeutic outcomes [13]. However, existing bio-
markers and predictive models remain insufficient to accu-
rately forecast toxicity risk for individual patients in clinical 
practice. Current prediction of ir-DSAEs primarily relies on 
peripheral hematologic parameters, including the absolute 
lymphocyte count (ALC), absolute eosinophil count (AEC), 
platelet count, neutrophil-to-lymphocyte ratio (NLR), and 
platelet-to-lymphocyte ratio [PLR] [25]. Nevertheless, these 
conventional indicators demonstrate significant limitations 
in predicting the onset timing, severity, and long-term prog-
nosis of ir-DSAEs. Developing precision treatment protocols 
for established ir-DSAEs based on individual patient char-
acteristics represents a critical clinical imperative. However, 
the development of individualized treatment regimens faces 
significant challenges due to an incomplete understanding of 
the molecular mechanisms and immunopathologic charac-
teristics underlying ir-DSAEs. Furthermore, patient hetero-
geneity with respect to genetic background, immune status, 
co-morbidities, and concomitant medications further com-
plicates the standardization of treatment protocols.

This review comprehensively synthesized the current 
research advances and clinical implications of ir-DSAEs. 
The article comprehensively examined the clinical mani-
festations, molecular pathogenesis (T cell-mediated inflam-
matory responses, cytokine storm, autoimmune reaction 
activation, and gut microbiota dysbiosis), risk factors (drug 
type, history of autoimmune diseases, and underlying liver 
conditions), diagnostic methods (clinical assessment, lab-
oratory testing, imaging, and endoscopic examinations), 
and standardized therapeutic strategies for ir-DSAEs. 

Current evidence has demonstrated significant differences 
in the risk of ir-DSAEs induced by different ICIs agents, 
with anti-CTLA-4 inhibitors and combination immuno-
therapy regimens carrying the highest risk. This review not 
only comprehensively synthesized clinical and preclinical 
research evidence but also developed an integrated “mecha-
nism-prediction-intervention-translation” analytical frame-
work by proposing novel pathologic models, including 
compartmentalized cytokine dysregulation and the bidirec-
tional intestinal immunity-microbiota axis, thereby eluci-
dating the immunologic basis of ir-DSAEs. Furthermore, 
this review provided, for the first time, a systematic syn-
thesis and comparative analysis from the digestive system 
perspective, thereby establishing a comprehensive frame-
work for organ-specific immune toxicity, and examined 
precision prediction models integrating multi-omics and 
artificial intelligence approaches alongside intervention 
strategies for immune homeostasis restoration. A compre-
hensive understanding of ir-DSAEs and the effective man-
agement is critical for optimizing the safety of ICI therapy, 
enhancing quality of life, and maximizing clinical efficacy. 
This review was intended to furnish a solid theoretical foun-
dation and mechanistic insights and identify future transla-
tional research opportunities for clinical practice.

Clinical manifestations of 
digestive system adverse 
events

ir-DSAEs represent one of the most prevalent and clini-
cally consequential types of irAEs. The overall incidence 
of ir-DSAEs ranges from 2%–40% across multiple studies, 
representing approximately 32.4% of all grade ≥ 3 irAEs, 
thereby underscoring a substantial clinical burden and sever-
ity within the spectrum of irAEs [21, 26]. ir-DSAEs can 
involve multiple organ systems, including the gastrointestinal 
tract, hepatobiliary system, pancreas, oral cavity, and esoph-
agus (Figure 1). Specifically, gastrointestinal toxicity char-
acteristically presents as colitis and diarrhea. Hepatobiliary 
toxicity occurs in approximately 14% of patients with clini-
cal presentations primarily comprising autoimmune hepati-
tis and cholangitis, among which cholestatic liver injury is 
the most common. Patients with ICI-related hepatitis char-
acteristically present with markedly elevated transaminases 
and other deranged liver function parameters, whereas ICI-
related cholangitis exhibits a greater propensity for severe 
disease and increased mortality despite a lower incidence. 
Pancreatic toxicity characteristically manifests as pancreati-
tis, occurring in 0.3%–3.9% of patients. Pancreatic toxicity 
is comprised of two distinct entities: acute pancreatitis; and 
autoimmune pancreatitis (AIP)-like presentation. The clinical 
symptoms of pancreatic toxicity typically include epigastric 
tenderness, elevated serum amylase, nausea, and vomiting 
(Table 1). Oral and esophageal toxicities are uncommon with 
clinical manifestations typically including xerostomia and 
esophagitis, which are generally relatively mild. Early recog-
nition, ongoing monitoring, and standardized management of 
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Figure 1  Clinical characteristics, fatality, and risk factors of immune-related digestive system adverse events (ir-DSAEs). This figure sys-
tematically illustrates the clinical manifestation spectrum, organ involvement patterns, fatality risk, and high-risk population characteristics of 
ir-DSAEs, which are divided into three sections (panels A–C). Panel A: An overview of the major organ systems affected by ir-DSAEs and the 
characteristic clinical syndromes. The illustration encompasses stomatitis (xerostomia, dysgeusia, and oral ulceration), esophagitis (dyspha-
gia and retrosternal pain), hepatobiliary toxicity (autoimmune hepatitis and cholangitis), pancreatitis (epigastric pain, nausea, and elevated 
serum amylase), and enterocolitis (diarrhea, hematochezia, and abdominal pain). This panel highlights the “multi-organ, multi-phenotype” 
nature of ir-DSAEs. Panel B: A comparison of the incidence and fatality rates among different types of ir-DSAEs. Colitis/diarrhea is the most 
common (30%–35%, predominantly associated with CTLA-4 inhibitors) but exhibits low fatality, whereas intestinal perforation, cholangitis, and 
pancreatitis, though rare (≤5%), demonstrate extremely high fatality rates. A color gradient is used to depict the incidence-fatality bidimen-
sional risk spectrum across different organs, thereby intuitively demonstrating data magnitude and clinical risk gradients. Panel C: A summary 
of key risk factors for ir-DSAEs, including treatment regimens (combination therapy > anti-CTLA-4 monotherapy > anti-PD-1/PD-L1), host 
factors (pre-existing hepatobiliary diseases), and patient medical history (prior autoimmune diseases). The figure provides a reference frame-
work for clinical risk stratification by highlighting these risk factors. This figure was created using tools provided by Biorender.com (accessed 
on August 4, 2025).
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ir-DSAEs are critical for optimizing cancer patient outcomes 
and preserving quality of life.

Gastrointestinal toxicity

Among ICI-related adverse events, ir-DSAEs are most fre-
quently manifested as colitis, diarrhea, and enteritis with 
clinical presentations ranging from asymptomatic-to-severe 
intestinal perforation. Epidemiologic data demonstrated that 
the overall incidence of anti-CTLA-4 antibody-associated 
diarrhea is 30%–35% with colitis occurring in 5%–10% 
of patients, exhibiting a clear dose-dependent relationship 
[27–31]. In contrast, the incidence of anti-PD-1/PD-L1 anti-
body-associated diarrhea is approximately 10% with colitis 
occurring in 1%–2% of patients [27, 32, 33]. The primary 
clinical manifestation of ICI-related colitis is watery diar-
rhea, although some patients may present with bloody or 
mucous stools [28, 34]. In addition, patients may experience 
systemic symptoms, such as abdominal pain, fever, steat-
orrhea, weight loss, vomiting, and nausea [33–36]. Severe 
cases may develop intestinal perforation with an incidence 
of approximately 1%, which requires urgent surgical inter-
vention [37]. Other severe complications include intestinal 
obstruction, colonic distension, and toxic megacolon [38], 
which not only significantly impact the quality of life but 
may also be life-threatening. ICI-induced diarrhea, classified 
according to the Common Terminology Criteria for Adverse 
Events (CTCAE) grading criteria, ranges from mild-to-life-
threatening and may cause complications, such as weight 
loss, vomiting, abdominal pain, severe dehydration, neutro-
penia, electrolyte disturbances, and fever [34, 35, 39]. It has 
been reported that some patients may present with melena 
[40], which suggests potential upper gastrointestinal bleed-
ing. It should be emphasized that when patients present with 
mucous bloody stools accompanied by abdominal pain, cli-
nicians should be vigilant for the possibility of colitis rather 
than simple diarrhea [28].

Patients may develop ICI-related enteritis when ir-DSAEs 
involve the small intestine. ICI-related enteritis frequently 
occurs concurrent with colitis, while isolated enteritis is 
rarely reported. Consequently, the independent incidence of 
ICI-related enteritis is relatively low and in clinical practice 
ICI-related enteritis is typically considered in conjunction 
with colitis. ICI-related enteritis primarily affects various 
segments of the small intestine (duodenum, jejunum, and 
ileum) with characteristic clinical manifestations of watery 
diarrhea, and less frequently, bloody diarrhea [41]. Common 
symptoms of enteritis caused by ir-DSAEs include diar-
rhea, abdominal cramping, and tenesmus, whereas severe 
abdominal pain and hemodynamic instability are relatively 
uncommon [41]. Overall, ICI-related enteritis exhibits clin-
ical features very similar to ICI-related colitis. However, 
ICI-related enteritis is less commonly associated with hema-
tochezia and severe abdominal pain, suggesting a relatively 
lower degree of mucosal inflammation and disruption.

The severity assessment of ICI-related diarrhea and 
(entero)colitis is primarily based on the CTCAE, as estab-
lished by the National Cancer Institute. Diarrhea severity is 
classified into the following 5 grades: grade 1 is characterized 

by an increase in stool frequency (<4 stools per day) with 
mild symptoms; grade 2 is characterized by an increase in 
stool frequency (4–6 stools per day) accompanied by a mod-
erate increase in ostomy output; grade ≥ 3 are categorized 
as severe diarrhea requiring urgent medical intervention and 
defined as an increase in stool frequency (≥7 stools per day) 
above baseline, necessitating heightened clinical attention; 
and grades 4 and 5 diarrhea are potentially life-threaten-
ing and associated with a high mortality risk. (Entero)coli-
tis severity is similarly classified into 5 grades, as follows: 
grade 1 is defined by patients with no apparent symptoms, 
warranting diagnostic observation; grade 2 patients mani-
fest abdominal pain and mucous or bloody stools; grade 3 is 
characterized by severe or persistent abdominal pain, fever, 
and intestinal obstruction; and grades 4 and 5 represent 
life-threatening conditions that can potentially lead to death.

Hepatobiliary toxicity

Hepatobiliary toxicity among ir-DSAEs constitutes one of 
the current foci of research. Although the incidence of hepa-
tobiliary toxicity is lower than intestinal toxicity, the com-
plex pathologic mechanisms and diverse injury patterns pose 
significant challenges to clinical diagnosis and management. 
Hepatobiliary toxicity can be categorized into two types 
(immune-related hepatitis and cholangitis), which exhibit 
significant differences in clinical manifestations, therapeutic 
strategies, and prognosis. Data from recent studies indicated 
that the overall incidence of ICI-related hepatotoxicity is 
14%, with severe (grade ≥3) hepatic adverse events occurring 
in 7% of patients, potentially leading to fatal outcomes [42]. 
In clinical practice common liver injuries include choles-
tatic, hepatocellular, and mixed pattern liver injuries [43]. 
A study conducted at Cochin University Hospital between 
2010 and 2017 found that cholestatic liver injury occurred 
at the highest rate (60.3%), while mixed pattern liver injury 
occurred at the lowest rate [10.3%] [43], which aligns with 
data from a Japanese survey that indicated 60.7% of patients 
experienced cholestatic or mixed pattern liver injury [44]. 
Notably, medications exert varying effects on hepatotoxicity. 
It has been reported that patients receiving CTLA-4 inhibi-
tors are more susceptible to hepatotoxicity, which is charac-
terized clinically by fever, while patients receiving PD-1 or 
PD-L1 inhibitors have a slightly lower probability of devel-
oping hepatotoxicity with milder symptoms [7, 45]. The 
onset of ICI-related hepatotoxicity is typically occult with 
mild hepatitis generally manifesting as abnormal liver func-
tion parameters, such as elevated aspartate aminotransferase 
(AST) and alanine aminotransferase (ALT) levels [46], with 
some patients also exhibiting elevated bilirubin or alkaline 
phosphatase (ALP) levels [47]. More severe cases may pres-
ent with systemic symptoms, such as fever, jaundice, and 
peri-hepatic pain [45]. One study further noted that patients 
with ICI-related hepatitis may experience changes in stool 
color [22]. ICI-related cholangitis, although rare, is associ-
ated with substantially more severe clinical consequences 
compared to ICI-related hepatotoxicity and is characterized 
by refractory cholestasis and progressive biliary tract injury 
with a poor prognosis. The incidence of cholangitis has not 
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been established. According to relevant reports, among 91 
patients receiving nivolumab for non-small cell lung cancer, 
only 3.3% (3 cases) developed ICI-related cholangitis [48]. 
ICI-related cholangitis can be classified into three catego-
ries: extrahepatic; intrahepatic; and diffuse cholangitis [17]. 
Extrahepatic bile duct abnormalities occur at a higher pro-
portion with an incidence of 76.9%, presenting as localized 
extrahepatic bile duct dilation and bile duct wall thickening 
with the absence of biliary stricture as the distinctive clini-
cal characteristic [49]. The intrahepatic type commonly pre-
sents with multiple irregular strictures of intrahepatic bile 
ducts without extrahepatic biliary enlargement, occurring at 
a rate of 30.4% [17, 49]. Patients with diffuse biliary tract 
thickening accompanied by multiple strictures of intra- and 
extra-hepatic bile ducts can be diagnosed with the diffuse 
type [49].

Pancreatic toxicity

The pancreas is one of the commonly affected organs during 
ICI therapy with ir-DSAEs primarily manifesting as pancre-
atitis. ICI-related pancreatitis, which is similar to cholan-
gitis, is a rare adverse event with a reported incidence rate 
of 0.3%–3.9% [50] and in severe cases may lead to fatal 
outcomes [51]. Current research indicates that ICI-related 
pancreatitis can be primarily categorized into two distinct 
types (acute pancreatitis and AIP-like lesions [52]. Patients 
with acute pancreatitis present clinically with fever, abdom-
inal distension, upper abdominal pain, and elevated serum 
pancreatic enzyme levels [53], whereas patients with AIP-
like lesions demonstrate abdominal tenderness and upper 
limb erythema on physical examination with imaging stud-
ies revealing pancreatic enlargement and peripancreatic 
fluid collection accompanied by elevated serum pancreatic 
enzyme levels and recurrent episodes [54]. The typical clin-
ical manifestations of ICI-related pancreatitis include upper 
abdominal tenderness, nausea and vomiting, diarrhea, and 
fever [54, 55]. It should be noted that a subset of patients 
may present asymptomatically [56].

Oral and esophageal toxicity

ICIs can induce upper digestive tract toxicity, which primarily 
manifests as oral and esophageal toxicities. Epidemiologic 
data have indicated that ir-DSAEs affecting the oral cavity 
occur at a rate of 6.8% [57] with the most common man-
ifestations being xerostomia (68.5%), oral mucosal disor-
ders (33.4%), and taste disorders (24.0%) [57, 58]. Patients 
with xerostomia characteristically present with reduced sal-
ivary secretion [58], while oral mucosal disorders manifest 
as swelling, atrophy, erythema, and ulceration of the oral 
mucosa [59]. The severity of these mucosal disorders can 
range from mild erythema-to-severe ulceration with pseu-
domembrane formation, potentially progressing to death in 
extreme cases. ir-DSAEs affecting the esophagus are rare 
and typically present as esophagitis. It has been reported 
that ICIs-induced esophagitis occurs at a rate of 1%–2.7% 
and is predominantly of mild-to-moderate severity [60]. The 

symptoms of esophagitis are generally mild, primarily pre-
senting as nausea and vomiting, often accompanied by dys-
phagia, hematemesis, indigestion, and melena [61].

Mechanisms underlying 
digestive system adverse 
events

Current evidence suggests that there are four pathogenic 
mechanisms underlying ir-DSAEs, as follows: T cell-medi-
ated inflammatory responses; compartmentalized cytokine 
dysregulation; activation of autoimmune responses; and 
compositional alterations in the gut microbiota (Figure 2). 
Specifically, ICIs activate multiple T cell subsets, includ-
ing regulatory T cells (Tregs), CD4+ T cells, CD8+ T cells, 
and tissue-resident memory T cells (TRM) to orchestrate 
inflammatory responses. The accompanying compartmen-
talized cytokine dysregulation, particularly IL-6-mediated 
inflammatory cascades, further amplifies immune-mediated 
tissue injury. Concurrently, blockade of immune checkpoint 
signaling compromises self-tolerance mechanisms, thereby 
eliciting immune responses against intestinal autoantigens. 
Furthermore, disruption of gut microbiota homeostasis, 
especially reduced abundance of commensal bacteria and 
expansion of pro-inflammatory bacterial taxa, may further 
intensify inflammatory responses. These pathologic mech-
anisms demonstrate intricate mutual interactions and causal 
relationships, collectively establishing a complex regulatory 
network that governs the pathogenesis and progression of 
ir-DSAEs.

T Cell-mediated inflammatory 
response
ICIs enhance anti-tumor immunity by blocking signaling 
pathways, such as PD-1 and CTLA-4, thereby alleviating the 
negative regulation of T cell activation. The PD-1/PD-L1 sig-
naling axis restricts T lymphocyte proliferation and cytokine 
production under physiologic conditions [62]. Blockade of 
this axis can lead to excessive T cell activation and tissue 
toxicity. In addition, CTLA-4 is a critical molecule involved 
in regulating T cell activation [63]. As a co-inhibitory check-
point molecule on the T cell surface, CTLA-4 maintains 
immune homeostasis by inhibiting the CD28-B7 co-stimula-
tory pathway [64]. Blockade of the CTLA-4 pathway results 
in uncontrolled clonal expansion of T cells and functional 
impairment of regulatory Tregs [65]. Tregs have a critical 
role in constraining inflammatory responses [66], function-
ing not only by suppressing inflammation through secretion 
of anti-inflammatory cytokines (IL-10, IL-35, and TGF-β), 
but also by inhibiting effector T cell expansion through com-
petitive IL-2 binding via the surface receptor, CD25 [67]. 
Upon suppression of Treg function increased CD8+ T cell 
activation may result in exacerbated inflammatory responses 
[68, 69]. Furthermore, tissue-resident memory T cells 
(TRMs) also contribute to the pathogenesis of ir-DSAEs. 
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Luoma et al. demonstrated that TRMs harbor the same T cell 
receptor (TCR) repertoire as colitis-associated T cells, and 
notably in patients with colitis, 56.62% of clonally expanded 
TCRs derived from TRM clusters overlap with colitis-
associated T cell clusters, indicating that TRM activation 
and expansion contribute substantially to the inflammatory 

amplification of ir-DSAEs [70]. Beyond the aforementioned 
cell subsets, multiple additional T cell populations collec-
tively orchestrate inflammatory responses. Antigen-specific 
T cells are primed through CD28-CD80/CD86 interaction 
upon antigen presentation, whereby antigen-presenting cells 
present major histocompatibility complex (MHC)-peptide 

Figure 2  Pathophysiologic mechanisms of ir-DSAEs. This figure systematically illustrates the multi-layered immune dysregulation network 
triggered within the digestive system following ICI treatment. These mechanisms can be categorized into four major pathologic pathways: T 
cell-mediated inflammatory cascades; compartmentalized cytokine dysregulation; activation of autoimmune responses; and disruption of gut 
microbiota composition. ICIs lead to impaired immunosuppressive function of Tregs, accompanied by the activation and clonal expansion of 
CD4+, CD8+, and tissue-resident memory T cells (TRMs). Activated effector T cells and Th17 cells secrete pro-inflammatory mediators and 
synergistically promote mucosal inflammation, epithelial cell damage, and tissue destruction. Impaired Treg function further weakens the neg-
ative regulation of effector T cells, establishing an endogenous basis for sustained inflammation. Concurrently, IL-6-driven compartmentalized 
cytokine dysregulation promotes Th17, B cell, and CD4+ T cell activation, while suppressing Treg function, resulting in persistent cytokine 
imbalance and inflammatory cascades. Disruption of immune tolerance and antigen cross-recognition triggers autoreactive T cell infiltration 
and autoimmune attacks against intestinal tissues. Conversely ICI treatment disrupts the gut micro-ecologic balance by reducing anti-inflam-
matory bacteria, such as Lactobacillus and Bifidobacterium, while increasing the abundance of pro-inflammatory species, thereby weakening 
the mucosal barrier and inducing the further release of inflammatory mediators. The aforementioned immune cell dysregulation, compartmen-
talized cytokine imbalance, autoimmune activation, and microbiota disruption interact with and amplify one another through positive feedback 
loops, ultimately constituting the immunopathologic network underlying the development and progression of ir-DSAEs. This figure was created 
using tools provided by Biorender.com (accessed on October 25, 2025).
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complexes. Activated antigen-specific T cells promote B cell 
differentiation into plasma cells, facilitating autoantibody 
production [65]. CD4+ T cells amplify tissue inflammation 
by secreting pro-inflammatory cytokines [IL-17 and IFN-γ]  
[71]. Collectively, patients with ir-DSAEs have elevated 
frequencies of multiple T cell subsets (Tregs, CD4+, CD8+ 
T cells, and antigen-specific T cells), which perpetuate the 
pathogenesis of ir-DSAEs through synergistic interactions 
with excessive T cell activation sustaining chronic inflam-
matory progression.

Compartmentalized cytokine 
dysregulation
Compartmentalized cytokine dysregulation represents a crit-
ical factor in the development of ir-DSAEs. Specifically, 
ICIs exert antitumor effects through enhanced immune sys-
tem activity. However, this immune activation may lead to 
excessive cytokine release from immune cells under sustained 
hyperactivation, subsequently triggering compartmentalized 
uncontrolled inflammatory cascade reactions in the host [72, 
73]. ir-DSAEs represent the clinical manifestation of compart-
mentalized cytokine dysregulation, which essentially results 
from the massive release of cytokines by various immune 
cells, including T cells, B cells, natural killer cells, mac-
rophages, and endothelial cells, due to non-specific immune 
activation during immunotherapy [74]. Innate immune cells 
recognize pathogen-associated molecular patterns (PAMPs) 
or damage-associated molecular patterns (DAMPs) upon ICI 
stimulation through pattern recognition receptors (such as 
TLRs), subsequently activating downstream signaling path-
ways and inducing excessive production of proinflammatory 
cytokines and chemokines, including IL-1, IL-6, and TNF-α 
[75]. These cytokines not only recruit additional immune cells 
to migrate to inflammatory sites but also act on distant organs 
through humoral pathways, triggering severe regional inflam-
matory responses in multiple systems, including the diges-
tive system, potentially culminating in serious clinical man-
ifestations, such as gastrointestinal bleeding and perforation. 
Notably, among numerous factors IL-6 is considered a pivotal 
molecular hub in ir-DSAEs. As a crucial proinflammatory 
cytokine, IL-6 not only promotes Th17 cell proliferation and 
enhances Th17 function and inhibits Treg-mediated regulation 
of CD4+ T cells but also induces trans-differentiation of Tregs 
into proinflammatory CD4+ T cells, while facilitating B cell 
and plasma cell proliferation [76]. Animal model studies fur-
ther validated this central role. Serum IL-6 levels in mice with 
ir-DSAEs were significantly elevated compared to control 
groups [77]. Furthermore, different types of ICIs may trigger 
a cytokine storm through distinct molecular mechanisms. For 
example, atezolizumab binding to hepatocyte PD-L1 activates 
the RIP1/RIP3/MLKL complex, promoting necrosome for-
mation and cell membrane lysis, thereby inducing hepatocyte 
toxicity [78]. In summary, ICI-induced compartmentalized 
cytokine dysregulation has a central role in the pathogenesis 
of ir-DSAEs, wherein excessive activation of the proinflam-
matory cytokine network, particularly the IL-6-driven inflam-
matory amplification loop, constitutes a critical pathologic 
foundation of ir-DSAEs.

Activation of autoimmune 
responses
Activation of autoimmune responses represents one of the 
key mechanisms underlying ir-DSAEs. Immune check-
points prevent autoimmunity and inflammatory diseases 
by maintaining immune tolerance under physiologic con-
ditions [79]. However, ICIs disrupt immune homeosta-
sis by inhibiting immune checkpoint signaling pathways, 
including PD-1/PD-L1 and CTLA-4, thereby obscuring the 
distinction between antitumor and autoimmune responses. 
Studies using transgenic mouse models with small intes-
tine-specific OVA expression have confirmed that PD-1/
PD-L1 inhibitors disrupt CD8+ T cell tolerance to intestinal 
self-antigens, resulting in OVA-specific autoreactive CD8+ 
T cell infiltration and excessive release of IFN-γ and TNF-
α, ultimately inducing severe tissue inflammation [80]. 
Furthermore, antigen cross-reactivity constitutes one of the 
critical mechanisms contributing to autoimmune ir-DSAEs. 
Antitumor T cells may mistakenly attack normal self-tis-
sues When epitopes homologous to tumor antigens are 
recognized in healthy tissues. A growing body of research 
has demonstrated that this cross-reactivity is closely asso-
ciated with the occurrence of ir-DSAEs [81] and has a par-
ticularly important role in the pathologic process of diges-
tive system ir-DSAEs. Therefore, ICI therapy disrupts the 
homeostatic balance of lymphocytes and cytokines in vivo 
through immune checkpoint inhibition, ultimately trigger-
ing immune-mediated damage to normal digestive system 
tissues and representing a critical pathogenic mechanism 
underlying ir-DSAEs.

Alterations in the gut microbiome

In recent years accumulating evidence has shown that the gut 
microbiota serves as a critical link between immune homeo-
stasis and ir-DSAEs. ICI therapy modulates the composition 
and metabolic functions of the gut microbiome through mul-
tiple mechanisms, consequently affecting mucosal immune 
responses and inflammatory thresholds [82–88]. Clinical 
studies have established that fecal microbiota transplantation 
(FMT) can effectively ameliorate the clinical manifestations 
of ir-DSAE-related refractory colitis, indicating that micro-
bial homeostasis has a critical role in disease pathogenesis 
[24, 89]. B cell-mediated immune dysregulation may impair 
mucosal barrier function, thereby promoting the transloca-
tion of diverse bacterial species and triggering subsequent 
inflammatory cascades. Probiotics, such as Lactobacillus 
and Bifidobacterium species, exert protective effects in sus-
taining an anti-inflammatory microenvironment. Wang et al. 
reported that anti-CTLA-4 treatment leads to a significantly 
reduced relative abundance of Lactobacillus in IMC mouse 
models [90]. Lactobacillus exerts anti-inflammatory effects 
by inhibiting pro-inflammatory factor expression and pro-
moting anti-inflammatory factor production. Consequently, 
this protective effect is significantly weakened when the 
abundance of Lactobacillus decreases. Bifidobacterium pro-
motes inflammation resolution by regulating the gut microbi-
ota network composition [91]. During ICI treatment patients 
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experience significantly reduced gut microbial diversity, 
decreased abundance of anti-inflammatory bacterial popula-
tions, and increased proliferation of pro-inflammatory bacte-
rial populations, including Proteobacteria, Pasteurellaceae, 
Veillonellaceae, Clostridium, and Ruminococcus [92]. These 
pro-inflammatory microbial populations not only secrete 
diverse pro-inflammatory metabolites that amplify intestinal 
inflammatory responses but may also compromise the intes-
tinal epithelial barrier, thereby increasing the risk of patho-
genic colonization and facilitating secondary infections. Gut 
microbial dysbiosis constitutes a consequence of excessive 
immune activation and a potent amplifier of sustained and 
disseminated inflammatory responses, thereby serving as a 
critical amplification loop in the pathogenesis of ir-DSAEs.

Risk factors for digestive 
system adverse reactions

Systematic evidence has demonstrated that the risk of 
ir-DSAEs is modulated by multiple determinants, including 
drug class, treatment regimen, and patient-related charac-
teristics. In aggregate, CTLA-4 inhibitors and combination 
immunotherapy exhibit substantially greater incidence and 
severity of ir-DSAEs relative to PD-1/PD-L1 monother-
apy inhibitors. Among patient-intrinsic factors, a history 
of autoimmune disease and pre-existing hepatic disease, 
including cirrhosis and hepatitis C virus (HCV) infection, 
substantially elevate the risk of ir-DSAEs. Thus, clinical 
practice requires careful assessment of these determinants 
and the adoption of personalized treatment approaches 
and enhanced surveillance strategies for high-risk patient 
populations.

ICI treatment regimens

Epidemiologic studies have indicated significant differ-
ences in the incidence of ir-DSAEs among different classes 
of ICIs, providing important evidence for selecting safer 
treatment regimens in clinical practice. Current clinical data 
have demonstrated that the incidence of ir-DSAEs caused by 
CTLA-4 inhibitors is significantly higher than that observed 
with PD-1/PD-L1 inhibitors [23, 93]. Clinical data have indi-
cated that CTLA-4 inhibitor-related diarrhea occurs in up to 
54% of patients [94]. In contrast, PD-1/PD-L1 inhibitors 
demonstrate a substantially lower incidence of ir-DSAEs 
with milder clinical presentations, including a 4.4% diarrhea 
rate [95]. Hepatic injury is observed in approximately 20% 
of patients [96, 97]. Notably, CTLA-4 inhibitor-induced 
immune-related hepatitis has an incidence ranging from 
3%–9% in renal cell carcinoma patients, whereas PD-1 
inhibitor-associated immune-related hepatitis occurs in only 
0.7%–1.8% of renal cell carcinoma patients [98]. Notably, 
the incidence of ir-DSAEs significantly increases when 
patients receive combination therapy with CTLA-4 and PD-1 
inhibitors and is accompanied by more severe clinical symp-
toms and earlier onset of these adverse events. The incidence 

of hepatotoxicity after combination therapy can reach 29% 
with 14% of patients experiencing severe grade 3–4 toxic-
ity [98]. Approximately 20.7% of patients receiving combi-
nation ICI therapy develop severe hepatitis [99]. However, 
recent studies have suggested that although combination ICI 
therapy significantly increases the risk of high-grade hepa-
totoxicity, combination ICI therapy may simultaneously 
reduce the incidence of severe ir-DSAEs [100]. These obser-
vations indicate that PD-1 and PD-L1 inhibitors demonstrate 
superior gastrointestinal tolerability compared to CTLA-4 
inhibitors, whereas combination ICI strategies frequently 
result in more severe ir-DSAEs.

Patient medical history

Epidemiologic evidence indicates that patients with a history 
of autoimmune diseases are more susceptible to ir-DSAEs 
when receiving ICI therapy. A large-scale prospective study 
demonstrated that among 45 patients with a prior history 
of autoimmune disease, the overall incidence of ir-DSAEs 
reached 44%, which was significantly higher than the 29% 
observed in patients without such a history [101]. ICI ther-
apy may induce recurrence or exacerbation of pre-existing 
autoimmune diseases by potentiating immune system activ-
ity. Therefore, clinicians should comprehensively assess a 
history of autoimmune diseases when formulating treatment 
strategies and conduct rigorous risk-benefit evaluations.

Liver-related underlying diseases

Underlying hepatic diseases, including cirrhosis, chronic 
hepatitis, and hepatocellular carcinoma, are considered 
important risk factors for ir-DSAEs. Clinicians should 
closely monitor changes in liver function in patients with 
chronic liver disease and hepatocellular carcinoma receiv-
ing ICI therapy [102] to prevent immune-related liver injury. 
Studies have shown that underlying hepatic diseases, par-
ticularly cirrhosis, significantly increase the risk of hepatic 
toxicity in patients with hepatocellular carcinoma [103]. 
The incidence of grade 3–4 hepatic injury was 25% among 
patients with hepatocellular carcinoma treated with atezoli-
zumab and concomitant HCV infection, which is substan-
tially greater than the 3% rate in HCV-negative patients 
[104]. Based on the aforementioned evidence, clinicians 
should monitor hepatic function changes and gastrointes-
tinal symptoms in patients with underlying hepatic disease 
closely and promptly adjust immunotherapy regimens or 
implement hepatoprotective and immunosuppressive inter-
ventions as appropriate.

Diagnosis and monitoring of  
ir-DSAEs

The diagnosis of ir-DSAEs necessitates a multidimensional 
assessment, including clinical manifestations, laboratory 
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testing, imaging studies, and an endoscopic pathologic 
examination. Clinical manifestations of ir-DSAEs primarily 
include diarrhea and abdominal pain, and may also involve 
nausea, vomiting, hematochezia, and abdominal distension, 
with severe cases potentially progressing to intestinal per-
foration. Laboratory examinations, including hematological 
parameters, fecal tests, and immunostaining, offer valuable 
auxiliary diagnostic information. Imaging examinations, 
including ultrasonography and computed tomography(CT), 
are essential for determining the location and extent of 
lesions. Endoscopic examination remains the gold standard 
for diagnosis, enabling direct observation of mucosal lesions, 
while pathologic biopsies reveal characteristic inflammatory 
cell infiltration patterns, thus providing crucial evidence for 
clinical diagnosis and treatment decisions.

Clinical examination

The clinical manifestations of ir-DSAEs are heterogeneous 
and frequently insidious in presentation. The most common 
gastrointestinal manifestation is watery diarrhea, which is 
frequently accompanied by abdominal pain, hematochezia, 
nausea, vomiting, anorexia, weight loss, and fever. In severe 
cases, intestinal perforation may develop, necessitating 
emergency surgical intervention. On physical examination, 
patients typically present with abdominal tenderness, hyper-
active bowel sounds, and abdominal distension. Clinical 
symptoms of hepatic and pancreatic toxicity tend to be 
relatively subtle, primarily manifesting as abdominal pain 
with pancreatic toxicity often presenting with steatorrhea 
and glycemic abnormalities. Patients with hepatic toxicity 
frequently present with jaundice on physical examination 
[105], facilitating rapid clinical diagnosis.

Laboratory testing

The diagnosis of ir-DSAEs requires objective evidence from 
laboratory testing. Hematologic testing represents the most 
fundamental and widely utilized examination method in this 
context. Elevated levels of liver enzymes, including alanine 
aminotransferase (ALT), aspartate aminotransferase (AST), 
alkaline phosphatase (ALP), and bilirubin, are frequently 
observed in patients presenting with hepatic toxicity, indi-
cating hepatocellular injury or bile duct congestion [7, 17]. 
Seronegative antinuclear antibodies (ANAs) with elevated 
immunoglobulin G (IgG) can be detected in some patients, 
which may aid in the differential diagnosis of autoimmune 
hepatitis [106]. Fecal calprotectin testing can function as 
an initial screening tool in patients with ICI-related colitis, 
although the specificity and sensitivity parameters require 
further clinical validation [7]. Immunohistochemical analy-
sis has revealed an increased proportion of CD8+ cytotoxic 
T lymphocytes, resulting in altered CD3+/CD20+ and CD4+/
CD8+ ratios, which can function as significant diagnostic 
indicators for irAEs [107]. ir-DSAEs can be effectively dif-
ferentiated from other clinically similar conditions through 
systematic functional examinations, infectious marker 

screening, autoimmune marker detection, and complemen-
tary diagnostic modalities, thereby providing a robust sci-
entific basis for developing appropriate clinical treatment 
strategies.

Imaging studies

Imaging findings are essential for the diagnosis and severity 
grading of ir-DSAEs in clinical practice. Ultrasonography 
has become the preferred diagnostic approach among var-
ious imaging modalities because of cost-effectiveness, 
safety, and diagnostic efficiency. ICI-related hepatotox-
icity may be present when ultrasonographic evaluation 
reveals abnormal liver volume and echogenicity, ascites 
formation, and periportal edema. Conversely, diffuse pan-
creatic enlargement accompanied by pancreatic duct dila-
tion suggests potential ICI-related pancreatic toxicity. CT, 
serving as a crucial imaging modality for ir-DSAE diag-
nosis, demonstrates high sensitivity and positive predic-
tive value in identifying these adverse events [108]. CT 
demonstrates that patients with ICI-related colonic toxic-
ity frequently present with diffuse colonic wall thickening 
[22]. ICI-related pancreatic and biliary toxicity is primar-
ily characterized by diffuse pancreatic enlargement, bile 
duct dilation, and intrahepatic bile duct strictures [17]. 
Periportal lymphadenopathy may be observed in patients 
with severe hepatotoxicity [7]. Comprehensive imaging 
examinations can precisely quantify the extent of digestive 
system involvement, thereby providing objective evidence 
essential for formulating appropriate clinical management 
strategies.

Endoscopic examination and 
pathologic biopsy
Gastrointestinal endoscopy remains the gold standard diag-
nostic method for ir-DSAEs. Endoscopic examinations can 
reveal characteristic manifestations of ir-DSAEs, including 
mucosal hyperemia, vascular pattern erosion, mucosal ery-
thema formation, and increased mucosal friability [22, 109–
111]. Studies have demonstrated significant differences in 
the severity of lesions across different anatomic sites of the 
digestive tract with research indicating that lesions in the 
descending colon are typically less severe than the ascend-
ing colon, while the actual severity of lesions in the sigmoid 
colon may be significantly higher than what is apparent 
during endoscopic examination [22]. Histopathologic 
examinations have a crucial role in diagnosis. The predom-
inant histopathologic features of ir-DSAEs include acute 
inflammatory changes, characterized by marked inflamma-
tory cell infiltration and crypt abscess formation on micro-
scopic examination [22, 46, 112]. Chronic inflammation is 
less frequently observed and typically manifests as crypt 
distortion and granuloma formation, primarily involving 
the lamina propria [22]. Pathologic findings provide essen-
tial evidence for the classification and severity assessment 
of ir-DSAEs.
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Management strategies for  
ir-DSAEs

Therapeutic and pharmacologic 
management strategies
Comprehensive treatment strategies primarily include 
the following for ir-DSAEs. First, appropriate treatment 
regimen adjustments should be implemented based on 
established adverse event grading criteria, including dose 
modification, temporary interruption, or permanent dis-
continuation of ICI therapy [7, 46, 113]. Second, systemic 
corticosteroids remain the first-line standard treatment for 
ir-DSAEs with dosing regimens requiring individualized 
optimization based on the grade and clinical presentation 
of adverse events [46]. Selective immunosuppressants, 
such as mycophenolate mofetil and infliximab, should 
be considered as salvage second-line treatment options 
for patients with inadequate response to corticosteroids 
or steroid-refractory cases [114]. Furthermore, appropri-
ate comprehensive supportive care measures, including 
nutritional support, maintenance of fluid and electrolyte 
balance, and prophylactic anti-infection strategies, have 
a crucial role in alleviating patient symptoms, prevent-
ing complications, and enhancing the quality of life. The 
standardized application of these treatment strategies, cou-
pled with individualized comprehensive interventions, can 
effectively control and manage ir-DSAEs, thereby ensur-
ing the safety and continuity of cancer immunotherapy and 
ultimately improving patient outcomes and overall clinical 
benefit.

Therapeutic implications of  
ir-DSAEs on antitumor efficacy
Although immunosuppressive treatment for severe 
ir-DSAEs may raise concerns regarding potential attenua-
tion of immunotherapy efficacy, accumulating clinical evi-
dence suggests that standardized management generally 
does not significantly compromise antitumor responses. 
A retrospective analysis demonstrated that the use of 
immunomodulatory agents following any-grade ir-DSAEs 
does not negatively impact the rate or quality of antitumor 
responses [115]. Multiple studies have further confirmed 
that early, short-term, and appropriately dosed immuno-
suppressive interventions can effectively control toxic-
ity while preserving the durability of antitumor immune 
responses [116–118]. Furthermore, judicious ICI discon-
tinuation-rechallenge strategies for mitigating ir-DSAEs 
do not significantly diminish the antitumor efficacy of ICI 
therapy [119, 120]. Collectively, these findings suggest 
that proactive management of ir-DSAEs do not merely 
represent a remedial measure at the expense of antitumor 
efficacy but rather a therapeutic strategy that facilitates 
restoration of patient tolerance to immunotherapy and 
ensures treatment continuity, thereby preserving overall 
therapeutic benefit.

Impact of ir-DSAEs on 
anticancer efficacy

Correlation between ir-DSAEs and 
treatment response
The emergence of ir-DSAEs signifies activation of the host 
immune system, which may in turn promote antitumor 
responses. Numerous studies demonstrate that the occur-
rence of irAEs reflects the degree of immune system acti-
vation and frequently correlates positively with antitumor 
efficacy. Specifically, patients with non-small cell lung can-
cer who develop mild-to-moderate ir-DSAEs commonly 
derive therapeutic benefit, thus suggesting that moderate 
immune-related toxicity may serve as a clinical biomarker of 
treatment response [121]. In a study enrolling 576 patients 
with melanoma receiving nivolumab therapy, the treatment 
response rate was significantly higher in patients who devel-
oped ir-DSAEs than in patients without ir-DSAEs [115]. In 
contrast, patients with digestive system malignancies, such 
as colorectal cancer and primary hepatocellular carcinoma, 
are often associated with a shorter overall survival (OS) and 
progression-free survival (PFS), higher grades of ir-DSAEs, 
and frequently require treatment interruption, dose reduction, 
or permanent discontinuation, thereby impairing treatment 
adherence and reducing long-term efficacy [122, 123]. This 
discrepancy may be explained by the fact that the relation-
ship between ir-DSAEs and treatment response is modulated 
by multiple factors, including drug and tumor type; further 
investigation is warranted to elucidate the underlying mecha-
nisms. Furthermore, emerging evidence suggests that the gut 
microbiota composition may modulate the balance between 
ir-DSAEs and anticancer efficacy. Specifically, enrichment 
of specific bacterial taxa, such as Faecalibacterium prausnit-
zii, is associated with a lower risk of severe intestinal toxicity 
and higher treatment response rates [124].

Impact of ir-DSAEs on overall 
survival and prognosis
Current evidence indicates heterogeneous associations 
between irAEs in different organ systems and clinical prog-
nosis. Cutaneous and endocrine irAEs may be associated 
with superior therapeutic efficacy, whereas the relationship 
between ir-DSAEs and survival outcomes remains unclear. 
Although multiple studies have demonstrated that irAEs are 
associated with prolonged OS and PFS, hepatic ir-DSAEs 
have not shown similar favorable prognostic outcomes. 
Clinical evidence has demonstrated that patients with ICI-
induced hepatitis exhibit no statistically significant differ-
ences in median OS or median PFS compared to patients 
without hepatitis, suggesting that hepatic toxicity may 
not be substantially associated with patient prognosis [99, 
125, 126]. Studies have demonstrated that gastrointestinal 
toxicity is associated with prolonged recurrence-free sur-
vival [RFS] [21], a finding that may be related to enhanced 
antitumor immune responses resulting from increased 
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immune system activation. At present, evidence regarding 
the prognostic impact of ICI-associated pancreatic toxic-
ity is limited and the clinical significance requires further 
investigation.

Future perspectives

In recent years research involving ir-DSAEs has primarily 
focused on T cell-mediated inflammatory responses and 
gut microbiota influences, which has yielded significant 
progress. However, elucidation of more detailed molecu-
lar mechanisms and development of more effective man-
agement strategies still require continuous investigation. 
Future research should focus on three main directions: 
precise prediction; mechanism elucidation; and novel ther-
apeutic approaches (Figure 3). Specifically, researchers 
can integrate emerging technologies, such as artificial intel-
ligence, to build effective ir-DSAEs prediction platforms. 
At the mechanistic level, investigations can explore the 
dynamics of T cell populations, microbiota-immune inter-
actions, and epigenetic influences on ir-DSAEs develop-
ment. Studies may identify new immune pathway inhibitors 
and probiotic-assisted treatments to alleviate symptoms in 
ir-DSAEs patients. Future studies are expected to advance 
our understanding of the underlying mechanisms and facil-
itate the development of more comprehensive manage-
ment approaches to address ir-DSAEs in clinical practice. 
Furthermore, advances in modern antibody engineering 
may enhance precision oncologic approaches to reduce 
the occurrence of ir-DSAEs. Future research is expected to 
advance our mechanistic understanding and clinical man-
agement of ir-DSAEs through investigation of underlying 
biological pathways and implementation of improved man-
agement strategies.

Development of precise prediction 
and prevention strategies for  
ir-DSAEs

With advances in artificial intelligence (AI) and machine 
learning technologies, machine learning–based and deep 
learning–based approaches, including multimodal data 
integration models, have been progressively applied to 
integrate clinical, imaging, and genomic data to construct 
multidimensional risk prediction models that enable more 
precise identification of patients susceptible to ir-DSAEs 
[127, 128]. Recently developed AI models and natural lan-
guage processing pipeline systems can automatically detect 
ICI toxicity from clinical text and these technologies may 
be further extended for early detection of ir-DSAEs [129]. 
Moreover, candidate biomarkers for ir-DSAEs have been 
proposed. Specifically, elevated titers of anti-integrin α v β 
6 autoantibodies, increased IL-17, and elevated calprotectin 
levels are associated with an increased risk of colitis [130, 
131]. Low expression of TNFSF9, TGFB2, LILRA3, IFIT2, 

and EIF2AK2 in whole blood is significantly associated 
with the development of colitis [132]. Decreased baseline 
IL-6 levels are associated with the occurrence of grade ≥3 
hepatitis [133]. Elevated ALT and ALT:AST ratios may be 
associated with irAEs [134]. The gut microbiota may serve 
as a potential biomarker for ICI-related hepatotoxicity [135]. 
Although validation of these candidate biomarkers in large-
scale cohorts or prospective trials is limited, candidate bio-
markers may provide valuable insights for the prediction 
of ir-DSAEs. The administration of probiotics and immu-
nomodulatory agents demonstrates considerable promise 
for the prevention of ir-DSAEs and multiple pilot clinical 
studies and registered clinical trials are currently evaluat-
ing the efficacy of these preventive strategies in ir-DSAEs 
[NCT06508034 and NCT06470971] [136, 137].

In-depth molecular mechanisms 
underlying ir-DSAEs
Further elucidation of the molecular mechanisms underly-
ing ir-DSAEs will provide essential evidence for the devel-
opment of targeted therapeutic strategies. An accumulating 
body of evidence from single-cell and multi-omics studies 
has demonstrated that T cell subset composition, clonal 
dynamics, and tissue localization have pivotal roles in the 
development of ir-DSAEs. The abundance of activated 
CD4+ memory T cells, TCR clonality, and TCR diversity 
in peripheral blood prior to treatment is associated with the 
development of severe irAEs [138]. Single-cell and spatial 
transcriptomic analyses further demonstrated that CD4+ 
TRM cells, CD8+ TRM cells, and cytotoxic CD8+ T cells 
share the same TCR clonotypes, suggesting that the latter 
two populations may serve as progenitors of cytotoxic effec-
tor cells [139]. Furthermore, CD4+ T cells serve as initiators 
of adaptive immune responses, promoting the differentiation 
of CD8+ TRM and circulating CD8+ T cells toward IFN γ 
+ CD8+ T cells, thereby contributing to the pathogenesis of 
ir-DSAEs [68, 140]. The gut microbiota, as a key component 
of the host immune microenvironment, exhibits composi-
tional and functional alterations that are closely associated 
with ir-DSAEs risk. Evidence has demonstrated that spe-
cific microorganisms, such as Bacteroides, Clostridium, 
and Faecalibacterium species, can promote Treg cell differ-
entiation and enhance the production of anti-inflammatory 
cytokines, thereby reducing the incidence of ir-DSAEs [141]. 
Enterococcus gallinarum can activate systemic immune 
responses, causing TLR8 dysfunction that leads to attacks 
on normal self-tissues [142]. In addition, epigenetic modi-
fications may contribute to the pathogenesis of ir-DSAEs. 
DNA methylation can influence gene expression in immune 
cells, thus regulating immune responses and inflammatory 
processes. Histone modifications can regulate inflammatory 
factor production as well as immune cell differentiation 
and function. Studying the role of epigenetic modifica-
tions in irAEs occurrence not only provides a theoretical 
foundation for potential epigenetic interventions but also 
potentially offers novel research perspectives on ir-DSAEs 
pathophysiology.
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Development of novel therapeutic 
strategies for ir-DSAEs
Based on an in-depth understanding of ir-DSAE mecha-
nisms, the development of more effective and precise treat-
ment modalities represents a critical direction for future 

research. Recently, small-molecule inhibitors targeting 
specific inflammatory pathways have increasingly emerged 
as a research focus for treating refractory ir-DSAEs with 
JAK and IL-6 demonstrating the greatest therapeutic 
potential. JAK inhibitors, such as tofacitinib, improve 
ir-DSAEs through suppression of the JAK-STAT pathway 

Figure 3  Frontiers in ir-DSAEs research. This figure systematically illustrates the key research frontiers and translational trends in the field 
of ir-DSAEs. Future research is anticipated to focus on three major directions: precision prediction and prevention; mechanistic elucidation; 
and innovative therapeutic strategies. Artificial intelligence and machine learning will be seamlessly integrated with clinical data, imaging, and 
multi-omics information to construct multidimensional risk prediction models. The identification of candidate biomarkers for high-risk patients, 
such as IL-17, TNFSF9, IFIT2, and IL-6, coupled with exploration of the preventive potential of probiotics or immunomodulatory agents, will 
also contribute to controlling the occurrence of ir-DSAEs. At the mechanistic level, research will focus on T cell population dynamics, gut–liv-
er–immune axis interactions, and epigenetic regulation, thereby revealing the association between CD4+/CD8+ and tissue-resident memory 
(TRM) cell clonal expansion and inflammatory amplification, as well as elucidating the roles of gut microbiota dysbiosis, DNA methylation, and 
histone modifications in immune dysregulation. From a therapeutic perspective, small-molecule inhibitors targeting inflammatory pathways, 
such as JAK and IL-6R inhibitors, have shown promising prospects in managing steroid-refractory irAEs, while fecal microbiota transplantation 
(FMT) and personalized microbiome therapies have also demonstrated potential for alleviating refractory cases. Furthermore, modern anti-
body engineering, through Fc structural optimization, bispecific design, and conditional masking technologies, is expected to enhance tumor 
specificity and reduce off-target immune activation, thereby mitigating the risk of ir-DSAEs. This figure was created using tools provided by 
Biorender.com (accessed April 18, 2025).
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and reduction of inflammatory cytokine secretion [143, 
144]. IL-6, as a critical immunoregulatory cytokine, medi-
ates immune regulation. IL-6 receptor antagonists, such as 
tocilizumab, have demonstrated efficacy in a recent phase II 
clinical trial [NCT05428007] [145] in reducing ICI-related 
toxicity [146]. IL-6 receptor antagonism should be consid-
ered for patients with steroid-refractory colitis refractory 
to conventional therapy [147]. Furthermore, FMT rep-
resents a promising therapeutic approach for ir-DSAEs. 
Preliminary clinical evidence demonstrates that FMT ame-
liorates refractory ir-DSAEs through significant alterations 
in baseline microbial diversity and composition [148, 149]. 
Prospective clinical trials suggest that FMT may serve 
as an effective first-line therapeutic option for ir-DSAEs 
[150] with ongoing clinical trials [NCT06206707] [151] 
evaluating this approach. However, FMT efficacy exhibits 
substantial interindividual variability and the stability and 
safety of microbiota reconstitution remain critical areas 
of future investigation. Advances in antibody engineering 
offer innovative strategies for mitigating ir-DSAE risk. 
Existing ICIs may elicit non-specific inflammation via 
Fc-mediated effector cell recruitment. Going forward, anti-
body engineering approaches, such as optimization of the 
antibody Fc region and bispecific antibody engineering, are 
anticipated to substantially attenuate ir-DSAE risk while 
preserving antitumor efficacy [152, 153]. Notably, con-
ditionally masked antibodies have been shown to restrict 
immune activation to the tumor microenvironment, thereby 
attenuating potential ir-DSAE risk with clinical studies 
currently in progress [154].

Optimization of individualized ICI 
treatment regimens
Establishing precision treatment regimens based on indi-
vidual patient characteristics is a critical factor in improv-
ing the efficacy and safety of ICI therapy. First, developing 
treatment decision support systems based on patient geno-
types, tumor characteristics, and microbiome features is of 
paramount importance [155]. ir-DSAEs are closely associ-
ated with epigenetics, tumor location, and gut microbiota. 
Therefore, a significant approach to formulating individ-
ualized treatment plans involves the clinical stratification 
of patients. Developing corresponding treatment decision 
systems based on this classification enables physicians to 
develop scientifically sound and intuitive treatment plans for 
patients, thereby facilitating individualized therapy. Second, 
investigating individualized adjustment strategies for ICI 
dosage and administration methods is also crucial. The risk 
of ir-DSAEs can be minimized while ensuring optimal ther-
apeutic effects by proactively modifying drug types and 
doses, thus achieving a balance between antitumor efficacy 
and ir-DSAE risk. In addition, actively exploring individu-
alized combination therapy regimens incorporating other 
immunomodulators, such as IDO inhibitors or STING ago-
nists, can further enhance ICI therapeutic efficacy, thereby 
improving quality of life, reducing various adverse events, 
and ultimately leading to improved prognosis and clinical 
outcomes.

Conclusions
As revolutionary antitumor therapeutic approaches, ICIs 
have significantly improved patient prognosis. However, ICI-
induced ir-DSAEs continue to pose significant clinical man-
agement challenges. This review systematically summarized 
recent research advances in clinical characteristics, patho-
genesis mechanisms, associated risk factors, and diagnostic 
and therapeutic strategies for ir-DSAEs. Based on existing 
research evidence, ICIs primarily cause digestive system tox-
icity through multiple mechanisms, including mediating T 
cell infiltration, inducing cytokine release syndrome, activat-
ing autoimmune responses, and modulating gut microbiota. 
Studies have indicated that multiple factors, including ICI 
drug type, patient history of autoimmune diseases, baseline 
liver function status, age, and gender, may influence the risk 
and severity of ir-DSAEs. Future research directions should 
focus on developing precise prediction models, elucidating 
molecular pathologic mechanisms, and exploring innovative 
treatment strategies, aimed at providing more accurate diag-
nostic and therapeutic guidance for clinical practice, effec-
tively reducing the incidence and severity of ir-DSAEs, and 
ultimately improving patient prognosis and quality of life.
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