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ABSTRACT

The advent of immune checkpoint inhibitors (ICls) has revolutionized the treatment landscape for various malignanoiesb\y

harnessing the body’s immune system to target cancer cells. However, their widespread use has unveiled a spectrum of immune-
related adverse events, highlighting a critical balance between antitumor immunity and autoimmunity. This review article delves
into the molecular immunology of ICls, mapping the journey from their therapeutic action to the unintended induction of immune-
related adverse events. We provide a comprehensive overview of all available ICls, including cytotoxic T-lymphocyte-associated
protein 4, programmed cell death protein 1, programmed death-ligand 1 inhibitors, and emerging targets, discussing their
mechanisms of action, clinical applications, and the molecular underpinnings of associated immune-related adverse events.
Special attention is given to the activation of autoreactive T cells, B cells, cytokine release, and the inflammatory cascade, which
together contribute to the development of immune-related adverse events. Through a molecular lens, we explore the clinical
manifestations of immune-related adverse events across organ systems, offering insights into diagnosis, management, and
strategies to mitigate these adverse effects. The review underscores the importance of understanding the delicate interplay
between enhancing antitumor responses and minimizing immune-related adverse events, aiming to guide future research and the

development of next-generation ICls with improved drug safety profiles.
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1. Introduction

The immune system’s role in cancer surveillance is a crucial
aspect of our body’s defense mechanism against the develop-
ment and progression of malignancies. The concept of immune
surveillance suggests that the immune system can identify and
destroy nascent tumor cells, thereby preventing cancer forma-
tion and progression. This theory has been supported by various
studies demonstrating the immune system’s ability to recognize
tumor-associated antigens and eliminate cancer cells before they
can establish a significant tumor mass [1-3]. Immune check-
points are crucial regulators of immune responses, acting as
“brakes” to prevent the immune system from attacking nor-
mal cells while enabling it to fight infections or diseases. These
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checkpoints include molecules such as cytotoxic T-lymphocyte-
associated protein 4 (CTLA-4), programmed cell death protein
1 (PD-1), and programmed death-ligand 1 (PD-L1), which can
inhibit T-cell function when engaged [4-6]. The rationale for
targeting immune checkpoints in cancer therapy stems from
their role in cancer cells’ ability to evade immune surveillance.
By inhibiting these checkpoints, immune checkpoint inhibi-
tors (ICIs) can re-activate T cells, enabling them to recognize
and destroy cancer cells. This approach has led to significant
advancements in cancer treatment, particularly for malignan-
cies previously considered resistant to conventional therapies [7,
8]. However, the use of ICIs has also led to the emergence of
autoimmune diseases as a significant side effect. These diseases
occur when the unleashed immune response begins to attack
normal tissues, leading to a range of immune-related adverse
events (irAEs). The development of autoimmune diseases fol-
lowing ICI therapy underscores the delicate balance between
enhancing antitumor immunity and maintaining self-tolerance.
Understanding the mechanisms behind these adverse effects is
crucial for developing strategies to mitigate them and improve
patient outcomes [9, 10].

The incidence of irAEs induced by ICIs can vary by region,
potentially due to differences in genetic backgrounds, environ-
mental factors, and medical practice patterns. For instance, a
study from the United States has documented the incidence and
risk factors associated with irAEs requiring hospitalization. It
noted an irAE incidence requiring hospitalization of 3.5% among
patients initiating ICI therapy, with variations observed across
different cancer types and ICI combinations [11]. Another study
investigated the safety profile and outcomes of 90 patients with
renal cell carcinoma treated with ICIs at 2 United States medical
centers, examining the incidence of treatment-related adverse
events and the specific irAEs encountered. IrAEs were seen in
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42.2% of individuals, with the most common irAEs involving
the skin (15.6%), gastrointestinal tract (14 %), endocrine organs
(11%), and lungs (7.8%). There were 16.7% grade III/IV irAEs,
resulting in cessation of therapy for 13.3% of patients [12].
Meanwhile, a Japanese study analyzed 533 cases treated with
ICIs for various malignancies, investigating irAEs and their pre-
dictors. They found that 27.0% developed irAEs of all grades,
with 10.7% being grade >3. Anti-CTLA-4 therapy was associ-
ated with a higher likelihood of irAEs compared to anti-PD-1
or anti-PD-L1 monotherapy. Liver injury was the most common
irAE, with combination therapy of PD-1 and CTLA-4 antibod-
ies and baseline eosinophil count >130/pL identified as indepen-
dent risk factors for immune-related liver injury. Remarkably,
patients experiencing irAEs showed higher disease control and
overall survival rates compared to those without. Thus, irAE
occurrence might indicate increased efficacy and longer survival
with ICI therapy [13]. Similar findings were reported by another
study, showing that the median overall survival was 35.9 and
26.5 months for patients with and without irAEs [12].

This review aims to dissect the intricate balance between the
immune system’s role in cancer surveillance and the emergence
of irAEs following ICI therapy. By delving into the molecu-
lar and cellular mechanisms of ICIs targeting CTLA-4, PD-1,
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and PD-L1 (Fig. 1), it seeks to elucidate how these therapies
enhance immune responses against cancer while also predispos-
ing patients to irAEs. The review will summarize the clinical
applications and efficacy of ICIs across various cancers, assess
strategies for mitigating irAEs, and highlight future directions
in ICI research, including novel agents and personalized med-
icine approaches. Ultimately, this comprehensive analysis aims
to evaluate the transformative impact of ICIs on cancer immu-
notherapy and explore the dual challenge of maximizing antitu-
mor activity while minimizing autoimmune risks, thus guiding
future advancements in the field.

2. Overview of immune checkpoint inhibitors
2.1. CTLA-4 inhibitors

CTLA-4 inhibitors operate by obstructing the CTLA-4 check-
point molecule on T cells, thereby preventing its binding with
B7 molecules (CD80/CD86) on antigen-presenting cells (APCs;
Fig. 1) [14]. This blockade enhances T-cell activation and pro-
liferation, augmenting the immune system’s ability to attack
cancer cells. CTLA-4 inhibition can also modulate regulatory
T cells (Tregs), which are essential for maintaining immune tol-
erance. Studies have elucidated that beyond merely blocking
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Figure 1. Immune checkpoint interactions in T cell regulation. The diagram illustrates the interaction between a T cell and an antigen-presenting cell (APC) or
tumor cell, highlighting the major molecular components involved. The T cell receptor (TCR) complex, with CD3 and ¢-chain (CD247), recognizes the antigen
(Ag) presented by the MHC Il complex on the APC. Co-stimulatory signals are provided by the interaction between CD28 on the T cell and CD80/CD86 on
the APC. Inhibitory pathways include CTLA-4 competing with CD28 for CD80/CD86, PD-1 interacting with PDL-1 and PDL-2, and LAG-3 binding to MHC
Il. Additional interactions are shown by Galectin-3 (Gal-3) and LSECtin on the APC side. The arrows indicate stimulation (green) or inhibition (red) of T cell
responses, while the “Y” represents antagonist antibodies that block these interactions. The overall effect of these interactions is summarized at the bottom left,
with the resulting decrease in T cell proliferation, cytokine production, and calcium fluxes. Ag, antigen; APCs, antigen-presenting cells; CD80/CD86, cluster of
differentiation 80/86; CD4, cluster of differentiation 4; CTLA-4, cytotoxic T-lymphocyte-associated protein 4; Gal-3, galectin-3; LAG-3, lymphocyte-activation
gene 3; LSECtin, liver and lymph node sinusoidal endothelial cell C-type lectin; MHC-II, major histocompatibility complex class II; PD-1, programmed death-1;
PD-L1, programmed death-ligand 1; PD-L2, programmed death-ligand 2; TCR, T cell receptor [14].
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CTLA-4’s inhibitory signal, these inhibitors may also facilitate
the depletion of Tregs within the tumor microenvironment,
potentially enhancing their antitumor efficacy [15, 16]. CTLA-4
inhibitors, such as ipilimumab, have been approved for treat-
ing metastatic melanoma and have shown promise in other
cancers. Their usage marks a significant advancement in cancer
immunotherapy, offering new hope for patients with advanced
or treatment-resistant cancers. The clinical efficacy of CTLA-4
blockade has paved the way for exploring combination thera-
pies, including with other checkpoint inhibitors, for enhanced
therapeutic outcomes [17]. Interestingly, the activation of the
immune system by CTLA-4 inhibitors can lead to autoimmune
reactions characterized by irAEs. These irAEs may affect various
organs and systems, including the skin, gastrointestinal tract,
liver, and endocrine systems. Managing these adverse effects is
critical for maintaining the quality of life for patients under-
going CTLA-4 inhibitor therapy. Strategies for managing irAEs
include corticosteroids and other immunosuppressive agents,
depending on the severity of the symptoms [15].

2.2. PD-1 inhibitors

PD-1 inhibitors target the PD-1 receptor on T cells, preventing
its interaction with PD-L1 and PD-L2 ligands on cancer cells and
other cells in the tumor microenvironment (Fig. 1). This block-
ade releases the PD-1-mediated inhibition of T cells, enhancing
the immune system’s ability to fight cancer. PD-1 inhibitors thus
reinvigorate exhausted T cells, promoting antitumor activity
[18, 19]. T cell exhaustion refers to a state of dysfunction that
T cells can enter when they are chronically stimulated by anti-
gens, as commonly seen in cancer. This condition is character-
ized by the loss of effector functions, such as cytotoxic activity
and cytokine production, and the upregulation of inhibitory
receptors (eg, PD-1), which dampen immune responses [20].
Over time, when exposed to antigens for an extended period,
some exhausted CD8+ T cells differentiate into stem cell-like or
progenitor-like T cells expressing both transcription factor T cell
factor-1 (TCF1) and PD-1 [21]. Recent findings have highlighted
the significant roles of TCF1+ stem-like progenitor cells within
the subset of exhausted T cells in cancer. These cells, marked by
their expression of the transcription factor TCF1, exhibit stem
cell-like properties that enhance their longevity and functional-
ity, making them essential for sustained immune responses in the
tumor microenvironment. Studies have shown that these pro-
genitor cells are associated with improved responses to ICI ther-
apies, suggesting their potential as targets for enhancing cancer
immunotherapy outcomes. Specifically, the presence of TCF1+
cells in tumors correlates with better antitumor immunity and
an improved capacity to respond to therapies aimed at reversing
T cell exhaustion [21-23].

The distinct mechanisms and sites of action for PD-1 com-
pared to CTLA-4 suggest complementary roles in regulating
the immune response to cancer [18]. PD-1 inhibitors, including
pembrolizumab and nivolumab, have been approved for a vari-
ety of cancers, such as melanoma, nonsmall cell lung cancer,
renal cell carcinoma, and more. Their application has signifi-
cantly improved outcomes for patients with these cancers, offer-
ing durable responses and, in some cases, leading to long-term
remissions. The use of PD-1 inhibitors is rapidly expanding,
with ongoing trials investigating their efficacy in other cancer
types and in combination with other treatments for synergistic
effects [18, 24]. Similar to CTLA-4 inhibitors, PD-1 blockade
can lead to irAEs due to enhanced immune activation. However,
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the spectrum and incidence of irAEs associated with PD-1 inhib-
itors are generally reported to be less severe than those associ-
ated with CTLA-4 blockade [25]. PD-1 inhibitors are generally
considered less toxic compared to CTLA-4 blockades due to
differences in their mechanisms of action and the extent of their
immune system interactions. CTLA-4 inhibitors affect the acti-
vation phase of the immune response, which is a critical control
point, leading to a broad activation of T cells that can result in
more severe and widespread irAEs. On the other hand, PD-1
inhibitors act later in the immune response, primarily at the
effector phase within tissues and tumors, leading to a more tar-
geted effect and typically less severe toxicities. A meta-analysis
examines irAEs associated with ICL They analyzed data from
21 randomized phase I/III immunotherapy trials conducted
between 1996 and 2016, totaling 11,454 patients. The results
indicate that ICIs are linked to increased risks of certain all-grade
and high-grade irAEs compared to non-ICI arms. Specifically,
PD-1/PD-L1 inhibitors showed a lower risk of high-grade colitis
and rash compared to the CTLA-4 inhibitor ipilimumab [26].
In a preclinical study involving co-cultures of human cardio-
myocytes and lymphocytes, both ipilimumab and nivolumab
demonstrated effective anticancer properties but also induced
significant cardiotoxic effects. Despite a comparable increase in
the expression of NOD-like receptor (NLR) family pyrin domain
containing 3 (NLRP3), MyD88, and p65/nuclear factor kappa-
light-chain-enhancer of activated B cells compared to untreated
cells, ipilimumab showed more pronounced pro-inflammatory
and cardiotoxic effects compared to nivolumab. Moreover, in
mice treated with ipilimumab, significant decreases in fractional
shortening and radial strain were observed, indicating impaired
cardiac function. This was accompanied by increased expression
of NLRP3, MyD88, and interleukins (ILs) in the myocardium
[27]. Nonetheless, vigilance for irAEs induced by PD-1 inhibi-
tors remains essential, and management strategies may include
temporary discontinuation of therapy and the administration of
immunosuppressive medications for severe reactions [25].

2.3. PD-L1 inhibitors

PD-L1 inhibitors function by specifically targeting the PD-L1,
which is expressed in tumor cells and tumor-infiltrating immune
cells (Fig. 1). This expression allows cancer cells to evade the
immune system by interacting with the PD-1 receptor on acti-
vated T cells, leading to the inhibition of T-cell function and pro-
liferation. PD-L1 inhibitors, such as durvalumab, atezolizumab,
and avelumab, block this interaction, thereby enabling the
immune system to detect and destroy cancer cells. These inhib-
itors are engineered to enhance the body’s immune response
against cancer by preventing the suppression of T-cell activity,
allowing for a more robust attack on tumor cells [28]. PD-L1
inhibitors have shown significant promise in the treatment of
various cancers, including nonsmall cell lung cancer, urothelial
carcinoma, and melanoma, among others. Their application has
led to improved survival rates and better disease outcomes in
patients, especially those who have not responded well to tradi-
tional therapies. Clinical trials and United States Food and Drug
Administration (FDA) approvals underscore their efficacy and
expanding role in cancer treatment, positioning them as a cor-
nerstone of modern oncology alongside or in combination with
other therapeutic modalities [29]. While PD-L1 inhibitors have
transformed cancer treatment, their immune-mediated mecha-
nism of action can also lead to the development of irAEs. These
irAEs can affect multiple organ systems, including the skin,
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on the autoimmune condition, some alleles have been more fre-
quently associated with these risks. For example, HLA-DR4 has
been linked to an increased risk of rheumatoid arthritis. HLA-
B27 is well-known for its association with ankylosing spondyli-
tis. HLA-DRB1*04 and HLA-DQB1*0302 have been associated
with type 1 diabetes. HLA-DRB111:01 has been linked to an
increased risk of developing irAEs such as pruritus, while HLA-
DQB103:01 has shown a nominally significant association with
colitis in patients undergoing ICI therapy [32-35].

The activation of autoreactive T cells involves complex
molecular pathways. For example, the inhibition of PD-1/PD-L1
interaction can enhance T cell receptor signaling and cytokine
production, leading to the proliferation and activation of T cells,
including those with specificity for self-antigens (Fig. 2) [36].
Furthermore, ICIs can also affect Tregs, which play a crucial
role in maintaining immune tolerance. The reduction in Treg
function or numbers can further promote the activation of auto-
reactive T cells. The involvement of cytokines, such as IL-17,
and the role of the immunoproteasome in antigen processing
within the context of autoimmunity have also been explored,
indicating that changes in cytokine profiles and antigen presen-
tation contribute to the autoimmune phenomena observed with
ICI therapy [37].

3.2. The roles of B cell and humoral immunity

B cells and humoral immunity play significant roles in the patho-
genesis of irAEs induced by ICIs. B cells, traditionally known for
their roles in antibody production, also influence autoimmunity
and have been implicated in the development of irAEs when
ICIs disrupt immune tolerance mechanisms. For example, the
blockade of immune checkpoints can lead to alterations in B
cell populations and functions, which are associated with the
development of irAEs. These changes include shifts in B cell sub-
sets and increased production of autoantibodies, contributing
to autoimmune responses observed in patients undergoing ICI
therapy. The pathomechanisms by which B cells and humoral
immunity contribute to irAEs are multifaceted and involve
several key aspects of immune regulation and response. Under
normal conditions, B cells undergo strict checks to prevent the
production of autoantibodies that would target the body’s own
tissues. However, ICIs can disrupt these checks by blocking
inhibitory pathways that regulate B cell tolerance. This disrup-
tion can lead to the activation of autoreactive B cells, which
produce autoantibodies against self-antigens (Fig. 2). These
autoantibodies can form immune complexes or bind directly
to tissues, initiating inflammation and tissue damage typical of
autoimmune diseases. Notably, B cells are not only producers
of antibodies but also important sources of cytokines. ICIs can
induce B cells to produce pro-inflammatory cytokines such as
IL-6 and TNF-a, which can exacerbate inflammation and lead to
tissue damage. These cytokines can also promote the activation
and differentiation of other immune cells, further amplifying the
immune response. Furthermore, ICIs can alter the distribution
and function of various B cell subsets. For example, regulatory
B cells (Bregs), which typically suppress immune responses and
maintain tolerance, can be diminished in activity or number. On
the other hand, effector B cells, which promote inflammatory
responses, may become more active. This shift can lead to an
overall increase in the inflammatory response, contributing to
irAEs. B cells also act as APCs that can present antigens to T
cells. ICI treatment can enhance the antigen-presenting capa-
bility of B cells, leading to increased activation of T cells. This
heightened T cell activity can contribute to the development of
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irAEs, particularly when self-antigens are presented, leading
to autoimmunity. In some cases, chronic inflammation driven
by active B cells and T cells can lead to the formation of ter-
tiary lymphoid structures (TLS) within tissues. These struc-
tures resemble lymph nodes and can perpetuate local immune
responses against self-tissues, contributing to the chronicity and
severity of irAEs [38-41].

3.3. Cytokine release and inflammatory cascade

The treatment with ICIs can lead to a significant alteration in
cytokine profiles (Fig. 2), characterized by an increase in proin-
flammatory cytokines such as IFN-y, TNF-a, IL-6, and IL-17
[36]. Initially, ICIs promote the activation and proliferation of
T helper (Th) cells, particularly Th1 and Th17 subsets. Th1 cells
are known to produce IFN-y, which activates macrophages and
is crucial for antitumor immunity but can also drive autoim-
munity. Th17 cells produce IL-17, a cytokine that plays a role
in inflammation and has been implicated in autoimmune dis-
eases. The cytokine environment influenced by ICIs can skew
T cell differentiation towards these proinflammatory subsets,
contributing to the overall increase in IFN-y and IL-17 [42].
Furthermore, the nonspecific activation of the immune system
can lead to bystander activation of autoreactive T cells that were
previously regulated by immune checkpoints. This can result in
the production of autoantibodies and inflammatory cytokines,
including IL-6, which plays a key role in promoting Th17 differ-
entiation and sustaining inflammation. Thus, the initial increase
in cytokines such as IFN-y and TNF-a can create an inflam-
matory environment that promotes further immune cell recruit-
ment and activation, leading to a positive feedback loop that
amplifies cytokine production. The cytokine changes can dis-
rupt immune homeostasis, leading to tissue damage and clinical
manifestations of autoimmunity [43]. Additionally, cytokines
such as IL-6 not only contribute to inflammation but also to the
suppression of Treg function, which further exacerbates auto-
immune responses.

The disruption of immune homeostasis by ICIs can manifest
in various forms of autoimmunity, including but not limited to,
inflammatory arthritis, thyroiditis, and type 1 diabetes (Fig. 3)
[44]. The altered cytokine milieu not only promotes the activa-
tion and proliferation of autoreactive T cells but also impacts
other immune cells, contributing to a self-perpetuating cycle
of inflammation and autoimmunity. The chronic inflammatory
state induced by the dysregulated cytokine production can lead
to tissue damage and the clinical presentation of autoimmune
diseases. Furthermore, the understanding of these processes is
critical for developing strategies to mitigate the adverse effects
of ICIs while preserving their antitumor efficacy [45].

3.4. Epitope spreading

Epitope spreading is the process by which the immune response,
initially targeted at specific antigens, diversifies to recognize
additional epitopes within the same antigen (intramolecular
spreading) or on different antigens (intermolecular spreading).
This phenomenon can exacerbate or perpetuate autoimmune
diseases by broadening the immune attack against self-antigens,
potentially leading to a more severe or widespread disease. In
the context of ICI therapy, epitope spreading may occur as the
enhanced immune response against tumor antigens leads to the
unintentional targeting of related self-antigens. The inflamma-
tory environment created by ICIs can expose previously hidden
self-antigens to the immune system, promoting the activation
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Figure 2. Cascades of autoimmunity induced by checkpoint inhibition. This diagram depicts the process of T cell activation, involving a T cell interacting with
a dendritic cell presenting a neoantigen via MHC Class |. CD28 on the T cell provides a co-stimulatory signal upon binding with B7.1/B7.2 on the dendritic cell.
The CTLA-4 pathway and its inhibition by an anti-CTLA-4 antibody are also shown. Following priming (initial activation of naive T cells by antigen-presenting
cells), the activation of preexisting tissue-resident memory CD8+ T cells and the generation of primed, activated autoimmune CD8+ T cells are illustrated. These
cells can infiltrate normal tissue and contribute to the immune response. The diagram also represents the PD-1 pathway on T cells, interaction with PDL1, and
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cluster of differentiation 28; CTLA4, cytotoxic T-lymphocyte associated protein 4; IFNGR1: interferon-gamma receptor 1; IL-6: interleukin 6; JAK-STAT, janus
kinase-signal transducer and activator of transcription; MHC, major histocompatibility complex; PD1, programmed cell death protein 1; PDL1, programmed

death-ligand 1; TCR, T cell receptor; TNF, tumor necrosis factor.
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Figure 3. Mechanism of action and systemic adverse effects of immune checkpoint inhibitors. This figure illustrates the mechanism by which immune check-
point inhibitors target the PD-1/PD-L1 pathway to induce tumor cell death, as well as the potential adverse effects of such treatments. The left side of the image
shows a T cell being activated against a tumor cell due to the blockade of the PD-1/PD-L1 interaction by immune checkpoint inhibitors, leading to tumor cell
death. The right side outlines various autoimmune-like side effects that can occur as a result of this immune activation, including thyroiditis, pneumonitis, myo-
carditis, type 1 diabetes, dermatitis, colitis, nephritis, and arthritis. PD1, programmed cell death protein 1; PDL1, programmed death-ligand 1 [44].

of autoreactive T and B cells against these new targets. Epitope
spreading has been implicated in various autoimmune diseases,
underscoring its significance in autoimmunity pathogenesis and
its potential role in ICI-induced autoimmunity [46].

3.5. Genetic and environmental factors

The susceptibility to ICI-induced autoimmunity is influenced
by a complex interplay of genetic and environmental factors.
As previously described, genetic predispositions, such as specific
HLA alleles, can increase the likelihood of developing autoim-
mune reactions by affecting immune response regulation and
antigen presentation [32-35]. Apart from HLA genetic variants,
several other genetic variants have been identified that can con-
fer risks toward irAEs associated with cancer immunotherapies.
For instance, several studies identified an IL-7 allelic variant
rs16906115, an IL-22RA1 rs75824728, and rs113861051 on
4p15 as major risk factors for the development of ICI-associated
irAEs. This finding underscores the impact of cytokine-related
genetic variants on the risk of irAEs [47, 48]. Furthermore, a
Japanese study involving 622 cancer patients aimed to identify
variants predicting the risk of nivolumab-induced irAEs. While
the study did not find significant associations, it identified single
nucleotide polimorphism rs469490 among others as potentially
associated, suggesting the need for further research in larger
and diverse cohorts to confirm these findings [49]. Furthermore,
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genetic variations in immune checkpoint pathways may alter the
efficacy and safety of ICI therapy, predisposing certain individ-
uals to autoimmune side effects. Rare loss-of-function variants
in genes involved in immune regulation can contribute to auto-
immunity. For instance, mutations in the SOCS1 gene, which
encodes a suppressor of cytokine signaling, have been identified
in patients with early-onset autoimmunity. SOCS1 acts to inhibit
the Janus kinase-signal transducer and activator of transcription
pathway, and its haploinsufficiency can lead to increased cyto-
kine signaling and autoimmune manifestations [50, 51]. Next,
the expression quantitative trait loci (eQTLs) that affect the
expression levels of immune-related genes can also play a role
in autoimmunity. Single-cell eQTL mapping has identified cell
type-specific genetic control of autoimmune disease, highlight-
ing how genetic variation can impact the immune response at
the cellular level and contribute to autoimmune disease suscep-
tibility [52]. Genetic variants affecting pathways involved in T
cell activation and differentiation, such as those regulating the
balance between Th17 cells and Tregs, can also influence auto-
immunity risk. For example, variants that enhance Th17 polar-
ization may predispose individuals to autoimmune conditions
due to the pro-inflammatory role of IL-17 [53].

Environmental factors, including prior infections, microbi-
ome composition, and exposure to certain chemicals or drugs,
can also modulate immune tolerance and trigger autoimmunity
in genetically predisposed individuals. Infections, in particular,
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have been shown to initiate autoimmunity through mechanisms
such as molecular mimicry and bystander activation, which may
be exacerbated by the immune dysregulation induced by ICIs
[54]. Dysbiosis, or the imbalance in the microbial community,
can lead to the activation of autoreactive T cells and the reduc-
tion of Treg functionality, thereby disrupting immune homeosta-
sis. This disruption can promote the development of autoimmune
diseases by facilitating the presentation of self-antigens and the
production of proinflammatory cytokines. For instance, certain
gut bacteria can produce metabolites that affect the differentia-
tion of T cells into proinflammatory Th17 cells or promote the
production of anti-inflammatory Tregs, thus influencing suscep-
tibility to autoimmune conditions [55]. Additionally, molecular
mimicry between microbial antigens and self-antigens can lead
to cross-reactivity and the activation of autoreactive immune
cells, further linking microbiome composition to autoimmunity
[56]. Exposure to certain environmental chemicals or drugs can
also modulate immune tolerance and trigger autoimmunity.
These substances can act as adjuvants, stimulating the immune
system and promoting the activation of autoreactive T cells. For
example, drugs such as procainamide and hydralazine have been
associated with drug-induced lupus, a condition where individ-
uals develop autoantibodies and lupus-like symptoms follow-
ing exposure to these medications. The mechanism behind this
phenomenon involves the drugs’ ability to induce epigenetic
changes, such as DNA demethylation, leading to the overexpres-
sion of genes normally silenced in T cells, which in turn can trig-
ger an autoimmune response [57, 58]. Environmental chemicals,
including pollutants and endocrine-disrupting compounds, can
also influence immune tolerance by affecting gene expression
related to immune regulation or by directly stimulating immune
cells, thereby increasing the risk of autoimmunity in genetically
susceptible individuals [59].

4. Clinical manifestations of autoimmunity in ICI
therapy

4.1. Organ-specific autoimmune reactions

ICIs can also initiate irAEs, including organ-specific auto-
immune reactions. These manifestations reflect the broader
immune activation against cancer cells but may also inadver-
tently target self-antigens, leading to autoimmunity. Cutaneous
irAEs are among the most frequent, appearing as maculopap-
ular rash, pruritus, vitiligo, and more severe conditions like
bullous pemphigoid [60, 61]. Stevens-Johnson syndrome (S]S)
and toxic epidermal necrolysis (TEN) are rare but severe muco-
cutaneous irAEs that can occur with ICI therapy. These con-
ditions are characterized by extensive skin detachment and
mucosal involvement, often triggered by an immune response
that is excessively activated by ICIs. The severity of SJS and
TEN can range from mild to life-threatening, with significant
morbidity and mortality rates. Recent research has identified an
increased risk of SJS and TEN in patients treated with ICIs. For
instance, a systematic analysis and meta-analysis found a clear
association between ICIs and an increased risk of developing
these severe skin reactions. The study assessed SJS/TEN cases
reported in clinical trials and the FDA Adverse Event Reporting
System (FAERS), confirming a significant association with ICIs,
with a median onset time of approximately 25.5 days from the
start of therapy. The study also highlighted the severe outcomes
associated with these conditions, including a high discontinu-
ation rate of ICIs and a considerable mortality rate, especially
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for TEN [62]. Early intervention with topical steroids or sys-
temic immunosuppression for severe cases can manage these
cutaneous reactions effectively [60]. Historically, corticoste-
roids were administered with the aim of tempering the severe
immune reaction characteristic of SJS/TEN [63, 64]. However,
evidence regarding their effectiveness is mixed, and there is con-
cern about potential adverse effects, such as increasing the risk
of infections or delaying wound healing [65, 66]. Recently, the
National Comprehensive Cancer Network (NCCN) guidelines
for the management of immunotherapy-related toxicities sug-
gested using prednisone or methylprednisolone at a dosage of 1
to 2 mg/kg/day along with intravenous immunoglobulin (IVIG)
at a dosage of 1g/kg/day, and possibly other immunosuppres-
sive treatments like etanercept and cyclosporine for managing
SJS/TEN, without distinguishing between true SJS/TEN and SJS/
TEN-like rashes [61, 67].

Next, colitis is a notable irAE associated with ICIs, char-
acterized by diarrhea, abdominal pain, and bloody stools.
Management includes high-dose corticosteroids and, if refrac-
tory, drugs such as infliximab [68]. ICIs can also lead to thyroid
dysfunction (hyperthyroidism followed by hypothyroidism),
adrenal insufficiency, and hypophysitis. These conditions require
hormonal replacement therapy and, in the case of hypophysitis,
may necessitate lifelong hormonal supplementation [69]. Other
reactions include hepatitis, pneumonitis, nephritis, hematolog-
ical irAEs, and ocular irAEs. Hematological irAEs, including
various cytopenias (reductions in the number of blood cells),
anemias, and immune thrombocytopenia (ITP), reflect the broad
impact of ICIs on the bone marrow and immune system’s regu-
lation of hematopoiesis. Meanwhile, ocular irAEs can manifest
as uveitis, dry eye syndrome, or more severe conditions such
as ocular myositis. Additionally, nephritis associated with ICIs
often presents as an acute kidney injury requiring careful man-
agement to prevent long-term renal damage [70].

ICIs have also been associated with rare but potentially fatal
cardiac autoimmune reactions. These cardiac irAEs can mani-
fest as myocarditis, pericarditis, and arrhythmias, challenging
clinicians due to their nonspecific symptoms and potential for
rapid progression to severe outcomes. The exact mechanism of
ICI-induced cardiac autoimmunity is not fully understood but
is thought to involve T-cell-mediated attacks on cardiac tissue,
possibly triggered by molecular mimicry or the expression of
shared antigens between tumor cells and cardiac muscle. A study
reported 2 rare cases of melanoma patients who developed fatal
myocarditis after receiving a combination of ipilimumab and
nivolumab. Both patients experienced myositis, cardiac elec-
trical instability, and myocarditis with T-cell and macrophage
infiltrates. Clonal T-cell populations found in the myocardium
matched those in tumors and skeletal muscle [71]. A pharma-
covigilance study further demonstrated that myocarditis “only”
occurred in 0.27% of patients treated with the ipilimumab and
nivolumab combination [71]. Overall, although the incidence of
cardiac irAEs is low, the mortality rate among affected patients
is notably high, underscoring the importance of early recogni-
tion and aggressive management.

Treatment typically involves high-dose corticosteroids and,
in some cases, additional immunosuppressive agents such as
mycophenolate mofetil (MMF) or tacrolimus. Recent studies
also suggest that immunomodulatory drugs such as abatacept
and ruxolitinib, when used either individually or in combina-
tion, can mitigate the severity of ICI-induced myocarditis and
improve patient outcomes. Specifically, MMEF, by inhibiting
purine synthesis, and tacrolimus, by inhibiting calcineurin,
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effectively suppress the immune response that contributes to
myocarditis. Their role in this context is critical, especially in
steroid-refractory cases, where conventional treatments fail
to control inflammation and cardiac symptoms. Abatacept,
a CTLA-4 fusion protein, acts by inhibiting T-cell activa-
tion. Meanwhile, ruxolitinib, a Janus kinase inhibitor, targets
inflammatory pathways that are also implicated in the cardiac
toxicity of ICIs. In a reported case, a patient with metastatic
renal cell carcinoma developed severe ICI-induced myocarditis
that was refractory to steroids. The introduction of MME, in
combination with abatacept, effectively managed the myocar-
ditis and associated myasthenia gravis-like symptoms, leading
to clinical improvement and eventual discharge from the hos-
pital [72]. Another study reported a significant reduction in
myotoxicity-related fatalities from 60% to 3.4% with the use
of systematic screening for respiratory muscle involvement and
combined treatment with abatacept and ruxolitinib in patients
with severe ICI-induced myocarditis. This strategy involved
dose adjustments of abatacept based on CD86-receptor occu-
pancy, highlighting a personalized approach to treatment [73].
Another case report detailed the successful reversal of severe
pembrolizumab-induced myocarditis in a young patient using
a high dose of abatacept adjusted to ensure significant recep-
tor occupancy, combined with ruxolitinib and corticosteroids,
leading to rapid clinical improvement and hospital discharge
[74]. Nevertheless, despite these interventions, the prognosis for
patients with severe cardiac irAEs remains guarded, highlighting
the need for further research into prevention, early detection,
and management strategies for this serious complication of ICI
therapy [75-78].

4.2. Systemic autoimmune reactions

Beyond organ-specific irAEs, ICIs can induce systemic auto-
immune reactions, manifesting as a spectrum of symptoms
affecting multiple organ systems simultaneously and often
mimic classic autoimmune diseases in their clinical presenta-
tion. Unlike organ-specific irAEs, systemic irAEs can present
a more complex diagnostic and management challenge due to
their broader impact on patient health. Triple M syndrome,
an overlapping condition of myositis, myocarditis, and myas-
thenia gravis, emerges due to the profound immune activation
triggered by IClIs, leading to severe muscle and cardiac inflam-
mation [79, 80]. Similarly, cytokine release syndrome (CRS) is
a life-threatening condition precipitated by an overwhelming
release of cytokines following ICI therapy, which can result in
multi-organ dysfunction and shock. Severe cases of CRS have
been reported in patients treated with ICIs for lung cancer,
where patients experienced symptoms such as high fever, shock,
and multi-organ failure. Treatment often requires intensive
interventions, including steroids and tocilizumab, an anti-IL-6
receptor antibody [81].

Other systemic reactions include inflammatory arthritis,
sicca syndrome, systemic lupus erythematosus-like syndromes,
and vasculitis [82]. ICI therapy can induce inflammatory
arthritis resembling rheumatoid arthritis or psoriatic arthritis.
Patients typically present with joint pain, stiffness, and swelling.
Inflammatory arthritis as an irAE is notable for its potential to
persist even after discontinuation of ICI therapy, necessitating
long-term management strategies. The use of systemic corti-
costeroids is the first line of treatment, with disease-modifying
antirheumatic drugs such as methotrexate being considered for
cases that are refractory to steroids or where steroid-sparing
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treatments are desired [83, 84]. ICIs can also induce symptoms
resembling Sjogren’s syndrome, characterized by dry mouth and
dry eyes (sicca syndrome). This condition reflects underlying
inflammation in the salivary and lacrimal glands. Management
includes symptomatic relief with artificial tears and saliva sub-
stitutes, with more severe cases potentially requiring systemic
immunosuppression [85]. Moreover, ICIs can trigger systemic
reactions that mimic systemic lupus erythematosus, presenting
with a range of symptoms including rash, arthritis, serositis,
and hematological abnormalities. The presence of antinuclear
antibodies and other autoantibodies can further complicate the
clinical picture. Treatment involves systemic corticosteroids and,
in cases of severe or refractory disease, the use of immunosup-
pressive agents such as mycophenolate mofetil [86]. Likewise,
vasculitis induced by ICIs can range from localized cutaneous
vasculitis to more severe systemic forms, such as granuloma-
tosis with polyangiitis. Clinical manifestations depend on the
vessels and organs involved but can include skin lesions, renal
impairment, and pulmonary symptoms. Management typically
involves corticosteroids, with cyclophosphamide or rituximab
being options for severe or life-threatening cases [87].

4.3. Diagnosis, grading, and management

The diagnosis of irAEs requires a high index of suspicion, given
their variable presentation and potential for overlap with symp-
toms of underlying malignancy or other treatment-related side
effects. Early and accurate diagnosis is critical, involving clini-
cal assessment, laboratory testing, imaging studies, and some-
times biopsy (Table 2). Regular monitoring of patients receiving
ICIs for signs and symptoms of irAEs is essential. Laboratory
tests including complete blood count, liver function tests, thy-
roid function tests, and inflammatory markers can help in early
detection.

The National Cancer Institute’s Common Terminology Criteria
for Adverse Events (CTCAE) provides a standardized classifica-
tion for the severity of adverse events in clinical trials, including
those related to cancer immunotherapy. CTCAE categorizes the
severity of irAEs as follows: grade 1 (mild): asymptomatic or
mild symptoms; clinical or diagnostic observations only; inter-
vention not indicated. This level represents minimal discomfort
and does not interfere with the patient’s day-to-day activities.
Grade 2 (moderate): minimal, local, or noninvasive intervention
indicated; limiting age-appropriate instrumental activities of
daily living (ADL). These symptoms cause moderate discomfort
and may limit some daily activities but do not require substantial
or immediate treatment. Grade 3 (severe): severe or medically
significant but not immediately life-threatening; hospitalization
or prolongation of hospitalization indicated; disabling; limiting
self-care ADL. At this level, the irAEs are sufficiently severe to
require hospital intervention. This may include high-dose cor-
ticosteroids or other immunosuppressive medications. Grade 4
(life-threatening): life-threatening consequences; urgent inter-
vention indicated. These adverse events require immediate and
intensive treatment to prevent death. Finally, grade 5 (death):
death related to adverse events [88]. The grading helps in guid-
ing treatment decisions, such as whether to continue, withhold,
or discontinue ICI therapy, and whether to initiate immuno-
suppressive treatments. For instance, mild irAEs (grade 1) may
require close monitoring but no treatment alteration, whereas
moderate (grade 2) irAEs might necessitate holding the ICI and
initiating moderate immunosuppression. Severe (grade 3) and
life-threatening (grade 4) irAEs generally require hospitalization,
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Diagnostic modalities for detecting ICl-induced irAEs

Organ/system

Diagnostic modality

Description

General/systemic irAEs

Laboratory tests

Complete blood count, liver function tests, kidney function tests, electrolytes, inflammatory markers

6.9, CRP, ESR)
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Dermatologic Dermatological examination Clinical assessment by a dermatologist
Skin biopsy Histopathological examination to confirm diagnosis like lichenoid dermatitis, bullous pemphigoid
Gastrointestinal Endoscopy Upper and lower endoscopy to visualize and biopsy the Gl tract
Laboratory tests Fecal calprotectin, liver function tests, pancreatic enzymes
Abdominal imaging CT scan or MRI to assess for inflammation, obstruction, or other abnormalities
Hepatic Laboratory tests Liver function tests (ALT, AST, bilirubin, ALP)
Abdominal ultrasound To visualize liver for any structural changes
Liver biopsy To evaluate the extent of liver damage or inflammation
Endocrine Laboratory tests Hormone levels such as cortisol, thyroid function tests, sex hormones
Imaging Ultrasound of thyroid, CT or MRI for adrenal glands
Pulmonary Pulmonary function tests To assess lung function
Chest X-ray Initial assessment for pulmonary changes
High-resolution CT (HRCT) Detailed imaging to evaluate interstitial lung disease
Bronchoscopy With biopsy for histological examination
Cardiac ECG To detect arrhythmias or ischemic changes
Echocardiogram To assess cardiac function and structure
Cardiac MRI To evaluate myocarditis or other structural changes
Troponin levels Biomarkers of cardiac injury
Renal Laboratory tests Serum creatinine, urea, electrolytes, urine analysis for proteinuria and hematuria
Renal ultrasound To assess kidney size and rule out obstruction
Kidney biopsy To determine the specific type of nephritis or other pathology
Neurological Neurological examination Clinical assessment by a neurologist
MRI of the brain and spine To visualize lesions or areas of inflammation
Lumbar puncture Analysis of cerebrospinal fluid for inflammatory markers
Electroencephalogram (EEG) To assess for seizures or other electrical activity abnormalities
Musculoskeletal X-ray Basic imaging to assess joint structures
MRI Detailed imaging to assess soft tissue and joint integrity
Laboratory tests Muscle enzymes (e.g., CK), inflammatory markers
Arthroscopy Diagnostic and sometimes therapeutic intervention to assess joint health
Ophthalmic Ophthalmological examination Comprehensive eye examination by an ophthalmologist

Fluorescein angiography
OCT (optical coherence tomography)

To assess retinal blood flow
Detailed imaging of the retina

ALP, alkaline phosphatase; ALT, alanine transaminase; AST, aspartate transaminase; CK, creatine kinase; CRP, C-reactive protein; CT, computed tomography; ECG, electrocardiogram; ESR, erythrocyte
sedimentationrate; irAE, immune-related adverse events; MRI, magnetic resonance imaging; OCT, opticalcoherencetomography.

high-dose corticosteroids, and permanent discontinuation of the
ICI [89].

The management of irAEs primarily involves the administration
of corticosteroids to reduce inflammation (Table 3). The severity
of irAEs dictates the dose and duration of corticosteroid therapy.
For severe or corticosteroid-refractory irAEs, several alternative
treatment modalities have been explored to manage these com-
plex cases effectively. These include additional immunosuppres-
sive agents such as TNF-a inhibitors, MMEF, cyclophosphamide,
or other immunomodulators. Additionally, IVIG, biologics (eg,
tocilizumab and rituximab), and plasmapheresis could be useful.
TNF-a inhibitors, such as infliximab, are particularly useful in
managing severe cases of irAEs such as colitis, which are refrac-
tory to steroids [99]. TNF-a inhibitors have also been recom-
mended for irAEs such as severe ICI-induced myocarditis and
other critical conditions where swift control of inflammation is
crucial. However, it is important to note that TNF-a inhibitors
are contraindicated in patients with moderate to severe heart
failure, indicating the need for careful patient selection and mon-
itoring. While there is a concern that suppressing TNF-o might
negatively impact the anticancer efficacy of ICls, the majority of
evidence suggests that at least short courses of TNF inhibitors
do not compromise the anticancer effects. Preclinical studies
suggest that TNF inhibition might even augment the antitumor
effects of ICI therapy while ameliorating irAEs [100]. While,
MMEF inhibits lymphocyte proliferation and has been utilized
as a second-line treatment for managing steroid-resistant irAEs,
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particularly in cases involving the gastrointestinal tract and liver
[101, 102]. For more severe or life-threatening irAEs, such as
severe pneumonitis or refractory rheumatological conditions,
cyclophosphamide can be used [103]. It acts by suppressing
the immune system and reducing inflammation. Tocilizumab,
an IL-6 receptor antagonist, has been used successfully in man-
aging irAEs, particularly those involving severe systemic symp-
toms such as CRS. It helps by directly inhibiting the pathways
involved in inflammation [104]. Meanwhile, rituximab, a CD20
monoclonal antibody, targets B cells and has been used in cases
of hematological irAEs, such as immune thrombocytopenia and
autoimmune hemolytic anemia, as well as dermatological irAEs
[105, 106]. Plasmapheresis can be used in life-threatening irAEs
to rapidly remove circulating autoantibodies and immune com-
plexes from the blood. It is particularly useful in neurologic and
severe cutaneous irAEs where rapid reduction of autoantibodies
is necessary [107]. IVIG is used as an immunomodulatory treat-
ment for various autoimmune and inflammatory conditions. It
has been shown to be effective in cases of irAEs that are refrac-
tory to corticosteroids, providing an alternative that can mod-
ulate the immune response without the side effects associated
with prolonged corticosteroid use. For instance, IVIG has been
successfully used in treating severe dermatological irAEs, offer-
ing both clinical remission and a favorable safety profile [1035,
108]. The choice of intervention depends on the severity and
nature of the autoimmune reaction [109]. Importantly, the treat-
ment of irAEs does not necessarily require discontinuation of
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Proposed management of ICI-induced irAEs [90-98]
Organ/system Specific irAE CTCAE grade Treatment options
General Systemic inflammation Grade 1 Observation, symptom management
Grade 2 Corticosteroids, symptom-specific interventions
Grade 3 High-dose corticosteroids, hospitalization
Grade 4 Immunosuppressive agents, ICU care
Grade 5 Supportive care, end-of-life considerations
Dermatologic Rash, Bullous disease, Stevens- Grade 1 Topical steroids, moisturizers
Johnson syndrome Grade 2 Systemic steroids, topical immunomodulators
Grade 3 Systemic immunosuppressants, TNF-a. inhibitors
Grade 4 Hospitalization, IV immunoglobulin
Gastrointestinal Colitis Grade 1 Symptomatic treatment (eg, loperamide for diarrhea)
Grade 2 Oral steroids, dietary modifications
Grade 3 IV steroids, infliximab
Grade 4 Infliximab, vedolizumab, hospitalization
Hepatic Hepatitis Grade 1 Monitor LFTs, reduce dose of ICl
Grade 2 Oral steroids
Grade 3 High-dose IV steroids, mycophenolate mofetil
Grade 4 Discontinue ICI, tacrolimus
Endocrine Hypophysitis, primary adrenal Grade 1 Monitor function, adjust hormone replacement
insufficiency, thyroid dysfunction, Grade 2 Hormone replacement therapy (eg, thyroid hormones, insulin, hydrocortisone)
hypoparathyroidism, type 1 diabetes Grade 3 Increase hormone doses, immunosuppression
Grade 4 ICU care for crisis management
Pulmonary Pneumonitis Grade 1 Monitor symptoms, pulmonary function tests
Grade 2 Oral steroids, bronchodilators
Grade 3 High-dose corticosteroids, oxygen therapy
Grade 4 Mechanical ventilation, cyclophosphamide, infliximab, mycophenolate mofetil
Renal Nephritis, acute kidney injury Grade 1 Monitor renal function, hydration
Grade 2 Corticosteroids, hydration
Grade 3 High-dose steroids, consider renal biopsy
Grade 4 Dialysis, more aggressive immunosuppression
Neurologic Neuropathies, meningitis Grade 1 Symptomatic treatment, physical therapy
Grade 2 Oral steroids, IVIG
Grade 3 High-dose steroids, plasmapheresis
Grade 4 ICU monitoring, aggressive immunosuppression
Ophthalmic Uveitis, dry eye syndrome Grade 1 Artificial tears, monitoring
Grade 2 Topical corticosteroids, possible referral to ophthalmology
Grade 3 Systemic corticosteroids, consultation with ophthalmology
Grade 4 Aggressive immunosuppression, potential hospitalization
Cardiac Myocarditis, arrhythmias Grade 1 Monitor function, ECG
Grade 2 Beta-blockers, ACE inhibitors
Grade 3 High-dose corticosteroids, heart failure management
Grade 4 Mechanical support, ICU care
Musculoskeletal Arthritis, myositis Grade 1 Analgesics, physical therapy
Grade 2 NSAIDs, corticosteroids
Grade 3 Immunosuppressants, referral to rheumatology
Grade 4 Aggressive immunosuppression, joint surgeries if necessary
Hematological Anemia, thrombocytopenia, Grade 1 Monitor blood counts, supportive care
neutropenia Grade 2 Growth factors, transfusions
Grade 3 High-dose corticosteroids, IVIG
Grade 4 Immunosuppressive therapy, plasmapheresis

ACE, angiotensin-converting enzyme; CTCAE, Common Terminology Criteria for Adverse Events; ECG, electrocardiogram; ICI, immune checkpoint inhibitors; ICU, intensive care unit; IVIG, intravenous
immunoglobulin; LFTs, liver function tests; NSAIDs, nonsteroidal anti-inflammatory drugs; TNF-ct, tumor necrosis factor-alpha.

ICI therapy, especially if the irAEs are mild to moderate and can
be controlled with appropriate management. However, severe
irAEs may necessitate pausing or discontinuing ICI treatment
[110]. Collaborative care involving oncologists, immunologists,
endocrinologists, and other specialists is vital for the optimal
management of these complex patients.

5. Current strategies and future perspectives to
mitigate autoimmune reactions

The advent of ICIs has underscored the need for comprehen-
sive strategies aimed at identifying potential autoimmune risks.
Genetic predispositions, such as specific HLA alleles, can influ-
ence the likelihood of developing autoimmune reactions to ICIs.
Understanding the genetic underpinnings of autoimmunity can
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help identify individuals at higher risk and guide the develop-
ment of personalized therapy approaches [111, 112]. Variations
in HLA genes can predispose individuals to different immune
reactions when exposed to certain drugs [113], including ICIs
[114]. Moreover, research has shown that HLA-I homozygos-
ity might serve as a protective biomarker for developing irAEs
among patients with NSCLC treated with ICIs, suggesting
that a deeper understanding of HLA typing could be crucial
for both predicting irAE risk and tailoring ICI therapy to indi-
vidual genetic profiles [115]. Next, continuous monitoring of
immune responses in patients receiving ICIs is crucial for the
early detection of autoimmune reactions. This involves regular
assessment of clinical symptoms and laboratory markers indic-
ative of immune activation or suppression [116]. Several bio-
markers have been identified to potentially predict irAEs due to
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ICI therapy. These biomarkers span a range of biological indi-
cators, including blood cell counts, cytokines, autoantibodies,
as well as microbiome compositions. Baseline absolute eosino-
phil counts (AEC) have been associated with the development
of irAEs. Patients with higher baseline AECs are more likely to
experience toxicities related to ICI therapy. This relationship has
been validated across different types of cancers, suggesting that
eosinophils could serve as a predictive biomarker for ICI-related
toxicity [117]. Various cytokines and chemokines have also
been investigated as biomarkers to predict irAEs. For instance,
changes in levels of IL-6, IL-10, and TNF-a have been found
to correlate with the onset and severity of irAEs. Furthermore,
the composition of the gut microbiome has been explored as a
potential predictor of irAEs. Specific microbial signatures may
influence the immune system’s response to ICIs and predict the
likelihood of developing irAEs [112]. Several comprehensive
review articles have discussed the potential of existing and novel
biomarkers to predict irAEs [112, 118].

The evolution of personalized medicine has the potential to
revolutionize ICI therapy by tailoring treatment to individual
patient profiles. This approach leverages genomic, proteomic,
and immunologic data to predict response to ICIs and the
risk of developing autoimmunity. By integrating this compre-
hensive data, clinicians can make informed decisions about
the use of ICIs, potentially selecting those with a lower risk
of inducing autoimmunity in susceptible individuals [116].
Additionally, personalized medicine can guide the use of com-
bination therapies, balancing efficacy with safety to optimize
patient outcomes. Research into immunoproteasome, a vari-
ant of proteasome present in immune cells, has revealed its
involvement in autoimmune pathology, including myocarditis
associated with ICIs. Inhibitors of immunoproteasome have
shown promise in mitigating autoimmune-related cardiac
pathology in mouse models, suggesting a potential pathway
for managing autoimmune myocarditis in humans, possibly
including patients with ICI-related autoimmunity [37]. Next,
the development of next-generation ICIs involves balanc-
ing efficacy with reduced autoimmunity risk. This includes
enhancing selectivity, combination therapies, and personal-
ized therapies. Research is ongoing to develop ICIs that more
selectively target the immune checkpoints involved in tumor
evasion while minimizing the impact on pathways critical for
maintaining self-tolerance [119]. Another promising avenue
is the use of nanotechnology to enhance the delivery of IClIs,
potentially improving their specificity and reducing off-target
effects [120-122]. Furthermore, combining ICIs with other
therapeutic modalities, such as targeted therapy or chemother-
apy, may enhance antitumor efficacy while potentially reduc-
ing the incidence or severity of autoimmune reactions [123].
At last, the search for novel therapeutic targets aims to expand
the arsenal of ICIs by identifying new immune checkpoints
that can be modulated to activate antitumor responses with a
reduced risk of autoimmunity. Research has begun to explore
beyond CTLA-4 and PD-1/PD-L1 to include targets such as
LAG-3, TIM-3, and TIGIT, which may offer distinct advan-
tages in terms of efficacy and safety [116].

6. Summary

The exploration of ICIs has underscored a complex interplay
between the potentiation of antitumor immunity and the inad-
vertent induction of irAEs, presenting a dual-edged sword in
cancer therapy. Critical insights have emerged, highlighting the

135

https://apallergy.org/

delicate equilibrium required between activating the immune
system to target malignancies and maintaining immune toler-
ance to prevent autoimmune diseases. The therapeutic efficacy
of ICIs, while remarkable, is tempered by the risk of irAEs,
underscoring the necessity of a balanced immune response for
optimal treatment outcomes. This balance is not static but rather
a dynamic interplay that can be influenced by genetic predis-
positions, environmental factors, and individual immune land-
scapes. The advancement of personalized medicine approaches
offers promising avenues to tailor ICI therapy to individual risk
profiles, potentially mitigating the risk of irAEs while preserving
antitumor efficacy. Moreover, the identification of novel thera-
peutic targets and the development of next-generation ICIs aim
to refine this balance further, enhancing the specificity and safety
of these therapies. However, to fully realize the potential of ICIs
and extend their benefits to a broader patient population, con-
tinued research is imperative. This research should focus on
deepening our understanding of the mechanisms underlying
ICI-induced autoimmunity, identifying predictive biomarkers
for irAEs, and developing strategies to modulate the immune
response more precisely. Through these endeavors, the goal is
to expand the therapeutic window of ICls, enabling more can-
cer patients to receive these life-saving therapies with minimized

risk of irAEs.

Conflicts of interest

The authors have no financial conflicts of interest.

Author contributions

Sutanto: conception of study, writing of manuscript, revisions,
and approval of final draft. Safira: writing of manuscript, revi-
sions, visualization, and approval of final draft. Fetarayani:

writing of manuscript, revisions, supervision, and approval of
final draft.

References

1. Roeser J, Leach S, McAllister F. Emerging strategies for cancer immuno-

prevention. Oncogene 2015;34:6029-6039.

Gasparri M, Ruscito I, Taghavi K, Farooqi A, Papadia A, Focaccetti C,

Barnaba V, Panici P, Mueller M. The immunobiology of cancer: from

tumor escape to cancer immunoediting towards immunotherapy in

gynecologic oncology. 2017:193-204.

. Makhoul I, Atig M, Alwbari A, Kieber Emmons T. Breast cancer immu-
notherapy: an update. Breast Cancer (Auckl) 2018;12

. Finn O. The dawn of vaccines for cancer prevention. Nat Rev Immunol
2017;18:183-194.

. Kumar R, Jain SR. Advances in cancer immunology and cancer immuno-
therapeutics. [JMIO 2018;3:2-11.

. Afla FYI, Mustika A, Suyudi MAR, Azzahra ZM. Delivery of ANTI-PD-1
gene with recombinant adeno-associated virus (RAAV) as preventive and
curative therapy of infectious diseases in childhood: literature review.
Curr Int Med Res Prac Surabaya J 2022;3:59-62.

. Ribatti D. The concept of immune surveillance against tumors: the first
theories. Oncotarget 2016;8:7175-7180.

. Marcus A, Gowen BG, Thompson TW, Iannello A, Ardolino M, Deng
W, Wang L, Shifrin N, Raulet D. Recognition of tumors by the innate
immune system and natural killer cells. Adv Immunol 2014;122:
91-128.

. Isakov N. Immune checkpoint-targeted therapy: cancer and autoim-

mune diseases represent two sides of the same coin. ] Autoimmun Disod

2016;2:2.

Carroll H, Duffy A, O’Farrelly C. Liver immunology, immunotherapy,

and liver cancers: time for a rethink? Semin Liver Dis 2022;42:212-224.

Kalinich M, Murphy W, Wongvibulsin S, Pahalyants V, Yu K-H, Lu C,

Wang F, Zubiri L, Naranbhai V, Gusev A, Kwatra SG, Reynolds KL,

Semenov YR. Prediction of severe immune-related adverse events

2.

10.

11.



Sutanto et al. e Volume 14 e Issue 3 ® 2024

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

requiring hospital admission in patients on immune checkpoint inhib-
itors: study of a population level insurance claims database from the
USA. ] ImmunoTher Cancer 2021;9:¢001935.

Elias R, Yan E Singla N, Levonyack N, Formella J, Christie A, Kapur
P, Bowman Al, Hammers HJ, Hannan R, Brugarolas J. Inmune-related
adverse events are associated with improved outcomes in ICI-treated
renal cell carcinoma patients. JCO 2019;37:645-645.

Yoshikawa Y, Imamura M, Yamauchi M, Hayes CN, Aikata H, Okamoto
W, Miyata Y, Okada M, Hattori N, Sugiyama K, Yoshioka Y, Toratani
S, Takechi M, Ichinohe T, Ueda T, Takeno S, Kobayashi T, Ohdan H,
Teishima J, Hide M, Nagata Y, Kudo Y, lida K, Chayama K. Prevalence
of immune-related adverse events and anti-tumor efficacy following
immune checkpoint inhibitor therapy in Japanese patients with various
solid tumors. BMC Cancer 2022;22:1232.

Wei Y, Li Z. LAG3-PD-1 combo overcome the disadvantage of drug
resistance. Front Oncol 2022;12:831407.

Boutros C, Tarhini A, Routier E, Lambotte O, Ladurie FL, Carbonnel F,
Izzeddine H, Marabelle A, Champiat S, Berdelou A, Lanoy E, Texier M,
Libenciuc C, Eggermont AM, Soria JC, Mateus C, Robert C. Safety pro-
files of anti-CTLA-4 and anti-PD-1 antibodies alone and in combination.
Nat Rev Clin Oncol 2016;13:473-486.

Intlekofer AM, Thompson CB. At the bench: preclinical rationale for
CTLA-4 and PD-1 blockade as cancer immunotherapy. ] Leukoc Biol
2013;94:25-39.

Festino L, Vanella V, Strudel M, Ascierto P. Molecular Mechanisms
Underlying the Action of Ipilimumab Against Metastatic Melanoma.
2018, 85-96.

Seidel J, Otsuka A, Kabashima K. Anti-PD-1 and anti-CTLA-4 therapies
in cancer: mechanisms of action, efficacy, and limitations. Front Oncol
2018;8:86.

McKinney EF, Smith KG. T cell exhaustion and immune-mediated
disease — the potential for therapeutic exhaustion. Curr Opin Immunol
2016;43:74-80.

Jiang Y, Li Y, Zhu B. T-Cell exhaustion in the tumor microenvironment.
Cell Death Dis 2015;6:¢1792-e1792.

Ma C, Zhang N. Lymphoid tissue residency: a key to understand Tcf-
1+PD-1+ T cells. Front Immunol 2022;13.

Wen S, Lu H, Wang D, Guo ], Dai W, Wang Z. TCF-1 maintains CD8+ T cell
stemness in tumor microenvironment. ] Leukoc Biol 2021;110:585-590.
Shan Q, Hu S, Chen X, Danahy DB, Badovinac VP, Zang C, Xue H-H.
Ectopic Tcfl expression instills a stem-like program in exhausted
CD8+ T cells to enhance viral and tumor immunity. Cell Mol Immunol
2021;18:1262-1277.

Haryati H, Mayasari AP. Immune-checkpoint inhibitor treatment of
non-small cell lung cancer patients. ] Resp 2020;6:21-26.

Shih K, Arkenau H, Infante J. Clinical impact of checkpoint inhibitors as
novel cancer therapies. Drugs 2014;74:1993-2013.

De Velasco G, Je Y, Bossé D, Awad MM, Ott PA, Moreira RB, Schutz F,
Bellmunt J, Sonpavde GP, Hodi FS, Choueiri TK. Comprehensive meta-
analysis of key immune-related adverse events from CTLA-4 and PD-1/
PD-L1 inhibitors in cancer patients. Cancer Immunol Res 2017;5:312-318.
Quagliariello V, Passariello M, Rea D, Barbieri A, Iovine M, Bonelli A,
Caronna A, Botti G, De Lorenzo C, Maurea N. Evidences of CTLA-4
and PD-1 blocking agents-induced cardiotoxicity in cellular and preclin-
ical models. ] Pers Med 2020;10:179.

Ai L, Chen ], Yan H, He Q, Luo P, Xu Z, Yang X. Research status and
outlook of PD-1/PD-L1 inhibitors for cancer therapy. Drug Des Devel
Ther 2020;14:3625-3649.

Zhang N, Tu ], Wang X, Chu Q. Programmed cell death-1/programmed
cell death ligand-1 checkpoint inhibitors: differences in mechanism of
action. Immunotherapy 2019;11:429-441.

Stewart R, Morrow M, Hammond SA, Mulgrew K, Marcus D, Poon
E, Watkins A, Mullins S, Chodorge M, Andrews ], Bannister D, Dick
E, Crawford N, Parmentier J, Alimzhanov M, Babcook ]S, Foltz IN,
Buchanan A, Bedian V, Wilkinson RW, McCourt M. Identification and
characterization of MEDI4736, an antagonistic anti-PD-L1 monoclonal
antibody. Cancer Immunol Res 2015;3:1052-1062.

Zhang X, Zeng Y, Qu Q, Zhu J, Liu Z, Ning W, Zeng H, Zhang N, Du
W, Chen C, Huang J-A. PD-L1 Induced by IFN-y from tumor-associated
macrophages via the JAK/STAT3 and PI3K/AKT signaling pathways pro-
moted progression of lung cancer. Int J Clin Oncol 2017;22:1026-1033.
Dougan M, Pietropaolo M. Time to dissect the autoimmune etiology of
cancer antibody immunotherapy. ] Clin Invest 2020;130:51-61.

Hasan Ali O, Berner F, Bomze D, Fissler M, Diem S, Cozzio A, Jorger
M, Frith M, Driessen C, Lenz TL, Flatz L. Human leukocyte antigen
variation is associated with adverse events of checkpoint inhibitors. Eur
J Cancer 2019;107:8-14.

136

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

https://apallergy.org/

Yano S, Ashida K, Sakamoto R, Sakaguchi C, Ogata M, Maruyama K,
Sakamoto S, Ikeda M, Ohe K, Akasu S, Iwata S, Wada N, Matsuda Y,
Nakanishi Y, Nomura M, Ogawa Y. Human leucocyte antigen DR135,
a possible predictive marker for immune checkpoint inhibitor-induced
secondary adrenal insufficiency. Eur ] Cancer 2020;130:198-203.

Shi 'Y, Shen M, Zheng X, Chen Y, Zhao R, Gu Y, Yang T. ICPis -induced
autoimmune polyendocrine syndrome type 2: a review of the litera-
ture and a protocol for optimal management. J Clin Endocrinol Metab
2020;105:e4208-e4218.

Sullivan RJ, Weber JS. Immune-related toxicities of checkpoint inhib-
itors: mechanisms and mitigation strategies. Nat Rev Drug Discov
2022;21:495-508.

Bockstahler M, Fischer A, Goetzke CC, Neumaier HL, Sauter M, Kespohl
M, Miiller A-M, Meckes C, Salbach C, Schenk M, Heuser A, Landmesser
U, Weiner J, Meder B, Lehmann L, Kratzer A, Klingel K, Katus HA, Kaya
Z, Beling A. Heart-specific immune responses in an animal model of
autoimmune-related myocarditis mitigated by an immunoproteasome
inhibitor and genetic ablation. Circulation 2020;141:1885-1902.
Dhodapkar KM, Duffy A, Dhodapkar MV. Role of B cells in immune-
related adverse events following checkpoint blockade. Immunol Rev
2023;318:89-95.

Taylor ], Gandhi A, Gray E, Zaenker P. Checkpoint inhibitor immune-
related adverse events: a focused review on autoantibodies and B cells
as biomarkers, advancements and future possibilities. Front Immunol
2023;13:991433.

Singh S, Long JP, Tchakarov A, Dong Y, Yee C, Lin JS. Tertiary lymphoid
structure signatures are associated with immune checkpoint inhibitor
related acute interstitial nephritis. JCI Insight 5108;2022:e16.

Patel AJ, Willsmore ZN, Khan N, Richter A, Naidu B, Drayson MT, Papa
S, Cope A, Karagiannis SN, Perucha E, Middleton GW. Regulatory B
cell repertoire defects predispose lung cancer patients to immune-related
toxicity following checkpoint blockade. Nat Commun 2022;13:3148.
de Paus RA, van Wengen A, Schmidt I, Visser M, Verdegaal EM, van
Dissel JT, van de Vosse E. Inhibition of the type I immune responses of
human monocytes by IFN-a and I[FN-f3. Cytokine 2013;61:645-655.
Mourad D, Azar NS, Eid AA, Azar ST. Immune checkpoint inhibitor-
induced diabetes mellitus: potential role of T cells in the underlying
mechanism. Int ] Mol Sci 2021;22:2093.

Mor A, Strazza M. Bridging the gap: connecting the mechanisms of
immune-related adverse events and autoimmunity through PD-1. Front
Cell Dev Biol 2022;9:790386.

Aboo C, Krastrup TW, Tenstad H, Ren ], Just SA, Ladekarl M, Stensballe
A. Prediction and early diagnosis of immune-checkpoint inhibitor-
induced inflammatory arthritis from molecular biomarkers — where are
we now? Expert Rev Precis Med Drug Dev 2022;7:162-168.

Pacheco JM, Camidge DR, Doebele RC, Schenk E. A changing of the
guard: immune checkpoint inhibitors with and without chemotherapy as
first line treatment for metastatic non-small cell lung cancer. Front Oncol
2019;9:195.

Issaoui H, Ricci J-E. IL-7 germline variant: setting the stage for
immune-related adverse events. Mol Oncol 2023;17:384-386.

Groha S, Alaiwi SA, Xu W, Naranbhai V, Nassar AH, Bakouny Z, El
Zarif T, Saliby RM, Wan G, Rajeh A, Adib E, Nuzzo PV, Schmidt AL,
Labaki C, Ricciuti B, Alessi JV, Braun DA, Shukla SA, Keenan TE, Van
Allen E, Awad MM, Manos M, Rahma O, Zubiri L, Villani A-C, Fairfax
B, Hammer C, Khan Z, Reynolds K, Semenov Y, Schrag D, Kehl KL,
Freedman ML, Choueiri TK, Gusev A. Germline variants associated with
toxicity to immune checkpoint blockade. Nat Med 2022;28:2584-2591.
Udagawa C, Nakano MH, Yoshida T, Ohe Y, Kato K, Mushiroda
T, Zembutsu H. Association between genetic variants and the risk of
nivolumab-induced immune-related adverse events. Pharmacogenomics
2022;23:887-901.

Hadjadj J, Castro CN, Tusseau M, Stolzenberg M, Mazerolles F
Aladjidi N, Armstrong M, Ashrafian H, Cutcutache I, Ebetsberger-
Dachs G, Elliott KS, Durieu I, Fabien N, Fusaro M, Heeg M, Schmitt
Y, Bras M, Knight JC, Lega J-C, Lesca G, Mathieu A-L, Moreews M,
Moreira B, Nosbaum A, Page M, Picard C, Ronan Leahy T, Rouvet I,
Ryan E, Sanlaville D, Schwarz K, Skelton A, Viallard J-F, Viel S, Villard
M, Callebaut I, Picard C, Walzer T, Ehl S, Fischer A, Neven B, Belot A,
Rieux-Laucat F. Early-onset autoimmunity associated with SOCS1 hap-
loinsufficiency. Nat Commun 2020;11:5341.

. Gendo Y, Matsumoto T, Kamiyama N, Saechue B, Fukuda C, Dewayani

A, Hidano S, Noguchi K, Sonoda A, Ozaki T, Sachi N, Hirose H, Ozaka
S, Eshita Y, Mizukami K, Okimoto T, Kodama M, Yoshimatsu T, Nishida
H, Daa T, Yamaoka Y, Murakami K, Kobayashi T. Dysbiosis of the gut
microbiota on the inflammatory background due to lack of suppressor
of cytokine signalling-1 in mice. Inflamm Intest Dis 2019;3:145-154.



Sutanto et al. e Volume 14 o Issue 3 ® 2024

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

Yazar S, Alquicira-Hernandez J, Wing K, Senabouth A, Gordon MG,
Andersen S, Lu Q, Rowson A, Taylor TRP, Clarke L, Maccora K, Chen
C, Cook AL, Ye CJ, Fairfax KA, Hewitt AW, Powell JE. Single-cell eQTL
mapping identifies cell type—specific genetic control of autoimmune dis-
ease. Science 2022;376:eabf3041.

Kleinewietfeld M, Manzel A, Titze J, Kvakan H, Yosef N, Linker R,
Muller D, Hafler D. Sodium chloride drives autoimmune disease by the
induction of pathogenic TH17 cells. Nature 2013;496:518-522.

Getts DR, Chastain EM, Terry RL, Miller SD. Virus infection, antiviral
immunity, and autoimmunity. Immunol Rev 2013;255:197-209.
Belkaid Y, Hand TW. Role of the microbiota in immunity and inflamma-
tion. Cell 2014;157:121-141.

Kriegel MA, Sefik E, Hill JA, Wu H-J, Benoist C, Mathis D. Naturally
transmitted segmented filamentous bacteria segregate with diabe-
tes protection in nonobese diabetic mice. Proc Natl Acad Sci USA
2011;108:11548-11553.

Richardson B, Scheinbart L, Strahler J, Gross L, Hanash S, Johnson M.
Evidence for impaired T Cell DNA methylation in systemic lupus erythe-
matosus and rheumatoid arthritis. Arthritis Rheum 1990;33:1665-1673.
Yung RL, Richardson BC. Drug-induced lupus. Rheum Dis Clin North
Am 1994;20:61-86.

Pollard KM. Silica, silicosis, and autoimmunity. Front Immunol
2016;7:97.

Sibaud V. Dermatologic reactions to immune checkpoint inhibitors. Am
J Clin Dermatol 2018;19:345-361.

Kuo AM, Markova A. High grade dermatologic adverse events associated
with immune checkpoint blockade for cancer. Front Med (Lausanne)
2022;9:898790.

Zhu J, Chen G, He Z, Zheng Y, Gao S, Li J, Ling Y, Yu X, Qiu K, Wu J.
Stevens-Johnson syndrome/toxic epidermal necrolysis in patients treated
with immune checkpoint inhibitors: safety analysis of clinical trials and
FDA pharmacovigilance database. EClinicalMedicine 2021;37:100951.
Samson, NM, Awalia. An Indonesian female with Stevens-Johnson syn-
drome mimicking cutaneous lupus: a case report. Ann Med Surg (Lond)
2022;82:104644.

Hsieh M-H, Watanabe T, Aihara M. Recent dermatological treatments
for Stevens-Johnson syndrome and toxic epidermal necrolysis in Japan.
Front Med (Lausanne) 2021;8:636924.

Meza R,Rada G, Varas P. Are steroids effective in toxic epidermal necroly-
sis and Stevens-Johnson syndrome? Medwave 2017;17:¢6894-¢6894.
Michaels B. The role of systemic corticosteroid therapy in erythema mul-
tiforme major and Stevens-Johnson syndrome. J Clin Aesthet Dermatol
2009;2:51-55.

Thompson JA, Schneider BJ, Brahmer J, Achufusi A, Armand P,
Berkenstock MK, Bhatia S, Budde LE, Chokshi S, Davies M, Elshoury
A, Gesthalter Y, Hegde A, Jain M, Kaffenberger BH, Lechner MG,
Li T, Marr A, McGettigan S, McPherson J, Medina T, Mohindra
NA, Olszanski AJ, Oluwole O, Patel SP, Patil P, Reddy S, Ryder M,
Santomasso B, Shofer S, Sosman JA, Wang Y, Zaha VG, Lyons M, Dwyer
M, Hang L. Management of immunotherapy-related toxicities, version
1.2022, NCCN clinical practice guidelines in oncology. ] Natl Compr
Canc Netw 2022;20:387-405.

Khan S, Gerber D.E. Autoimmunity, Checkpoint Inhibitor Therapy
and Immune-Related Adverse Events: A Review. In Proceedings of the
Seminars in Cancer Biology. Elsevier. 2020;64:93-101.

Wright JJ, Powers AC, Johnson DB. Endocrine toxicities of immune
checkpoint inhibitors. Nat Rev Endocrinol 2021;17:389-399.

Thapa B, Roopkumar J, Kim AS, Gervaso L, Patil PD, Calabrese C,
Khorana AA, Funchain P. Incidence and clinical pattern of immune
related adverse effects (irAE) due to immune checkpoint inhibitors (ICI).
JCO 2019;37:¢14151-e14151.

Johnson DB, Balko JM, Compton ML, Chalkias S, Gorham J, Xu Y,
Hicks M, Puzanov I, Alexander MR, Bloomer TL, Becker JR, Slosky DA,
Phillips EJ, Pilkinton MA, Craig-Owens L, Kola N, Plautz G, Reshef
DS, Deutsch JS, Deering RP, Olenchock BA, Lichtman AH, Roden
DM, Seidman CE, Koralnik IJ, Seidman JG, Hoffman RD, Taube JM,
Diaz LA, Anders RA, Sosman JA, Moslehi JJ. Fulminant myocardi-
tis with combination immune checkpoint blockade. N Engl J Med
2016;375:1749-1755.

Jespersen MS, Faneg S, Stener C, Moller AK. A case report of immune
checkpoint inhibitor-related steroid-refractory myocarditis and myas-
thenia gravis-like myositis treated with abatacept and mycophenolate
mofetil. Eur Heart ] Case Rep 2021;5:ytab342.

Salem J-E, Bretagne M, Abbar B, Leonard-Louis S, Ederhy S, Redheuil
A, Boussouar S, Nguyen LS, Procureur A, Stein F, Fenioux C, Devos P,
Gougis P, Dres M, Demoule A, Psimaras D, Lenglet T, Maisonobe T, De
Chambrun MP, Hekimian G, Straus C, Gonzalez-Bermejo J, Klatzmann

137

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

https://apallergy.org/

D, Rigolet A, Guillaume-Jugnot P, Champtiaux N, Benveniste O, Weiss
N, Saheb S, Rouvier P, Plu I, Gandjbakhch E, Kerneis M, Hammoudi
N, Zahr N, Llontop C, Morelot-Panzini C, Lehmann L, Qin J, Moslehi
JJ, Rosenzwajg M, Similowski T, Allenbach Y. Abatacept/Ruxolitinib
and screening for concomitant respiratory muscle failure to mitigate
fatality of immune-checkpoint inhibitor myocarditis. Cancer Discov
2023;13:1100-1115.

Nguyen LS, Bretagne M, Arrondeau J, Zahr N, Ederhy S, Abbar B, Pinna
B, Allenbach Y, Mira JP, Moslehi J, Rosenzwajg M, Salem JE. Reversal of
immune-checkpoint inhibitor fulminant myocarditis using personalized-
dose-adjusted abatacept and ruxolitinib: proof of concept. ] ImmunoTher
Cancer 2022;10:e004699.

Salem J-E, Manouchehri A, Moey M, Lebrun-Vignes B, Bastarache L,
Pariente A, Gobert A, Spano ]-P, Balko JM, Bonaca MP, Roden DM,
Johnson DB, Moslehi JJ. Cardiovascular toxicities associated with
immune checkpoint inhibitors: an observational, retrospective, pharma-
covigilance study. Lancet Oncol 2018;19:1579-1589.

Salem J-E, Manouchehri A, Moey M, Lebrun-Vignes B, Bastarache L,
Pariente A, Gobert A, Spano J-P, Balko JM, Bonaca MP, Roden DM,
Johnson DB, Moslehi JJ. Spectrum of cardiovascular toxicities of
immune checkpoint inhibitors: a pharmacovigilance study. Lancet Oncol
2018;19:1579-1589.

Mahmood SS, Fradley MG, Cohen JV, Nohria A, Reynolds KL,
Heinzerling LM, Sullivan R], Damrongwatanasuk R, Chen CL, Gupta
D, Kirchberger MC, Awadalla M, Hassan MZO, Moslehi JJ, Shah SP,
Ganatra S, Thavendiranathan P, Lawrence DP, Groarke JD, Neilan TG.
Myocarditis in patients treated with immune checkpoint inhibitors. J
Am Coll Cardiol 2018;71:1755-1764.

Zhang J, Chen W, Alvarez JB, Jia K, Shi L, Wang Q, Zou N, He K, Zhu
H. Cancer immune checkpoint blockade therapy and its associated auto-
immune cardiotoxicity. Acta Pharmacol Sin 2018;39:1693-1698.
Masood A, Mootoo A, Maghsoudlou P, D’Cruz D, Srikandarajah K,
Harries M, Hart N, Papa S, Spicer J. The threat of triple M and autoim-
mune overlap syndromes with immune checkpoint inhibitors - a series of
case reports. Autoimmun Rev 2023;22:103269.

Luo Y-B, Tang W, Zeng Q, Duan W, Li S, Yang X, Bi F. Case report:
the neuromusclar triad of immune checkpoint inhibitors: a case report
of myositis, myocarditis, and myasthenia gravis overlap following tori-
palimab treatment. Front Cardiovasc Med 2021;8:714460.

Yomota M, Mirokuji K, Sakaguchi M, Kitahara Y, Chin F Setoguchi
K, Hosomi Y. Cytokine release syndrome induced by immune-
checkpoint inhibitor therapy for non-small-cell lung cancer. Intern Med
2021;60:3459-3462.

Lazarou I, Fernandez E. Rheumatological complications of immune
checkpoint inhibitor therapy. Rev Med Suisse 2020;16:504-507.
Cappelli LC, Brahmer JR, Forde PM, Le DT, Lipson EJ, Naidoo ],
Zheng L, Bingham III CO, Shah AA. Clinical Presentation of Immune
Checkpoint Inhibitor-Induced Inflammatory Arthritis Differs by
Immunotherapy Regimen. In Proceedings of the Seminars in arthritis
and rheumatism. Elsevier. 2018;48:553-557.

Cappelli LC, Gutierrez AK, Bingham CO, Shah AA. Rheumatic and
musculoskeletal immune related adverse events due to immune check-
point inhibitors: a systematic review of the literature. Arthritis Care Res
(Hoboken) 2017;69:1751-1763.

Warner BM, Baer AN, Lipson EJ, Allen C, Hinrichs C, Rajan A, Pelayo E,
Beach M, Gulley JL, Madan RA, Feliciano ], Grisius M, Long L, Powers
A, Kleiner DE, Cappelli L, Alevizos I. Sicca syndrome associated with
immune checkpoint inhibitor therapy. Oncologist 2019;24:1259-1269.
Kostine M, Chiche L, Lazaro E, Halfon P, Charpin C, Arniaud D, Retornaz
E Blanco P, Jourde-Chiche N, Richez C, Stavris C. Opportunistic
Autoimmunity Secondary to Cancer Immunotherapy (OASI): an emerg-
ing challenge. Rev Med Interne 2017;38:513-525.

Goldstein BL, Gedmintas L, Todd DJ. Drug-associated polymyalgia
rheumatica/giant cell arteritis occurring in two patients after treat-
ment with ipilimumab, an antagonist of CTLA 4. Arthritis Rheumatol
2014;66:768-769.

National Cancer Institute Common Terminology Criteria for Adverse
Events (CTCAE). Protocol Development. CTEP. Available at: https://
ctep.cancer.gov/protocolDevelopment/electronic_applications/ctc.
htm#ctc_50. Accessed on April 23, 2024.

Liu Y-H, Zang X-Y, Wang J-C, Huang S-S, Xu ], Zhang P. Diagnosis and
management of immune related adverse events (irAEs) in cancer immu-
notherapy. Biomed Pharmacother 2019;120:109437.

Michot J-M, Lazarovici J, Tieu A, Champiat S, Voisin A, Ebbo M, Godeau
B, Michel M, Ribrag V, Lambotte O. Haematological immune-related
adverse events with immune checkpoint inhibitors, how to manage? Eur
J Cancer 2019;122:72-90.


https://ctep.cancer.gov/protocolDevelopment/electronic_applications/ctc.htm#ctc_50
https://ctep.cancer.gov/protocolDevelopment/electronic_applications/ctc.htm#ctc_50
https://ctep.cancer.gov/protocolDevelopment/electronic_applications/ctc.htm#ctc_50

Sutanto et al. e Volume 14 e Issue 3 ® 2024

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

Arima H, Iwama S, Inaba H, Ariyasu H, Makita N, Otsuki M,
Kageyama K, Imagawa A, Akamizu T. Management of immune-related
adverse events in endocrine organs induced by immune checkpoint
inhibitors: clinical guidelines of the japan endocrine society. Endocr |
2019;66:581-586.

Stelmachowska-Bana§ M, Czajka-Oraniec I. Management of endocrine
immune-related adverse events of immune checkpoint inhibitors: an
updated review. Endocr Connect 2020;9:R207-R228.

Collins M, Soularue E, Marthey L, Carbonnel F. Management of
patients with immune checkpoint inhibitor-induced enterocolitis: a sys-
tematic review. Clin Gastroenterol Hepatol 2020;18:1393-1403.¢1.
Quach HT, Johnson DB, LeBoeuf N, Zwerner ], Dewan A. Cutaneous
adverse events caused by immune checkpoint inhibitors. ] Am Acad
Dermatol 2021;85:956-966.

Kumar V, Chaudhary N, Garg M, Floudas C, Soni P, Chandra A.
Current diagnosis and management of immune related adverse events
(irAEs) induced by immune checkpoint inhibitor therapy. Front
Pharmacol 2017;8:49.

Day D, Hansen A. Immune-related adverse events associated with
immune checkpoint inhibitors. BioDrugs 2016;30:571-584.

Martins E Sofiya L, Sykiotis GP, Lamine F, Maillard M, Fraga M,
Shabafrouz K, Ribi C, Cairoli A, Guex-Crosier Y, Kuntzer T, Michielin
O, Peters S, Coukos G, Spertini F, Thompson JA, Obeid M. Adverse
effects of immune-checkpoint inhibitors: epidemiology, management
and surveillance. Nat Rev Clin Oncol 2019;16:563-580.

Franzin R, Netti G, Spadaccino F, Porta C, Gesualdo L, Stallone G,
Castellano G, Ranieri E. The use of immune checkpoint inhibitors
in oncology and the occurrence of AKI: where do we stand? Front
Immunol 2020;11:574271.

Badran YR, Cohen ]V, Brastianos PK, Parikh AR, Hong TS, Dougan
M. Concurrent therapy with immune checkpoint inhibitors and TNFa
blockade in patients with gastrointestinal immune-related adverse
events. ] Immunother Cancer 2019;7:226.

Chen AY, Wolchok JD, Bass AR. TNF in the era of immune checkpoint
inhibitors: friend or foe? Nat Rev Rheumatol 2021;17:213-223.

Ueno M, Takabatake H, Hata A, Kayahara T, Morimoto Y, Notohara
K, Mizuno M. Mycophenolate mofetil for immune checkpoint
inhibitor-related hepatotoxicity relapsing during dose reduction of cor-
ticosteroid: a report of two cases and literature review. Cancer Rep
(Hoboken) 2022;5:e1624.

Kadokawa Y, Inoue S, Tatsumi A, Uchida M, Fujita K, Takagi M, Inoue
T, Ohe S, Nakai Y, Otsuka T, Abe Y, Nakabori T, Isei T, Kumagai T,
Nishimura K, Ohkawa K. Efficacy and safety of mycophenolate mofetil
in treating immune-related hepatitis induced by immune checkpoint
inhibitor use: a retrospective study. JGH Open 2023;7:87-97.
Schneider BJ, Naidoo J, Santomasso BD, Lacchetti C, Adkins S,
Anadkat M, Atkins MB, Brassil KJ, Caterino JM, Chau I, Davies MJ,
Ernstoff MS, Fecher L, Ghosh M, Jaiyesimi I, Mammen ]S, Naing A,
Nastoupil L], Phillips T, Porter LD, Reichner CA, Seigel C, Song J-M,
Spira A, Suarez-Almazor M, Swami U, Thompson JA, Vikas P, Wang
Y, Weber JS, Funchain P, Bollin K. Management of immune-related
adverse events in patients treated with immune checkpoint inhibitor
therapy: ASCO guideline update. J Clin Oncol 2021;39:4073-4126.
Campochiaro C, Farina N, Tomelleri A, Ferrara R, Lazzari C, De
Luca G, Bulotta A, Signorelli D, Palmisano A, Vignale D, Peretto G,
Sala S, Esposito A, Garassino M, Gregorc V, Dagna L. Tocilizumab for
the treatment of immune-related adverse events: a systematic litera-
ture review and a multicentre case series. Eur ] Intern Med 2021;93:
87-94.

Brown AE, Motaparthi K, Hsu S. Rituximab and intravenous immu-
noglobulin as alternatives to long-term systemic corticosteroids in
the treatment of pemphigus: a single center case series of 63 patients.
Dermatol Online J 2018;23.

138

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

https://apallergy.org/

Tomsitz D, Ruf T, Zierold S, French LE, Heinzerling L. Steroid-
refractory immune-related adverse events induced by checkpoint inhib-
itors. Cancers (Basel) 2023;15:2538.

Katsumoto TR, Wilson KL, Giri VK, Zhu H, Anand S, Ramchandran
KJ, Martin BA, Yunce M, Muppidi S. Plasma exchange for severe
immune-related adverse events from checkpoint inhibitors: an early
window of opportunity? Immunother Adv 2022;2:1tac012.

Kian W, Zemel M, Elobra F, Sharb AA, Levitas D, Assabag Y, Alguayn
F, Yakobson A, Rouvinov K, Fuchs L. Intravenous immunoglobulin
efficacy on pembrolizumab induced severe toxic epidermal necrolysis.
Anticancer Drugs 2022;33:¢738-e740.

Swart M, Verbrugge I, Beltman JB. Combination approaches with
immune-checkpoint blockade in cancer therapy. Front Oncol 2016;6:233.
Barroso Sousa R, Ott PA, Hodi FS, Kaiser UB, Tolaney SM, Min L.
Endocrine dysfunction induced by immune checkpoint inhibitors: prac-
tical recommendations for diagnosis and clinical management. Cancer
2018;124:1111-1121.

Tocheva AS, Mor A. Checkpoint inhibitors: applications for autoimmu-
nity. Curr Allergy Asthma Rep 2017;17:72.

Les I, Martinez M, Pérez-Francisco I, Cabero M, Teijeira L, Arrazubi
V, Torrego N, Campillo-Calatayud A, Elejalde I, Kochan G, Escors D.
Predictive biomarkers for checkpoint inhibitor immune-related adverse
events. Cancers 2023;15:1629.

Hung S-1, Chung W-H, Liou L-B, Chu C-C, Lin M, Huang H-P, Lin
Y-L, Lan J-L, Yang L-C, Hong H-S, Chen M-], Lai P-C, Wu M-S, Chu
C-Y, Wang K-H, Chen C-H, Fann CSJ, Wu J-Y, Chen Y-T. HLA-B#5801
allele as a genetic marker for severe cutaneous adverse reactions caused
by allopurinol. Proc Natl Acad Sci USA 2005;102:4134-4139.

Jiang N, Yu Y, Zhang M, Tang Y, Wu D, Wang S, Fang Y, Zhang Y,
Meng L, Li Y, Miao H, Ma P, Huang H, Li N. Association between
Germ-Line HLA and immune-related adverse events. Front Immunol
2022;13:952099.

Abed A, Law N, Calapre L, Lo J, Bhat V, Bowyer S, Millward M, Gray
E. Abstract 5132: HLA-I homozygosity as a protective biomarker for
developing immune related adverse events (irAE) among non-small cell
lung cancer (NSCLC) patients treated with single agent immunother-
apy in the first- or second-line setting. Cancer Res 2022;82:5132-5132.
Le Mercier I, Lines JL, Noelle R]J. Beyond CTLA-4 and PD-1, the gener-
ation Z of negative checkpoint regulators. Front Immunol 2015;6:418.
Giommoni E, Giorgione R, Paderi A, Pellegrini E, Gambale E, Marini
A, Antonuzzo A, Marconcini R, Roviello G, Matucci-Cerinic M,
Capaccioli D, Pillozzi S, Antonuzzo L. Eosinophil count as predic-
tive biomarker of immune-related adverse events (irAEs) in Immune
Checkpoint Inhibitors (ICIs) therapies in oncological patients. Imnmuno
2021;1:253-263.

von Itzstein MS, Khan S, Gerber DE. Investigational biomarkers for
checkpoint inhibitor immune-related adverse event prediction and
diagnosis. Clin Chem 2020;66:779-793.

Sharon E, Streicher H, Goncalves P, Chen HX. Immune checkpoint
inhibitors in clinical trials. Chin ] Cancer 2014;33:434-444.

Deng H, Zhang Z. The application of nanotechnology in immune
checkpoint blockade for cancer treatment. ] Control Release
2018;290:28-45.

Cremolini C, Vitale E, Rastaldo R, Giachino C. Advanced nano-
technology for enhancing immune checkpoint blockade therapy.
Nanomaterials (Basel) 2021;11:661.

Lahori D G, Varamini P. Nanotechnology-based platforms to improve
immune checkpoint blockade efficacy in cancer therapy. Future Oncol
2021;17:711-722.

Henderson Berg MH, Del Rincén SV, Miller WH Potential therapies
for immune-related adverse events associated with immune check-
point inhibition: from monoclonal antibodies to kinase inhibition. ]
ImmunoTher Cancer 2022;10:¢003551.



