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Immune checkpoint inhibitors (ICIs), such as programmed death-1 (PD-1),

programmed death-ligand 1 (PD-L1), cytotoxic T lymphocyte antigen 4 (CTLA-4)

antibodies, etc, have revolutionized cancer treatment strategies, including non-

small cell lung cancer (NSCLC). While these immunotherapy agents have achieved

durable clinical benefits in a subset of NSCLC patients, they bring in a variety of

immune-related adverse events (irAEs), which involve cardiac, pulmonary,

gastrointestinal, endocrine and dermatologic system damage, ranging from mild

to life-threatening. Thus, there is an urgent need to better understand the

occurrence of irAEs and predict patients who are susceptible to those toxicities.

Herein, we provide a comprehensive review of what is updated about the clinical

manifestations, mechanisms, predictive biomarkers and management of ICI-

associated toxicity in NSCLC. In addition, this review also provides perspective

directions for future research of NSCLC-related irAEs.

KEYWORDS

non-small cell lung cancer, immune-related toxicity, combined immunotherapies,
predictive biomarker, immune checkpoint inhibitor
1 Introduction

Checkpoint inhibitor-based immunotherapy has changed the landscape of cancer

treatment in the past decade. Unlike other treatments, immune checkpoint inhibitors

(ICIs) are monoclonal antibodies designed to block negative regulators of T-cell function,

including programmed death-1 (PD-1), PD-ligand 1 (PD-L1) and cytotoxic T lymphocyte
frontiersin.org01

https://www.frontiersin.org/articles/10.3389/fimmu.2023.1094414/full
https://www.frontiersin.org/articles/10.3389/fimmu.2023.1094414/full
https://www.frontiersin.org/articles/10.3389/fimmu.2023.1094414/full
https://www.frontiersin.org/articles/10.3389/fimmu.2023.1094414/full
https://www.frontiersin.org/articles/10.3389/fimmu.2023.1094414/full
https://orcid.org/0000-0002-8044-3914
https://orcid.org/0000-0003-3073-1931
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
http://crossmark.crossref.org/dialog/?doi=10.3389/fimmu.2023.1094414&domain=pdf&date_stamp=2023-03-06
mailto:youwenjie655@163.com
mailto:docjiangshujuan@163.com
https://doi.org/10.3389/fimmu.2023.1094414
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/immunology#editorial-board
https://www.frontiersin.org/journals/immunology#editorial-board
https://doi.org/10.3389/fimmu.2023.1094414
https://www.frontiersin.org/journals/immunology


Hu et al. 10.3389/fimmu.2023.1094414
antigen 4 (CTLA-4), etc, to activate anti-tumor immunity (1). These

ICI agents have improved the clinical outcomes in a subset of

advanced NSCLC patients. For example, in a study of patients with

advanced NSCLC who had received chemotherapy plus concurrent

radiation therapy, progression-free survival (PFS) was 16.8 months

in patients treated with durvalumab compared to 5.6 months in the

placebo group (2). Patients with advanced NSCLC have a 5-fold

increase in overall survival (OS) after nivolumab treatment

compared to the chemotherapy group, with no severe adverse

events (3). Similarly, ipilimumab showed a better potential in

extending PFS in NSCLC (4). Specifically, there are seven US

Food and Drug Administration (FDA)-approved ICIs for the

first-line or second-line treatment of NSCLC, including

pembrolizumab, nivolumab, cemiplimab, atezolizumab,

durvalumab, tremelimumab and ipilimumab (5–7).

Despite the durable anti-tumor responses, those ICIs also causes

many complications in normal tissues, which are referred to as

immune-related adverse events (irAEs). Clinical trial data and

literatures suggest that irAEs in NSCLC immunotherapy mainly

involve the cardiac, pulmonary, gastrointestinal, endocrine,

dermatologic and nervous system damage (8–11). While the

majority of cases are mild and tolerable, some of them can

present with moderate to severe toxicities, which are related to

decreased organic function, as well as poor quality of life (12–14). A

study showed that the overall incidence of irAEs of any grade in

patients with NSCLC was 30%, with a severe grade of 6% (15).

However, the clinical features of some early-onset, low-grade

immunotoxicity are not easily identified, and it is difficult to

determine whether they are associated with ICI therapy. In

addition, the detailed mechanisms of irAEs have not been fully

elucidated. Therefore, close attention must be paid to better

understand the occurrence of irAEs and to screen populations

who are most likely to experience irAEs, in order to reduce the

toxic effects of immunotherapy. In this review, we will summarize

the clinical manifestations of irAEs according to different ICIs and

explore possible mechanisms and potential predictive biomarkers of

irAEs in NSCLC immunotherapy. At last, we also provide a

comprehensive review of current therapies for irAE treatment in

NSCLC. This article may have implications for future research.
2 Clinical manifestations of irAEs in
NSCLC immunotherapy

CTLA-4 and PD-1 are immune checkpoints capable of

downregulating T-cell immune functions, but their roles are

fundamentally different. Both CTLA-4 and PD-1 have been

shown to suppress T cells by blocking CD28-mediated cellular

metabolism (16). However, CTLA-4 downregulates T-cell

proliferation in the early phase of immune responses, while PD-

1 is thought to suppress T-cell immune functions primarily in

peripheral tissues in the late stage of immune responses (17). ICI-

associated toxicities in NSCLC immunotherapy involve multiple

organs throughout the body (Table 1). Despite that commonalities
Frontiers in Immunology 02
in immunotoxicity exist among ICIs, there are differences in

spec ific i rAEs , organs invo lved , a s we l l a s c l in i ca l

manifestations (87).
2.1 Anti-CTLA-4

CTLA-4 plays an essential role in attenuating T-cell

responses, preventing immune deregulation, inducing immune

tolerance, and controlling autoimmunity (88). CTLA-4 is

expressed on the surface of activated T cells, while its ligands,

CD80/CD86, is predominantly expressed on antigen-presenting

cells (APCs), including dendritic cells (DCs) and macrophages.

In the early phase of T-cell activation, CTLA-4 competes with

CD28 for binding to CD80/CD86 in APCs (89, 90). Additionally,

CTLA-4 expressed on regulatory T cells (Tregs) can reduce the

availability of CD80/CD86 expressed on DCs through trans-

endocytosis (91), and induce the production of broadspectrum,

immunosuppressive cytokines, such as transforming growth

factor-b (TGF-b) and interleukin-10 (IL-10) (92, 93), leading

to an attenuated antigen-presenting activity of APCs and a

suppression of T-cell activation. While the lack of CTLA-4

gene can result in multi-organ lymphocytic infiltration, Treg

cell defect and autoantibody production, CTLA-4 blockade did

not induce substantial autoimmunity (90, 94, 95).

The most frequently reported irAEs in NSCLC patients

receiving anti-CTLA-4 therapy were diarrhea, rash and

nausea/vomiting (Table 1). The incidence of gastrointestinal

system adverse events was relatively high, particularly

diarrhea, hepatic injury and nausea/vomiting, with the clinical

data showing an incidence of approximately 30% for diarrhea,

5%-40% for hepatic impairment, and 4%-8% for enteritis

(Table 1). And the incidence of skin toxicity is also high where

the incidence of rash is about 17%-41% (Table 1). As shown in

Table 1, the incidence of adrenal insufficiency in NSCLC

receiving anti-CTLA-4 was significantly higher than that of

patients treated with anti-PD-1/PD-L1 drugs. The occurrence

of checkpoint inhibitor pneumonitis (CIP) was relatively rare in

patients treated with anti-CTLA-4 compared with other ICIs;

however, its true incidence may be underestimated (96).

At present, anti-CTLA-4 drugs for the treatment of NSCLC

are ipilimumab and tremelimumab; however, there are clear

differences with regard to the toxicity of these two drugs in

different organs. Clinical trials suggested that common adverse

reactions to ipilimumab for NSCLC are diarrhea (27%-30%), rash

(17%-28%), nausea/vomiting (8%-18%), hepatic impairment (5%-

42%), arthralgia (7%-14%), and pituitary inflammation (1%)

(Table 1). Moreover, ipilimumab treatment can be associated

with atrial fibrillation, uveitis, pancreatic toxicity, and peripheral

neuropathy. As for tremelimumab, gastrointestinal and skin

toxicity are the most common adverse events in patients with

NSCLC, with nausea and vomiting at 10%, diarrhea at 30%,

hepatic impairment at 8.3%-30%, and skin rash at 13%-

41% (Table 1).
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TABLE 1 Clinical manifestations of common irAEs.

Organ/
System

IrAEs Anti-CTLA-4 Anti-PD-1 Anti-PD-L1 Other ICIs Combined immuno-
therapies

Cardiac Myocarditis <1% myocarditis after
pembrolizumab (18, 19)

1%-6.7%
myocarditis after
atezolizumab (20,
21)

1.5% myocarditis after
enoblituzumab (anti-B7-
H3) plus
pembrolizumab (22)

≤1% myocarditis after
ipilimumab plus nivolumab
(23, 24)

<1% myocarditis after
cemiplimab (25)

Pericarditis 2.6% pericarditis
after atezolizumab
(26)

Pericardial
effusion

2% pericardial effusion
after nivolumab (27)

0.4% pericardial
effusion after
durvalumab (2)

Arrhythmia 1.7% atrial
fibrillation after
tremelimumab (28)

<1% atrial tachycardia
after cemiplimab (29)

0.2% arrhythmia
supraventricular
after durvalumab
(2)

3% atrial fibrillation after
durvalumab plus
tremelimumab (30)

1.7%
supraventricular
tachycardia after
tremelimumab (28)

0.8%-4% atrial
fibrillation after
durvalumab (2, 31)

8% atrial fibrillation
after ipilimumab
(32)

Heart failure 2% heart failure after
nivolumab (33)

1% heart failure
after durvalumab
(2)

1% heart failure after
ipilimumab plus nivolumab
(23)

<1% heart failure after
cemiplimab (25)

Cardiac arrest 1% cardiac arrest after
ipilimumab plus nivolumab
(23)

Pulmonary Pneumonia 1%-2% pneumonia
after tremelimumab
(28)

1%-15% pneumonia
after cemiplimab (5, 25,
29, 34)

1.6%-16.7%
pneumonia after
durvalumab (28,
35, 36)

18% pneumonia
after vibostolimab
(anti-TIGIT) (37)

2% pneumonia after
tiragolumab (anti-TIGIT)
plus atezolizumab (38)

2% pneumonia after
ipilimumab (39)

3.6%-13% pneumonia
after nivolumab (3, 27,
33, 40–42)

5%-30%
pneumonia after
atezolizumab (43–
46)

6% pneumonia after
vibostolimab (anti-TIGIT)
plus pembrolizumab (37)

4.4%-23% pneumonia
after pembrolizumab
(47, 48)

1%-2.3%
pneumonia after
avelumab (49–51)

16.9% pneumonia after
monalizumab (anti-
NKG2A) plus durvalumab
(35)

3%-7% pneumonia after
ipilimumab plus nivolumab
(23, 24)

7%-12.1% pneumonia after
ipilimumab plus
pembrolizumab (52, 53)

(Continued)
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TABLE 1 Continued

Organ/
System

IrAEs Anti-CTLA-4 Anti-PD-1 Anti-PD-L1 Other ICIs Combined immuno-
therapies

0.6%-9% pneumonia after
durvalumab plus
tremelimumab (28, 54)

Pleural effusion <2% pleural effusion
after cemiplimab (25)

Interstitial lung
Disease

1% interstitial lung
disease after
ipilimumab (39)

1-3% interstitial lung
disease after nivolumab
(27, 55)

1% interstitial lung
disease after
atezolizumab (20)

1% -2% interstitial lung
disease after ipilimumab
plus nivolumab (24, 56, 57)

1%-1.3% interstitial
lung disease after
avelumab (49, 51)

Chronic
obstructive
pulmonary
disease (COPD)

2.6% COPD after
atezolizumab (5)

0.6% COPD after
durvalumab plus
tremelimumab (28)

1% COPD after
avelumab (49)

1.1% COPD after
durvalumab (2)

Pneumocystis
pneumonia

1.6% pneumocystis
pneumonia after
durvalumab (28)

Gastrointestinal Nausea/
Vomiting

8%-18% nausea/
vomiting after
ipilimumab (39, 58)

2%-17.2% nausea/
vomiting after
pembrolizumab (18, 19)

7.7%-14.2%
nausea/vomiting
after atezolizumab
(26, 59)

15% nausea/
vomiting after
vibostolimab (anti-
TIGIT) (37)

42.9% nausea/vomiting after
cobolimab (anti-TIM-3)
plus nivolumab (60)

10% nausea/
vomiting after
tremelimumab (28)

5%-17% nausea/
vomiting after
nivolumab (3, 61, 62)

8.7% nausea after
cobolimab (60)

1.2%-18% nausea/vomiting
after durvalumab plus
tremelimumab (28, 63)

3% nausea/vomiting
after cemiplimab (25)

5% nausea after
avelumab (49)

Diarrhea 27%-30% diarrhea
after ipilimumab
(39, 58)

8.9%-24% diarrhea after
nivolumab (3, 21, 40, 41,
61)

0.5%-7% diarrhea
after avelumab (49,
51, 64)

57.1% diarrhea after
cobolimab (anti-TIM-3)
plus nivolumab (60)

28.4%-41% diarrhea
after tremelimumab
(28, 65)

48% diarrhea after
pembrolizumab (66)

6.2%-20.6%
diarrhea after
atezolizumab (44,
46, 59, 67)

25% diarrhea after
eftilagimod (anti-LAG-3)
plus pembrolizumab (68)

5%-24% diarrhea after
cemiplimab (25, 29, 34)

4%-20% diarrhea
after durvalumab
(2, 28, 31, 36)

11.9% diarrhea after
monalizumab (anti-
NKG2A) plus durvalumab
(35)

6.4%-20% diarrhea after
ipilimumab plus nivolumab
(24, 69, 70)

10%-26% colitis after
durvalumab plus
tremelimumab (28, 63, 71)

Colitis 8.8%-19% colitis
after tremelimumab
(28, 65)

2%-4% colitis after
nivolumab (27, 41)

2.1% colitis after
atezolizumab (44)

3% colitis after
vibostolimab (anti-
TIGIT) (37)

4% colitis after tiragolumab
(anti-TIGIT) plus
atezolizumab (38)

4% colitis after
ipilimumab (39)

1%-3.9% colitis after
pembrolizumab (18, 72,
73)

0.3%-0.6% colitis
after avelumab (51,
64)

1%-6% colitis after
ipilimumab plus nivolumab
(24, 57)

(Continued)
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TABLE 1 Continued

Organ/
System

IrAEs Anti-CTLA-4 Anti-PD-1 Anti-PD-L1 Other ICIs Combined immuno-
therapies

<4% colitis after
cemiplimab (25)

1.6%-4% colitis
after durvalumab
(28, 31)

1.8% colitis after
durvalumab plus
tremelimumab (28)

Hepatic injury 8.3%-30% hepatic
injury after
tremelimumab (28,
65)

2%-10% hepatic injury
after nivolumab (27, 42,
55, 74)

1%-23% hepatic
injury after
atezolizumab (20,
26, 67)

5% hepatic injury after
tiragolumab (anti-TIGIT)
plus atezolizumab (38)

5%-42% hepatic
injury after
ipilimumab (39, 58)

0.6%-2.1% hepatic injury
after pembrolizumab
(19, 72, 73, 75)

0.8%-2% hepatic
injury after
avelumab (49, 51)

11.3%-12.8% hepatic injury
after ipilimumab plus
pembrolizumab (52)

<2% hepatic injury after
cemiplimab (25)

13% hepatic injury
after durvalumab
(36)

1%-6% hepatic injury
ipilimumab plus nivolumab
(23, 24, 76)

3.5%-9% hepatic injury
durvalumab plus
tremelimumab (28, 54)

Autoimmune
hepatitis

2% autoimmune
hepatitis after
pembrolizumab (77)

2% autoimmune
hepatitis after
durvalumab (36)

1.7% autoimmune hepatitis
durvalumab plus
tremelimumab (28)

<2% autoimmune
hepatitis after
cemiplimab (25)

3% autoimmune hepatitis
after eftilagimod (anti-LAG-
3) plus pembrolizumab (68)

<1% autoimmune hepatitis
after ipilimumab plus
nivolumab (24)

Pancreatic
toxicity

1.5% pancreatitis
after ipilimumab
(78)

0.5%-0.6% lipase
elevation after
nivolumab (3, 18, 27,
55)

12.1% amylase
elevation after
durvalumab (35)

6.8% amylase elevation after
monalizumab (anti-
NKG2A) plus durvalumab
(35)

7% pancreatitis
after tremelimumab
(65)

1%-6% amylase
elevation after
nivolumab (27, 55, 62)

2% lipase elevation
after durvalumab
(36)

2%-10.4% pancreatic
toxicity after ipilimumab
plus nivolumab (53, 79)

<2% lipase elevation and
<4% amylase elevation
after cemiplimab (25)

2%-3% amylase/
lipase elevation
after avelumab (49)

1.2% pancreatitis after
durvalumab plus
tremelimumab (28)

<1.2% pancreatitis after
pembrolizumab (19, 75,
77)

0.5%-1.3%
pancreatitis after
atezolizumab (46)

Endocrine Hypothyroidism 4% hypothyroidism
after tremelimumab
(65)

4%-7.7%
hypothyroidism after
nivolumab (33, 42, 56,
80)

10.5%-15.2%
hypothyroidism
after durvalumab
(2, 35)

10% hypothyroidism after
tiragolumab (anti-TIGIT)
plus atezolizumab (38)

6.7%-28.8%
hypothyroidism after
pembrolizumab (18, 19,
72, 73, 75, 81)

5.1%-9%
hypothyroidism
after avelumab (51,
64)

15.3% hypothyroidism after
monalizumab (anti-
NKG2A) plus durvalumab
(35)

10% hypothyroidism
after cemiplimab (29)

5%-14.2%
hypothyroidism
after atezolizumab
(20, 44, 46)

11%-16% hypothyroidism
after ipilimumab plus
nivolumab (56, 69, 76)

15.2%-22% hypothyroidism
after ipilimumab plus
pembrolizumab (52, 53)
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TABLE 1 Continued

Organ/
System

IrAEs Anti-CTLA-4 Anti-PD-1 Anti-PD-L1 Other ICIs Combined immuno-
therapies

Hyperthyroidism 2% hyperthyroidism
after ipilimumab
(39)

3%-7% hyperthyroidism
after nivolumab (42, 82)

2.8%-4.1%
hyperthyroidism
after atezolizumab
(46)

10.2% hyperthyroidism
after monalizumab (anti-
NKG2A) plus durvalumab
(35)

4%-11.1%
hyperthyroidism after
pembrolizumab (18, 19,
72, 73, 75, 81)

0.6%-1.3%
hyperthyroidism
after avelumab (51,
64)

8.7% hyperthyroidism after
ipilimumab plus nivolumab
(56)

6.3%-12.1%
hyperthyroidism
after durvalumab
(2, 35, 36)

Thyroiditis 1%-2% thyroiditis after
pembrolizumab (18, 77)

0.5% autoimmune
thyroiditis after
avelumab (51)

Hypophysitis <1% hypophysitis
after ipilimumab
(39)

0.4%-1% hypophysitis
after nivolumab (42, 82)

<1%-2.1% hypophysitis
after ipilimumab plus
nivolumab (24, 56, 76)

0.7%-2.4% hypophysitis
after pembrolizumab
(19, 72, 75, 77)

0.6% hypophysis after
durvalumab plus
tremelimumab (28)

Adrenal
insufficiency

1%-23% adrenal
insufficiency after
ipilimumab (32, 39)

<3% adrenal
insufficiency after
nivolumab (27, 62, 83)

1% adrenal
insufficiency after
atezolizumab (46)

0.6% adrenal insufficiency
after durvalumab plus
tremelimumab (28)

0.2%-0.7% adrenal
insufficiency after
pembrolizumab (19, 75)

0.5%-1% adrenal
insufficiency after
avelumab (49, 51)

1%-4.7% adrenal
insufficiency after
ipilimumab plus nivolumab
(24, 56)

1% adrenal insufficiency
after cemiplimab (29)

2% adrenal
insufficiency after
durvalumab (36)

2% adrenal insufficiency
after ipilimumab plus
pembrolizumab (53)

Diabetes/
Hyperglycemia

0.2%-0.6% diabetes after
pembrolizumab (73, 75)

3% hyperglycemia
after durvalumab
(35)

4% diabetes after
tiragolumab (anti-TIGIT)
plus atezolizumab (38)

2%-5% hyperglycemia
after nivolumab (33, 55)

10.2% hyperglycemia after
monalizumab (anti-
NKG2A) plus durvalumab
(35)

2% diabetes after
ipilimumab plus
pembrolizumab (53)

1% hyperglycemia after
ipilimumab plus nivolumab
(23)

Dermatologic Vitiligo 1% Vitiligo after
nivolumab (82)

Rash 17%-28% rash after
ipilimumab (39, 58,
84)

5.7%-27% rash after
nivolumab (27, 40, 42,
55)

5%-11% rash after
atezolizumab (20,
44, 45)

24% rash after
vibostolimab (anti-
TIGIT) (37)

27% rash after tiragolumab
(anti-TIGIT) plus
atezolizumab (38)

13.3%-41% rash
after tremelimumab
(28, 65)

7%-22% rash after
pembrolizumab (18, 19,
73, 77)

3.8% rash after
avelumab (64)

21% rash after vibostolimab
(anti-TIGIT) plus
pembrolizumab (37)

(Continued)
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TABLE 1 Continued

Organ/
System

IrAEs Anti-CTLA-4 Anti-PD-1 Anti-PD-L1 Other ICIs Combined immuno-
therapies

5% rash after
cemiplimab (25)

3.2%-15% rash
after durvalumab
(28, 35, 36)

14.5% rash after cobolimab
(anti-TIM-3) plus
dostarlimab (anti-PD-1)
(60)

10.4%-20% rash after
ipilimumab plus nivolumab
(24, 56, 69, 76)

11.3% rash after
enoblituzumab (anti-B7-
H3) plus pembrolizumab
(22)

7% rash after durvalumab
plus tremelimumab (28, 71)

Nodular eczema 0.2% nodular eczema
after nivolumab (3)

Erythema
multiforme

11% erythema
multiforme after
tremelimumab (65)

2.1%-7% erythema
multiforme after
nivolumab (41, 42, 62)

2% erythema
multiforme after
cemiplimab (25)

Dermatitis
acneiform

0.5% dermatitis
acneiform after
nivolumab (56)

4.8% dermatitis
acneiform after
durvalumab (28)

1.2% Dermatitis acneiform
after ipilimumab plus
nivolumab (56)

0.3% dermatitis
acneiform after
avelumab (51)

Acneform
eruptions

5.4% acneform
eruptions after
nivolumab (83)

Maculopapular
Rash

6.3%-15%
maculopapular rash
after nivolumab (41, 83)

2% maculopapular
rash after
atezolizumab (45)

6% maculopapular rash
after durvalumab plus
tremelimumab (54)

6% maculopapular rash
after cemiplimab (29)

0.8%-1.3%
maculopapular rash
after avelumab (51,
64)

8% maculopapular rash
after tiragolumab (anti-
TIGIT) plus atezolizumab
(38)

5%-14% maculopapular
rash after ipilimumab plus
nivolumab (56, 57, 85)

Herpes <2% herpes zoster after
nivolumab (27)

2% pemphigoid after
nivolumab (62)

Dermatitis 1.1% dermatitis
after durvalumab
(2)

Psoriasis 4% Psoriasis after
nivolumab (80)

1% Psoriasis after
avelumab (49)

Musculoskeletal
System

Arthralgia 7%-14% arthralgia
after ipilimumab
(39, 58)

5.7%-26% arthralgia
after nivolumab (3, 41,
62)

2%-16.8%
arthralgia after
atezolizumab (20,
21, 59, 67)

18% arthralgia after
vibostolimab (anti-
TIGIT) (37)

16% arthralgia after
tiragolumab (anti-TIGIT)
plus atezolizumab (38)

(Continued)
F
rontiers in Immuno
logy
 07
 frontiersin.org

https://doi.org/10.3389/fimmu.2023.1094414
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Hu et al. 10.3389/fimmu.2023.1094414
TABLE 1 Continued

Organ/
System

IrAEs Anti-CTLA-4 Anti-PD-1 Anti-PD-L1 Other ICIs Combined immuno-
therapies

4%-20.5% arthralgia
after pembrolizumab
(18, 72)

5% arthralgia after
avelumab (49)

12% arthralgia after
vibostolimab (anti-TIGIT)
plus pembrolizumab (37)

4%-13%arthralgia after
cemiplimab (25, 29)

16.7% arthralgia
after durvalumab
(35)

7%-9.9% arthralgia after
ipilimumab plus
pembrolizumab (52, 53)

Arthritis 1%-4% arthritis
after avelumab (36,
49)

Joint effusion <1% joint effusion after
nivolumab (27)

Myalgia 7% myalgia after
ipilimumab (39)

4%-20% myalgia after
nivolumab (27, 40, 41,
62)

13.5% myalgia after
atezolizumab (44)

6% myalgia after
vibostolimab(anti-
TIGIT) (37)

3% myalgia after
vibostolimab (anti-TIGIT)
plus pembrolizumab (37)

3% myalgia after
pembrolizumab (18)

7% myalgia after
ipilimumab plus
pembrolizumab (53)

Myositis <1%-4% myositis after
nivolumab (27, 80)

0.5%-2% myositis after
pembrolizumab (19, 73,
77)

Myasthenia <1% myasthenia
syndrome after
nivolumab (27)

2% myasthenia syndrome
after ipilimumab plus
pembrolizumab (53)

1% myasthenia gravis
after nivolumab (82)

4.3% myasthenia gravis
after atezolizumab plus
ipilimumab (86)

1.8% myasthenia gravis
after durvalumab plus
tremelimumab (28)

Kidney Elevated
creatinine/ Renal
injury

<1% renal injury
after ipilimumab
(39)

2%-3.2% renal injury
after pembrolizumab
(73, 77)

0.4% renal injury
after durvalumab
(2)

1% acute kidney injury after
ipilimumab plus
pembrolizumab (23)

1% renal injury after
cemiplimab (29)

1% renal injury after
ipilimumab plus nivolumab
(23)

0.6%-4% renal injury after
durvalumab plus
tremelimumab (28, 30)

Nephritis 0.4%-0.6% nephritis
after pembrolizumab
(19, 73)

Allergic
nephritis

4% allergic nephritis
after nivolumab (41)

Renal failure 5% renal failure after
nivolumab (41)

1.2% renal failure after
durvalumab plus
tremelimumab (28)

Eyes Uveitis 1.5% uveitis after
ipilimumab (78)

0.6% uveitis after
pembrolizumab (73)

9% uveitis after ipilimumab
plus pembrolizumab (53)

Scleritis 1% scleritis after
ipilimumab (78)

1% scleritis after
avelumab (49)

(Continued)
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2.2 Anti-PD-1/PD-L1

PD-1 is expressed on activated T cells, B cells, natural killer

(NK) cells, and cells of the myeloid lineage. PD-L1 is one of the

ligand which can be expressed on a variety of immune and non-

immune cells, including tumor cells, while the expression of another

ligand of PD-1, PD-L2, is limited to APCs (97, 98). Compared to

CTLA-4, PD-1 is involved in a broader range of immune regulation

and mainly suppresses the effector phase of activated T cells (99).

The binding of PD-1 to its ligands impairs T-cell proliferation and

cytokine production by abrogating the cascade response activity of

two signals, namely the PI3K/Akt and Ras/MEK/Erk pathways (16,

100–102). Notably, the binding of PD-1 to different ligands leads to

distinct biological effects (103). The binding of PD-1 with PD-L2

leads to an enhanced Th2 activity, whereas PD-1/PD-L1 binding

inhibits T-cell responses (104, 105). Anti-PD-1/PD-L1 antibodies

are also known as “immune normalizers”, which are intended to

“normalize” T-cell immunity in tumor microenvironment (106).

IrAEs are manifestations of immune imbalance when anti-PD-1/

PD-L1 antibodies enhance T cell-mediated immune responses in

normal tissues.

Gastrointestinal toxicity is the most common adverse event in

NSCLC receiving anti-PD-1/PD-L1 antibodies, followed by

pulmonary, neurological, cutaneous, endocrine and musculoskeletal

toxicities (Table 1). Clinical data showed that the incidence of

gastrointestinal adverse events is the highest, with diarrhea (1%-

48%), nausea/vomiting (2%-17.2%) and hepatitis (1%-23%) being the

most commonly reported (Table 1). This was followed by CIP (1%-

30%), and the presence of severe pneumonia can severely

compromise the efficacy of ICI therapy (107, 108). The incidence

of peripheral nerve injury (1%-38%) is high; however, mild

neurological toxicity may be easily overlooked (Table 1). In

addition, all ICIs have a high incidence of skin toxicity, with anti-

PD-1/PD-L1 having the highest incidence of rash (3%-27%) and

maculopapular rash (1%-15%) (Table 1). Overall, the incidence of
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major endocrine toxicities associated with anti-PD-1/PD-L1 therapy

is generally low, with the exception of hypothyroidism (1%-28%)

(Table 1). Other adverse events with a relatively high incidence were

arthralgia (2%-26%) and muscle pain (3%-20%) (Table 1). As

reported, diarrhea, rash, maculopapular rash and renal injury were

significantly higher in anti-PD-1 than in anti-PD-L1. Conversely, the

incidence of myocarditis, stomatitis and peripheral neuropathy were

higher in anti-PD-L1 than in anti-PD-1 (Table 1).

On the other hand, the incidence of adverse events differs

significantly between different anti-PD-1/PD-L1 antibodies. The

higher incidence of irAEs with nivolumab in the treatment of

NSCLC are rash (5.7%-27%), diarrhea (8.9%-24%), arthralgia

(5%-26%), and myalgia (4%-20%) (Table 1). Events such as

pneumonia, interstitial pneumonia, nausea/vomiting, enteritis,

hepatic impairment, hypothyroidism, hyperthyroidism, pituitary

inflammation and hyperalgesia were also frequently reported.

Hypothyroidism (6.7%-28.8%), pneumonia (4.4%-23%), rash (7%-

22%), nausea/vomiting (2%-17.2%) and hyperthyroidism (4%-11%)

are the irAEs of a higher incidence with pembrolizumab (Table 1).

Gastrointestinal toxicity such as diarrhea (5%-24%) was the highest

and most frequently reported adverse event in cemiplimab therapy

(Table 1). Adverse events involving the respiratory and circulatory

systems were frequently reported with cemiplimab, but not at a high

incidence rate. Adverse events of a high incidence with durvalumab

are diarrhea (4%-20%), pneumonia (1.6%-16.7%), hypothyroidism

(10.5%-15.2%), rash (3.2%-15%), hepatic impairment (13%),

hyperthyroidism (6.3%-12.1%) and pancreatitis (2%-12.1%)

(Table 1). The frequently reported adverse events with

atezolizumab were diarrhea (6.2%-20.6%), hepatic impairment

(1%-23%), nausea/vomiting (7.7%-14.2%), hypothyroidism (5%-

14.2%), arthralgia (2%-16.8%), myalgia (13.5%) and rash (5%-

11%) (Table 1). Avelumab had a significantly lower incidence of

adverse reactions than durvalumab or atezolizumab, with the

commonly reported adverse events being arthralgia (5%) and rash

(3.2%) (Table 1).
TABLE 1 Continued

Organ/
System

IrAEs Anti-CTLA-4 Anti-PD-1 Anti-PD-L1 Other ICIs Combined immuno-
therapies

Oral cavity Stomatitis 11.7% stomatitis
after tremelimumab
(28)

0.6% stomatitis after
pembrolizumab (73)

11.9% stomatitis
after atezolizumab
(59)

Nervous system/
Brain

Encephalitis <1% encephalitis after
nivolumab (27)

0.3% encephalitis
after avelumab (51)

Peripheral
neuropathy

11%-14% peripheral
neuropathy after
ipilimumab (39, 58)

20% peripheral
neuropathy after
nivolumab (41)

38.7% peripheral
neuropathy after
atezolizumab (44)

1%-20.5% peripheral
neuropathy after
pembrolizumab (18, 72)

Atypical
Guillain-Barre
syndrome

4% Atypical Guillain-
Barre syndrome after
nivolumab (80)
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2.3 Other ICIs

Recently, the conversion of other immune checkpoints, such

as lymphocyte activation gene-3 (LAG-3), T cell immunoglobulin

and ITIM domain (TIGIT) and T cell immunoglobulin and

mucin-domain containing-3 (TIM-3), B7-H3 and NKG2A, into

clinical next-generation immunomodulatory targets has been

increasingly investigated (109). The binding of LAG-3 to

corresponding ligands, including major histocompatibility

complex II (MHC-II), liver sinusoidal endothelial cell lectin

(LSECtin) and hepatic fibrinogen-like protein 1 (FGL-1),

induces immune cell depletion and reduces cytokine secretion

(110–114). On the other hand, LAG-3 deficiency leads to an

increased autoimmune susceptibility in mice (115, 116).

REGN3767 is a human LAG-3 monoclonal antibody. In clinical

trials of REGN3767 monotherapy for advanced malignancies, the

most frequent adverse reaction was nausea (22.2%) (117).

Whether LAG-3 potentiates irAEs of known checkpoint

blockers or generates new irAEs still needs to be further

explored. TIGIT is an inhibitory receptor that is widely

expressed on lymphocytes (118, 119). The interaction of TIGIT

with its ligands (CD155, CD112 and CD113) can impair DC-

triggered T-cell responses and inhibit the cytotoxicity of CD8+ T

cells (120, 121). IrAEs associated with anti-TIGIT drugs

(vibostolimab) were rash (24%), pneumonia (18%), arthralgia

(18%), nausea/vomiting (15%), myalgia (6%), and enteritis (3%)

(Table 1). TIM-3 is expressed in tumor cells and immune cells.

The interaction of TIM-3 with its ligand induces T-cell

suppression (122). TIM-3 is highly upregulated on infiltrating

CD4+ and CD8+ T cells from human lung cancer tissues, and high

TIM-3 expression may be associated with tumor progression

(123). Phase I clinical trials found that the most frequent

adverse events with anti-TIM-3 monotherapy (cobolimab) in

advanced solid tumors (NSCLC and melanoma) were fatigue

(13.0%) and nausea (8.7%) (60). B7-H3, also called CD276, is a

member of the B7 family, which was also recognized as a co-

stimulatory molecule. Although its ligand has not been well

studied, certain treatments targeting B7-H3 are undergoing

clinical trials. Inhibitors of immune checkpoints such as VISTA,

ICOS and BTLA are currently in clinical trials for the treatment of

advanced solid tumors.
2.4 Combined immunotherapies

The most common combination regimens are anti-CTLA-4

plus anti-PD-1/PD-L1, anti-PD-1/PD-L1 plus anti-TIGIT, anti-

PD-1 plus anti-B7-H3, anti-PD-L1 plus anti-NKG2A, anti-PD-1

plus anti-LAG-3, anti-PD-1 plus anti-TIM-3, and anti-PD-1 plus

anti-B7-H3. Compared with the application of one checkpoint

inhibitor or chemotherapy, the combination of ICIs for NSCLC

was associated with an increased incidence of adverse reactions and

high-grade immunotoxicities (Grade ≥ 3) in patients while

prolonging the PFS (23, 79, 124). Gastrointestinal toxicities (10%-

50%) and endocrine toxicities (1%-20%) are significantly higher in
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combined immunotherapy than in monotherapy, such as diarrhea

(6.4%-57%), nausea/vomiting (1.2%-42.9%), hypothyroidism (10%-

22%), hyperthyroidism (8.7%-10%), hypothyroidism and glucose

abnormalities (1%-10.2%) (Table 1). Elsewhere, the incidence of

maculopapular rash (5%-14%) and uveitis (9%) was relatively

higher in combined immunotherapy than in monotherapy

(Table 1). The differences in cardiac and pulmonary toxicity were

not significant (Table 1). Adverse events with higher rates in

ipilimumab plus nivolumab are rash (10%-20%), diarrhea (6.4%-

20%), hypothyroidism (11%-16%), maculopapular rash (5%-14%),

pancreatitis (2%-10.4%), hyperthyroidism (8.7%), pneumonia (3%-

7%), enterocolitis (1%-6%), hepatic impairment (1%-6%), and

hyperaldosteronism (1%-4.7%) (Table 1). The incidence of

enterocol i t i s (10%-26%) and arrhythmias (3%) with

tremelimumab plus durvalumab treatment was significantly

higher than other combination regimens (Table 1). The most

prominent adverse events with ipilimumab plus pembrolizumab

were pneumonia (7%-17.2%) (Table 1). In contrast, the overall

respiratory, gastrointestinal and endocrine system toxicity was

higher with anti-PD-1/PD-L1 in combination with other ICIs for

NSCLC than with anti-CTLA-4 plus anti-PD-1/PD-L1 (Table 1).
3 Mechanism of irAEs

The under ly ing mechan i sm of i rAEs in NSCLC

immunotherapy remains largely unknown. Here, we summarized

three main factors that may be involved in the pathogenesis of

irAEs: pre-existing autoimmunity, loss of tolerance, and

presentation of self-antigens (Figure 1). Currently, accumulating

evidence suggested that genetic predisposition or subclinical

autoimmunity contributes to the development of irAEs. Specific

HLA alleles may enhance the autoimmune response and be

associated with the production of autoantibodies (125, 126)

(Figure 1). For example, the presence of HLA-DRB1 allele is

associated with the specific autoantibody, antithyroglobulin (127,

128). HLA allele DRB1*04:05 is associated with the development of

arthritis in ICI-treated patients (129). A case series study revealed

that HLA-DR4, a genetic predictor for type 1 diabetes, is enriched in

ICI-related diabetes, which can also be considered as a complication

of autoimmune pancreatitis induced by ICIs (130). Another study

demonstrated that in advanced NSCLC patients with subclinical

autoimmune disease, the pre-existing antibodies were positively

correlated with the occurrence of irAEs after anti-PD-1 treatment

(131). Loss of immune tolerance due to the HLA allele and other

genes results in the production of heterogeneous autoantibodies

and inflammatory cytokines that may be present for months or even

years (Figure 1). In response to appropriate environmental factors,

auto-reactive cells are activated and recruited to target tissues (128,

132) (Figure 1).

Except for activated T cells, CTLA-4 and PD-1 are

constitutively expressed by Tregs and some myeloid cells, which

play a vital role in maintaining immune tolerance (133, 134)

(Figure 1). A canonical theory of irAEs is that treatment with

ICIs leads to the loss of tolerance in cancer patients, paving ways for
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auto-reactive T-cell activation and the overwhelming humoral

immunity (Figure 1). For instance, a previous study dissected a

significant accumulation of CD8+ T cells with highly cytotoxic and

proliferative status in ICI-associated colitis, a substantial fraction of

which were found to originate from tissue-resident populations in

TCR sequence analysis (135). It has been recognized that the most

common irAE tends to occur in organs that are highly dependent

on peripheral tolerance to maintain immune homeostasis (136).

Furthermore, tumor cells can express shared antigens with

normal tissues, potentializing the excessive T-cell activity upon

ICI treatment, which is thought to be another primer factor in the

development of irAEs (Figure 1). In immune-related skin toxicity in

NSCLC patients, nine T-cell shared antigens between tumor and

skin tissues were identified (137). In CIP of NSCLC patients, a

significant overlap of T-cell repertoire was detected via gene

sequencing between tumor-infiltrating lymphocytes (TILs) and

CIP-infiltrating lymphocytes, rather than T cells from either the

secondary lymphoid organs or peripheral blood (138). Consistently,

ipilimumab treatment led to a greater diversification of T-cell

repertoire, a clear indicator of auto-reactivity to multiple antigens,

in cancer patients with irAEs compared with those without irAEs

(139). Thus, it has been realized that ICI-induced epitope spreading

represents a newly specific mechanism accounting for this
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broadening of T-cell repertoire and cross-reactivity in

cancer patients.

Other factors, such as non-autoimmune inflammation and gut

microbiome, may also play a critical role in the development of

irAEs (140, 141). Ultimately, as irAEs become a limitation in anti-

tumor immunotherapy, more efforts are required in future to learn

the pathophysiology of irAEs.
4 Predictive biomarkers

In the past few years, biomarkers have been investigated to

predict adverse effects during cancer immunotherapy. To date, the

potential biomarkers reported mainly include immune cells,

cytokines/chemokines, autoantibodies, genetics and other

factors (Figure 2).
4.1 Immune cells

Considering the central role in mediating the toxicities of ICI

therapy, immune cells have long been recognized as attractive

cellular biomarkers in the prediction of irAEs. Research has
FIGURE 1

Mechanisms underlying irAEs. (A) Specific HLA alleles and other genes result in the generation of pre-existing auto-reactive cells and antibodies in
cancer patients. The enhanced auto-reactive cells by checkpoint inhibitors further promotes the production of autoantibodies, leading to the attack of
normal tissues. (B) Tumor microenvironment (TME) favors the generation of myeloid-derived suppressor cells (MDSCs), which directly suppress
antitumor immunity by expressing PD-L1 and indirectly induce Treg differentiation to inhibit T-cell function. On one hand, the application of ICIs to
block PD-1/PD-L1 and CTLA-4-mediated immune suppression may affect the function of MDSCs and Tregs, leading to the loss of immune tolerance.
On the other hand, by promoting the effector function of CD4+ T and CD8+ T cells, ICI treatment enhances the potential immune responses against
normal tissues. (C) Tumor cells can express shared antigens with normal tissues. Meanwhile, tumor cell death releases self and tumor antigens. The
auto-reactive T cells can recognize shared or self antigens, leading to the collapse of immune tolerance and normal tissue damage.
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focused on using immune signatures in peripheral blood as

candidate biomarkers given the ease of access and minimal

invasiveness. In agreement with the pathogenesis of irAEs, skin

antigen-specific T cells were found in blood samples of anti-PD-1-

treated NSCLC patients who developed autoimmune skin toxicities,

implying a potential predictive value of this immune cell subset for

skin-related irAEs (137) (Figure 2). Similarly, an early expansion of

CD8+ T cell clones (≥ 55) in peripheral blood within two weeks of

ICI starting therapy indicates the forthcoming occurrence of severe

irAEs in prostate cancers receiving ipilimumab (142) (Figure 2).

Significant increases in CD4+ T and CD8+ T cells were observed in

biopsies from cancer patients treated with PD-1/PD-L1 inhibitors

resulting in mechanical pneumonia, and in bronchoalveolar lavage

(BAL) samples from patients with CIP (143, 144) (Figure 2). An

early and greater diversification of peripheral T-cell repertoire after

checkpoint blockade was observed in cancer patients with irAEs

than in those without irAEs, indicating its predictive value for irAE

(139) (Figure 2). Moreover, recent studies also suggested the utility

of humoral immune cells in irAE identification. Das et al. reported
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that an early increase in circulating CD21low B cells, characterized

by a higher expression of PD-L1 and a greater clonality than

CD21high B subsets, correlated with severe irAEs after anti-PD-1

and anti-CTLA-4 combined therapy (145) (Figure 2).
4.2 Cytokines and chemokines

Cytokine release syndrome (CRS) is a systemic inflammatory

disorder characterized by a massive release of cytokines, which may

occur in cancer patients receiving ICIs treatment (146). Since the

storm of T cell-activating cytokines induces broad over-activity of T

cells targeting self-tissues, a series of symptoms, ranging from mild

to life-threating, can accompany with CRS. In accordance, recent

studies have evaluated the baseline and changes of cytokines and

chemokines in cancer patients to predict adverse reactions of ICIs

therapy. In a longitudinal study, higher post-treatment levels of

serum G-CSF and RANTES, as well as a lower level of leptin after

treatment, were observed in irAE NSCLC patients, compared with
FIGURE 2

Predictive biomarkers of irAEs in NSCLC. (A) Before ICIs. The baseline cytokines, chemokines, peripheral-blood cell counts, and pre-existing
antibodies and genetic alterations are associated with irAEs in NSCLC. Lower baseline levels of NLR, PLR, CXCL9, CXCL10, CXCL11 and CXCL19
correlate with irAEs. MiR-146a deletion even predicts the occurrence of severe irAEs. However, the baseline NLR and CRP are increased in NSCLC
with immune-related cardiotoxicities. The pre-existing anti-GNAL and anti-ITM2B in plasma predict immune-related hypophysitis. ICI-related thyroid
dysfunction is associated with pre-existing TG-Ab, TPO-Ab, HLA-DR, and higher baseline value of IL-1b, IL-2 and GM-CSF. Anti-CD274, a higher
baseline level of AEC and lower baseline IFN-g and ALC are associated with CIP. HLA alleles and autoantibodies as indicated are related to immune-
related diabetes, colitis, adrenal and skin adverse events. Age, BMI and past medical history have also been shown to be strongly associated with
irAEs. (B) After ICIs. An increased diversification of peripheral T-cell repertoire, early expansion of CD8+ T-cell clones (≥ 55), and increased
circulating CD21low B cells characterized by higher PD-L1 expression and greater clonality after immunotherapy are associated with irAEs. Higher
post-treatment levels of serum G-CSF, RANTES, CRP, CXCL9 and CXCL10, and lower post-treatment leptin correlate with irAEs. Changes of
cytokines during ICI treatment predict organ-specific adverse events. Decreased IL-8, G-CSF and MCP-1 predict immune-related thyroid
dysfunction. Increased IL-6 and IL-10, and decreased IFN-g predict CIP. Increased IL-6 and IL-8, and the presence of skin antigen-specific T cells in
blood after ICIs predict skin toxicities. In addition, disturbances in gut microbes are associated with gastrointestinal toxicities.
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non-irAE NSCLC patients (147) (Figure 2). Another study, which

included 53 lung cancer patients, indicated that the subjects who

developed irAEs possessed lower baseline levels of CXCL9,

CXCL10, CXCL11 and CXCL19, as well as a greater increase in

CXCL9 and CXCL10 at post-treatment, compared with those

without irAEs (148) (Figure 2).

As for organ-specific irAEs, Lin et al. reported that increased

levels of serum IL-6 and IL-10 during ICI treatment may act as

useful biomarkers to predict CIP in lung cancer patients (149)

(Figure 2). Another study of NSCLC even showed that both a low

baseline level of IFN-g and decrease of IFN-g after ICI therapy were
correlated with the development of CIP (150) (Figure 2).

Additionally, higher baseline levels of IL-1b, IL-2 and GM-CSF,

as well as early decrease of IL-8, G-CSF and MCP-1 were

demonstrated to be associated with ICI-related thyroid

dysfunction (151) (Figure 2). Phillips et al. retrospectively

reviewed patients with immune-related cutaneous adverse events

(ircAEs), and suggested that increased serum IL-6 and IL-10 may

act as potential biomarkers for ircAEs (152) (Figure 2).
4.3 Autoantibodies

Cancer patients with co-existing autoimmune diseases are at a

higher risk for the development of irAEs. This notion is supported

by the following studies, suggesting that pre-existing autoantibodies

in the body of cancer patients are predictive of irAEs following ICI

treatment. It has been reported that autoantibodies, including anti-

GNAL, anti-ITM2B and anti-CD74, both in pre-treatment and on-

treatment plasma samples of cancer patients correlate with the

development of immune-related hypophysitis and pneumonitis

after ICI therapy, respectively (153) (Figure 2). The presence of

anti-thyroid peroxidase and anti-thyroglobulin antibodies at

baseline were associated with a higher risk of thyroid dysfunction

during immunotherapy (154–157) (Figure 2). And an elevated anti-

BP-180 antibody at baseline correlated with a higher probability to

develop skin adverse events in NSCLC during anti-PD-1/PD-L1

therapy (158) (Figure 2). In addition, insulin-dependent diabetes

occurred in nearly 1% of solid cancer patients treated with anti-PD-

1/PD-L1 antibodies, of which 40% had at least one positive auto-

antibody and 21% had two or more, including glutamic acid

decarboxylase (GAD65), islet antigen2 (IA-2/ICA-512), zinc

transporter8 (ZnT8) and insulin autoantibodies (IAA) (159)

(Figure 2). Toi et al. profiled the pre-existing autoimmune

markers in advanced NSCLC patients with subclinical

autoimmune disease who underwent anti-PD-1 therapy, and

found that the presence of pre-existing antinuclear antibody

(ANA), rheumatoid factor (RF), anti-thyroglobulin (TG) and

anti-thyroid peroxidase (TPO) were associated with the

development of irAEs, as well as with clinical benefits to PD-1

inhibitors (131) (Figure 2). Mechanistically, this correlation can be

explained that the enhanced auto-reactive T cells can induce the

production of auto-antibodies in B cells following ICIs treatment,

which eventually cause irAEs (160).

However, not all antibody positivity leads to adverse effects in

ICI treatment. A recent study showed that patients with
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ICI-induced inflammatory arthritis were more likely to be

autoantibody-negative for RF and anti-cyclic citrullinated peptide

(CCP) antibodies (129). Importantly, it should be noteworthy that

cancer patients with pre-existing autoimmune disorders were often

excluded from access to immunotherapy-based, anti-cancer clinical

trials and only small-scale retrospective cohort studies are currently

available to determine the correlation between autoantibodies and

irAEs. Thus, further well-designed larger prospective studies are

needed to validate these findings and investigate whether a specific

autoimmune framework predicts different irAEs.
4.4 Genetic alterations

Recently, genetic pre-disposition to irAEs has attracted

increasing attention. Hoefsmit et al. reported that susceptible

genetic loci of immune-related genes, including surfactant protein

C (SP-C), autoimmune regulator (AIRE), telomerase reverse

transcriptase (TERT) and mucin 5B oligomeric mucus/gel-

forming (MUC5B), are linked to the development of CIP in

cancer patients (161) (Figure 2). A recent database study reported

a positive correlation between tumor mutational burden (TMB) and

anti-PD-1-induced irAEs across 18 cancer types (162) (Figure 2). In

addition, certain HLA types were also found to be associated with

the development of specific irAEs. A retrospective study of cancer

patients by Danae et al. found an increased expression of HLA-DR

on the surface of monocytes in patients with thyroid toxicity caused

by anti-PD-1 inhibitor (pembrolizumab) (163) (Figure 2). Studies

on the treatment of advanced cancer patients including NSCLC by

ICIs showed that HLA-DR15, B52, and Cw12 may be related to the

occurrence and development of adrenal insufficiency (164)

(Figure 2). A prospective observational clinical study dissected

associations between HLA-DRB1*11:01 and pruritus, and

between HLA-DQB1*03:01 and colitis in metastatic NSCLC and

melanoma patients receiving anti-PD-1, anti-CTLA4, or both (165)

(Figure 2). Stamatouli and colleagues identified a predominance of

HLA-DR4 in 76% of cancer patients with autoimmune, insulin-

dependent diabetes caused by ICIs, suggesting the potential of

HLA-DR4 in identifying those at a higher risk to develop this

kind of irAE (159) (Figure 2). In addition, preclinical data showed

that microRNA-146a (miR-146a) deletion was associated with the

occurrence of severe irAE (166) (Figure 2). However, despite this

progress, the predictive value of genetic alterations for irAEs

remains less well-defined. Larger association studies are required

to extend the usage of genetic determinants in irAEs.
4.5 Other factors

Even more creative strategies to predict irAEs have been

considered. Until now, there are some other emerging irAE

biomarkers on the rise, such as demographic information, body

mass index (BMI), past medical history, peripheral-blood cell count,

gut microbiome and omics information. A retrospective study of

cancer patients receiving pembrolizumab treatment found that an

increase in BMI was associated with an increased risk of irAEs
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(167). It has been reported that patients older than 70 years or with

a smoking history are more likely to develop CIP during ICIs

treatment (168, 169). Notably, the past medical history was found to

be closely associated with the occurrence of organ-specific irAEs.

Recent studies found that patients undergoing cancer

immunotherapy with pre-existing interstitial lung disease or

asthma experienced a greater incidence of CIP than those without

these diseases (168, 169). Similarly, accumulating data highlighted

the contribution and prediction of specific gut microbes in the

development of ICI-induced intestinal irAEs (170) (Figure 2). In

addition, a higher baseline absolute eosinophil count (AEC) was

observed in patients with CIP than in those without CIP, which

could act as a potential biomarker (171) (Figure 2). Pavan et al.

investigated the predictive value of the neutrophil-to-lymphocyte

ratio (NLR) and platelet-to-lymphocyte ratio (PLR) for irAEs in

advanced NSCLC treated with ICIs (172). Patients with a lower

baseline level of NLR or PLR had a higher risk of irAEs (Figure 2).

However, results from a retrospective study showed that increased

NLR and PLR, and decreased absolute lymphocyte count (ALC)

during ICI therapy were associated with the development of CIP in

lung cancer patients (149) (Figure 2). A study of immune-related

cardiotoxicity showed a significant increase in NLR and C-reactive

protein (CRP) compared with the baseline value in patients with

NSCLC treated with ICIs (173) (Figure 2). As a peripheral blood

inflammation biomarker, NLR is relatively easy-to-obtain to predict

irAEs. However, there is still no consistent point of view. In future,

we need a large-sample study on the relationship between baseline

NLR levels and irAEs in different cancer types to guide clinical

work. Recently, people have developed a new strategy to combine

pharmacovigilance and multi-omics data, and a bivariate regression

model of LCP1 and ADPGK was established to predict irAEs across

different cancer types (174).
5 Treatment modalities for irAEs

Treatment of irAEs, which involve multiple organ systems

throughout the body and carry a risk of death in severe cases, is

critical for cancer patients. For mild to moderate adverse events,

suspension or discontinuation of ICIs or treatment with

corticosteroid represents the most prevalent and primary treatment

modality. A retrospective study of advanced NSCLC showed that

glucocorticoids were effective in mitigating mild irAEs and did not

affect the efficacy of ICIs (175). Meanwhile, various second-line

therapies have been used with some success in patients with

corticosteroid-refractory toxicity and serious adverse events. For

example, immunoglobulin and plasma replacement therapy can be

effective in relieving symptoms of neurogenic immunotoxicity (176,

177). Other immunomodulatory agents also play an important role in

the treatment of immunotoxicity. For example, TNF antagonists

(infliximab), inosine monophosphate dehydrogenase (IMPDH)

inhibitors (mycophenolate), and anti-integrin a4b7 antibodies

(vedolizumab) are effective in ameliorating steroid-refractory

gastrointestinal toxicity (178–180). As the mechanisms of irAEs
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have been investigated, cytokine inhibitors are used to ameliorate

the symptoms of immunotoxicity. A patient with NSCLC who

developed psoriasis flares after treatment with pembrolizumab was

treated with an IL-17 inhibitor (secukinumab), which was found to

reduce toxicity but did not affect tumor control by pembrolizumab

(181). IL-6 inhibitors (tocilizumab) also demonstrated treatment

efficiency in patients with irAEs (182). Antibodies against B cells

(rituximab) can effectively treat these ICI-induced toxic reactions and

some autoimmune toxicities (160, 183). Some other cytokine

inhibitors, such as IL-1 inhibitors and IL-23 inhibitors, are effective

in relieving clinical symptoms when used in cancer patients

presenting with organ-specific irAEs (184). Acupuncture

significantly improved neurological symptoms in a patient with

advanced lung cancer who developed Guillain-Barre syndrome

after receiving immunotherapy (176). There are still many patients

with irAEs who still have refractory or immunosuppressive toxicities.

A more precise understanding of the pathophysiology of specific

irAEs is urgently needed to guide the treatment of severe irAEs.
6 Discussion

At present, our understanding of cancer immunotherapy is still

at an early stage. Although immunotherapy has significantly

improved the survival rate and quality of life in cancer patients as

compared to conventional chemotherapy, irAEs caused by

immunotherapy pose a great threat to the lives and property of

patients. The lack of consensus on the mechanism of irAEs also

poses a great challenge to further clinical treatment. Therefore, we

still need to learn more about how to apply ICIs more safely and

effectively, and how to deal with adverse events caused by ICIs. The

mechanism of irAEs and the causes of different adverse reactions

caused by different immune drugs need to be further studied.

Whether it is possible to screen the high-risk population of irAEs

and explore the biomarkers related to the early response and safety

of immune drugs remains an essential challenge to address in

future. In addition, how to achieve individualized management of

immunotoxicity in different organs and at different degrees without

compromising immunotherapy is crucial. This article summarized

the incidence and mechanism of irAEs, as well as biomarkers to

predict immunotoxicity in NSCLC ICI-based immunotherapy.

With the further study of predictive markers of immunotoxicity,

it was shown that cytokine inhibitors and immunomodulators

against autoantibodies have provided a better therapeutic efficacy

for organ-specific immunotoxicities. Further research is needed to

determine whether organs or patients at risk for irAEs can be

pretreated based on immunotoxicity biomarkers.
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Updated analysis of KEYNOTE-024: Pembrolizumab versus platinum-based
chemotherapy for advanced non-Small-Cell lung cancer with PD-L1 tumor
proportion score of 50% or greater. J Clin Oncol (2019) 37(7):537–46. doi: 10.1200/
jco.18.00149

74. Chang J, Wu YL, Lu S, Wang J, Mok T, Zhang L, et al. Three-year follow-up and
patient-reported outcomes from CheckMate 078: Nivolumab versus docetaxel in a
predominantly Chinese patient population with previously treated advanced non-small
cell lung cancer. Lung Cancer (2021) 165:71–81. doi: 10.1016/j.lungcan.2021.12.009
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Pembrolizumab versus docetaxel for previously treated, PD-L1-Positive, advanced
non-Small-Cell lung cancer (KEYNOTE-010): A randomised controlled trial. Lancet
(2016) 387(10027):1540–50. doi: 10.1016/s0140-6736(15)01281-7

78. Pinto JA, Raez LE, Oliveres H, Rolfo CC. Current knowledge of ipilimumab and
its use in treating non-small cell lung cancer. Expert Opin Biol Ther (2019) 19(6):509–
15. doi: 10.1080/14712598.2019.1610380

79. Ready N, HellmannMD, AwadMM, Otterson GA, Gutierrez M, Gainor JF, et al.
First-line nivolumab plus ipilimumab in advanced non-Small-Cell lung cancer
(CheckMate 568): Outcomes by programmed death ligand 1 and tumor mutational
burden as biomarkers. J Clin Oncol (2019) 37(12):992–1000. doi: 10.1200/jco.18.01042

80. Cascone T, William WNJr., Weissferdt A, Leung CH, Lin HY, Pataer A, et al.
Neoadjuvant nivolumab or nivolumab plus ipilimumab in operable non-small cell lung
cancer: The phase 2 randomized NEOSTAR trial. Nat Med (2021) 27(3):504–14.
doi: 10.1038/s41591-020-01224-2

81. Fujimoto D, Yomota M, Sekine A, Morita M, Morimoto T, Hosomi Y, et al.
Nivolumab for advanced non-small cell lung cancer patients with mild idiopathic
interstitial pneumonia: A multicenter, open-label single-arm phase II trial. Lung Cancer
(2019) 134:274–8. doi: 10.1016/j.lungcan.2019.06.001

82. Haratani K, Hayashi H, Chiba Y, Kudo K, Yonesaka K, Kato R, et al. Association
of immune-related adverse events with nivolumab efficacy in non-Small-Cell lung
cancer. JAMA Oncol (2018) 4(3):374–8. doi: 10.1001/jamaoncol.2017.2925

83. Saka H, Nishio M, Hida T, Nakagawa K, Sakai H, Nogami N, et al. Five-year follow-
up results from phase II studies of nivolumab in Japanese patients with previously treated
advanced non-small cell lung cancer: Pooled analysis of the ONO-4538-05 and ONO-4538-
06 studies. Jpn J Clin Oncol (2021) 51(1):106–13. doi: 10.1093/jjco/hyaa157

84. Rijavec E, Genova C, Barletta G, Burrafato G, Biello F, Dal Bello MG, et al.
Ipilimumab in non-small cell lung cancer and small-cell lung cancer: New knowledge
on a new therapeutic strategy. Expert Opin Biol Ther (2014) 14(7):1007–17.
doi: 10.1517/14712598.2014.907786

85. Paz-Ares L, Ciuleanu TE, Cobo M, Schenker M, Zurawski B, Menezes J, et al. First-
line nivolumab plus ipilimumab combined with two cycles of chemotherapy in patients with
non-Small-Cell lung cancer (Checkmate 9LA): An international, randomised, open-label,
phase 3 trial. Lancet Oncol (2021) 22(2):198–211. doi: 10.1016/s1470-2045(20)30641-0

86. Wong DJ, Bauer TM, Gordon MS, Bene-Tchaleu F, Zhu J, Zhang X, et al. Safety
and clinical activity of atezolizumab plus ipilimumab in locally advanced or metastatic
non-small cell lung cancer: Results from a phase 1b trial. Clin Lung Cancer (2022) 23
(3):273–81. doi: 10.1016/j.cllc.2021.07.002
Frontiers in Immunology 17
87. Khoja L, Day D, Wei-Wu Chen T, Siu LL, Hansen AR. Tumour- and class-
specific patterns of immune-related adverse events of immune checkpoint inhibitors: A
systematic review. Ann Oncol (2017) 28(10):2377–85. doi: 10.1093/annonc/mdx286

88. Takahashi T, Tagami T, Yamazaki S, Uede T, Shimizu J, Sakaguchi N, et al.
Immunologic self-tolerance maintained by CD25(+)CD4(+) regulatory T cells
constitutively expressing cytotoxic T lymphocyte-associated antigen 4. J Exp Med
(2000) 192(2):303–10. doi: 10.1084/jem.192.2.303

89. Buchbinder EI, Desai A. CTLA-4 and PD-1 pathways: Similarities, differences,
and implications of their inhibition. Am J Clin Oncol (2016) 39(1):98–106. doi: 10.1097/
coc.0000000000000239

90. Rowshanravan B, Halliday N, Sansom DM. CTLA-4: A moving target in
immunotherapy. Blood (2018) 131(1):58–67. doi: 10.1182/blood-2017-06-741033

91. Qureshi OS, Zheng Y, Nakamura K, Attridge K, Manzotti C, Schmidt EM, et al.
Trans-endocytosis of CD80 and CD86: A molecular basis for the cell-extrinsic function
of CTLA-4. Science (2011) 332(6029):600–3. doi: 10.1126/science.1202947

92. Wang CJ, Kenefeck R, Wardzinski L, Attridge K, Manzotti C, Schmidt EM, et al.
Cutting edge: Cell-extrinsic immune regulation by CTLA-4 expressed on conventional
T cells. J Immunol (2012) 189(3):1118–22. doi: 10.4049/jimmunol.1200972

93. Kong KF, Fu G, Zhang Y, Yokosuka T, Casas J, Canonigo-Balancio AJ, et al.
Protein kinase C-H controls CTLA-4-Mediated regulatory T cell function. Nat
Immunol (2014) 15(5):465–72. doi: 10.1038/ni.2866

94. Klocke K, Sakaguchi S, Holmdahl R, Wing K. Induction of autoimmune disease
by deletion of CTLA-4 in mice in adulthood. Proc Natl Acad Sci U.S.A. (2016) 113(17):
E2383–92. doi: 10.1073/pnas.1603892113

95. Wing K, Onishi Y, Prieto-Martin P, Yamaguchi T, Miyara M, Fehervari Z, et al.
CTLA-4 control over Foxp3+ regulatory T cell function. Science (2008) 322(5899):271–
5. doi: 10.1126/science.1160062

96. Mahmood SS, Fradley MG, Cohen JV, Nohria A, Reynolds KL, Heinzerling LM,
et al. Myocarditis in patients treated with immune checkpoint inhibitors. J Am Coll
Cardiol (2018) 71(16):1755–64. doi: 10.1016/j.jacc.2018.02.037

97. Marzec M, Zhang Q, Goradia A, Raghunath PN, Liu X, Paessler M, et al.
Oncogenic kinase NPM/ALK induces through STAT3 express ion of
immunosuppressive protein CD274 (PD-L1, B7-H1). Proc Natl Acad Sci U.S.A.
(2008) 105(52):20852–7. doi: 10.1073/pnas.0810958105

98. Taube JM, Anders RA, Young GD, Xu H, Sharma R, McMiller TL, et al.
Colocalization of inflammatory response with B7-H1 expression in human melanocytic
lesions supports an adaptive resistance mechanism of immune escape. Sci Transl Med
(2012) 4(127):127ra37. doi: 10.1126/scitranslmed.3003689

99. Akbari O, Stock P, Singh AK, Lombardi V, Lee WL, Freeman GJ, et al. PD-L1
and PD-L2 modulate airway inflammation and iNKT-Cell-Dependent airway
hyperreactivity in opposing directions. Mucosal Immunol (2010) 3(1):81–91.
doi: 10.1038/mi.2009.112

100. Okazaki T, Maeda A, Nishimura H, Kurosaki T, Honjo T. PD-1
immunoreceptor inhibits b cell receptor-mediated signaling by recruiting src
homology 2-Domain-Containing tyrosine phosphatase 2 to phosphotyrosine. Proc
Natl Acad Sci U.S.A. (2001) 98(24):13866–71. doi: 10.1073/pnas.231486598

101. Kuang DM, Zhao Q, Peng C, Xu J, Zhang JP, Wu C, et al. Activated monocytes
in peritumoral stroma of hepatocellular carcinoma foster immune privilege and disease
progression through PD-L1. J Exp Med (2009) 206(6):1327–37. doi: 10.1084/
jem.20082173

102. Appleman LJ, van Puijenbroek AA, Shu KM, Nadler LM, Boussiotis VA. CD28
costimulation mediates down-regulation of p27kip1 and cell cycle progression by
activation of the Pi3K/PKB signaling pathway in primary human T cells. J Immunol
(2002) 168(6):2729–36. doi: 10.4049/jimmunol.168.6.2729

103. Sheppard KA, Fitz LJ, Lee JM, Benander C, George JA, Wooters J, et al. PD-1
inhibits T-cell receptor induced phosphorylation of the ZAP70/CD3zeta signalosome
and downstream signaling to pkctheta. FEBS Lett (2004) 574(1-3):37–41. doi: 10.1016/
j.febslet.2004.07.083

104. Huber S, Hoffmann R, Muskens F, Voehringer D. Alternatively activated
macrophages inhibit T-cell proliferation by Stat6-dependent expression of PD-L2.
Blood (2010) 116(17):3311–20. doi: 10.1182/blood-2010-02-271981

105. Butte MJ, Keir ME, Phamduy TB, Sharpe AH, Freeman GJ. Programmed
death-1 ligand 1 interacts specifically with the B7-1 costimulatory molecule to inhibit T
cell responses. Immunity (2007) 27(1):111–22. doi: 10.1016/j.immuni.2007.05.016

106. Sanmamed MF, Chen L. A paradigm shift in cancer immunotherapy: From
enhancement to normalization. Cell (2018) 175(2):313–26. doi: 10.1016/
j.cell.2018.09.035

107. Khunger M, Rakshit S, Pasupuleti V, Hernandez AV, Mazzone P, Stevenson J,
et al. Incidence of pneumonitis with use of programmed death 1 and programmed
death-ligand 1 inhibitors in non-small cell lung cancer: A systematic review and meta-
analysis of trials. Chest (2017) 152(2):271–81. doi: 10.1016/j.chest.2017.04.177
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Glossary

ICIs immune checkpoint inhibitors

PD-1 programmed death-1

PD-L1 programmed death-ligand 1

CTLA-4 cytotoxic T lymphocyte antigen 4

NSCLC non-small cell lung cancer

irAEs immune-related adverse events

PFS progression-free survival

OS overall survival

FDA Food and Drug Administration

APCs antigen-presenting cells

DCs dendritic cells

Tregs regulatory T cells

TGF-b transforming growth factor-b

IL interleukin

CIP checkpoint inhibitor pneumonitis

NK natural killer

LAG-3 lymphocyte activation gene-3

TIGIT T cell immunoglobulin and ITIM domain

TIM-3 T cell immunoglobulin and mucin-domain containing-3

MHC-II major histocompatibility complex II

LSECtin liver sinusoidal endothelial cell lectin

FGL-1 fibrinogen-like protein 1

TILs tumor-infiltrating lymphocytes

BAL bronchoalveolar lavage

CRS cytokine release syndrome

ircAEs immune-related cutaneous adverse events

GAD65 glutamic acid decarboxylase

IA-2/ICA-512 islet antigen2

ZnT8 zinc transporter8

IAA insulin autoantibodies

ANA antinuclear antibody

RF rheumatoid factor

TG thyroglobulin

TPO thyroid peroxidase

CCP cyclic citrullinated peptide

SP-C surfactant protein C

AIRE autoimmune regulator

TERT telomerase reverse transcriptase
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MUC5B mucin 5B oligomeric mucus/gel-forming

TMB tumor mutational burden

miR microRNA

BMI body mass index

AEC absolute eosinophil count

NLR neutrophil to lymphocyte ratio

PLR platelet to lymphocyte ratio

ALC absolute lymphocyte count

CRP C-reactive protein

IMPDH inosine monophosphate dehydrogenase

TME tumor microenvironment

COPD chronic obstructive pulmonary disease

MDSCs myeloid-derived suppressor cells.
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