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Immune checkpoint inhibitors have emerged as a revolutionary treatment option for

patients with various types of malignancy. Although these agents afford a significant

improvement in outcomes for melanoma and other previously untreatable malignancies,

their novel mechanism of action may predispose patients to immune-related adverse

effects (irAEs). In the tumour neoantigen environment, these irAEs are due to the

activation of the immune system by the blockade of suppressive checkpoints, leading

to increases in T-cell activation and proliferation. IrAEs have been reported in almost

any organ and at any point in time, even months to years after discontinuation of

therapy. Certain populations with distinct physiological changes, genetic risk factors,

and specific antigen exposures may be more highly predisposed to develop irAEs. This

review discusses the incidence and mechanisms of irAEs and the relationship between

host factors and irAE occurrence.

K E YWORD S

cytotoxicT-lymphocyte antigen-4, immune checkpoint inhibitors, immune-related adverse

effects, immunotherapy, programmed cell death 1, programmed cell death ligand 1

1 | INTRODUCTION

1.1 | Scope of toxicity related to immunomodulatory
therapies

Immune checkpoint inhibitors (ICIs) are a novel form of cancer treatment

that unleash host immune responses to attack the neoplasm. There are

currently 3 United States Food and Drug Administration-approved

targets for ICIs: cytotoxic T-lymphocyte antigen 4 (CTLA-4) inhibitors;

programmed cell death 1 (PD-1) inhibitors; and programmed cell

death 1 (PD-L1; the ligand for PD-1) inhibitors. Currently, ICIs can be

used as monotherapy for many malignancies, or in a multitude of

combinations.1,2 CTLA-4 inhibitors can be used in combination with

PD-1 inhibitors for disease states such as melanoma.3 ICIs can also be

combined with chemotherapy for malignancies such as small cell lung

cancer, non-small cell lung cancer (NSCLC), and triple negative breast
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cancer.4–6 Most recently, ICIs have been approved in combination with

oral tyrosine kinase inhibitors for the treatment of renal cell carcinoma

and endometrial cancer.7,8

ICIs were discovered after a breakthrough finding that T-cell

immune responses are controlled through immune checkpoints that are

physiologically expressed to downregulate T-cell activation (Figure 1)

and prevent immune-mediated damage to self.9 These agents are

monoclonal antibodies targeted at increasing T-cell activation by

blocking the above checkpoint molecules.10 While both pathways

have been shown to mediate control of CD4+ and CD8+ T-cell

responses, CTLA-4 displays more dominant regulation of CD4+ T-cells

within the tumour microenvironment and these agents were the first

ICIs to be developed as anticancer agents.10,11 The clinical utility of

blocking the PD-1/PD-L1 pathway was discovered years later in 2010

when utilized against solid tumours in a phase I trial.12,13 During

clinical trial phases, new terms were used for these medications in

order to describe the response to therapy, such as immune-related

response criteria and immune-related progression-free survival,

which allowed the possibility of tumour growth radiographically

before shrinkage.14 Along with this new efficacy criterion another

new term came about: immune-related adverse events (irAEs).10

Although the mechanisms of irAEs are diverse and poorly understood

at this time, they are in broad terms thought to be caused by breaks

in peripheral tolerance outside of the tumour microenvironment,

resulting in activation of the immune system towards self-peptides

and other nontumour antigens (Figure 2a,b) that have the potential to

affect almost any organ system given the holistic dysregulation

imposed (Figure 2c). The most common irAEs are generally mild to

moderate, and manifest as skin, gut, endocrine, lung, neurological and

musculoskeletal toxicities.15 These adverse effects can occur at any

time and, although more likely to occur with early doses, chronic tox-

icities can persist months to years after cessation of the ICI. Following

the introduction of the CTLA-4 inhibitor ipilimumab, PD-1 inhibitors

(nivolumab, pembrolizumab and cemiplimab) and PD-L1-inhibitors

(atezolizumab, avelumab and durvalumab) were licensed. Although

milder in frequency, and in some cases severity, these agents also

displayed irAEs due to their independent but similar effect on T-cell

activation.16 As with CTLA-4 signalling, PD-1 binding inhibits T-cell

proliferation and decreasesT-cell activation. Although in the literature,

the expression of PD-1 on T-cells has been purported to mark an

immune exhaustion phenotype due to overstimulation or a reduction

of T-cell activation, this is overly simplistic and imprecise as

PD-1 has other functions and it is only 1 of several markers

that contribute.17,18 However, the blockade of PD-1 signalling is

sufficient to increase T-cell production and proliferation.19 PD-L1 is

expressed on professional antigen presenting cells and other immune

and nonimmune cells, including tumour cells. The specific blockage

of PD-L1, as opposed to targeting PD-1, will block the PD-1:PD-L1

interaction only, preserving the interaction with the alternate PD-1

ligand, PD-L2. It has been proposed that this narrowed therapeutic

effect decreases toxicity and preserves self-tolerance to some

degree, although the toxicity profiles of anti-PD-1 and anti-PD-L1 are

similar overall.19

1.2 | Specific drug issues related to use of individual
and combination ICI therapy

CTLA-4 and PD-1 binding to their respective ligands both lead to

downregulation of T-cell activation, although their breadth of cellular

expression and timing of inhibition differs. CTLA-4 expression is

limited to T-cells, whereas PD-1 is expressed on activated T-cells,

B-cells and myeloid cells.12 The CTLA-4 ligands CD80 and CD86,

which are additionally and competitively sought by the costimulatory

receptor CD28, are also only expressed on professional antigen

presenting cells, while PD-L1 and PD-L2 are more widely expressed.

Early mechanistic work highlighted that PD-1 ligation blocks T-cell

receptor (TCR)-induced PI3K phosphorylation early in the T-cell

signalling cascade following stable immunological synapse formation.

However, CTLA-4 blocked this cascade further downstream and

thus was proposed to have less capacity to hinder T-cell activation

given a lack of influence upon more membrane proximal signalling

pathways. Indeed, Parry et al. found that 90% of associated T-cell

activation transcripts were diminished by PD-1, compared to 67%

in response to CTLA-4 ligation.20 However, the locality of T-cells

and level of expression of individual pathways means this is likely an

overly simplistic view for the regulatory dominance of individual

pathways. Nonetheless, in vitro T-cell activation platforms utilizing

antigen-inexperienced healthy donors has shown that both pathways

are able to regulate both the nontumour antigen-specific priming of

naïveT-cells and the activation of pre-existing memory T-cells.21

PD-1:PD-L1 interactions preserve the PD-1:PD-L2 interaction,

which may explain the lower incidence of irAEs with PD-L1 inhibitors

reported in some studies.19,22 In 2 reviews, PD-1 inhibitors had higher

rates of observed pneumonitis compared to PD-L1 inhibitors, whereas

PD-L1 inhibitors trended towards higher rates of hypothyroidism.23,24

Overall, the difference in toxicities between PD-1 and PD-L1

inhibitors is minimal, approximately 70% in both, compared to the

substantially higher irAE incidences observed with CTLA-4

inhibitors.25 All grade irAEs occur in approximately 90% of patients

treated with CTLA-4 inhibitors.26 The mechanisms that drive the

variability in toxicity incidence remain undefined, but may include

Fc-dependent recognition of bound ICI on immunosuppressive

regulatory T-cells (Tregs), which have higher expression of CTLA-4,

leading to their depletion (Figure 1, v).27 IrAEs generally occur within

the first 3–6 months when using CTLA-4 or PD-1/PD-L1 inhibitors.25

CTLA-4 inhibitor toxicities directly correlate with dose and can

occur at any time during treatment, but most commonly manifest

after the third or fourth dose.28 In a phase II trial of patients receiving

ipilimumab for metastatic melanoma, all grade, severe, treatment

limiting, and fatal irAEs were higher in patients receiving 10 mg/kg

compared to those who received 3 mg/kg.29 Combination ICI

therapy is utilized in various malignancies for synergistic benefit, but

as the mechanisms of efficacy mirror the mechanisms of toxicities,

this is often accompanied by a similar enhancement of toxicity

onset rates. In a phase III trial in patients with advanced melanoma

receiving combination nivolumab/ipilimumab therapy, grade 3–4

irAEs occurred in 59% of patients, compared to 21% in nivolumab
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therapy and 28% in ipilimumab therapy.30 Similar results were also

observed in another trial utilizing combination ICI therapy, and this

combination is now approved in melanoma, renal cell carcinoma,

mismatch-repair deficient colorectal cancer, and most recently was

granted priority review by the Food and Drug Administration for the

treatment of advanced NSCLC.31,32

F IGURE 1 Cellular interplay and mechanisms targeted by immune checkpoint inhibitor (ICI) therapy that drive antitumour response to
tumour antigens and ICI toxicities to alternate antigens with a range of tissue specificities. For effector T-cell activation (solid black lines),
immunogenic antigens (A) form a stable immunological synapse with corresponding major histocompatibility complex and T-cell receptor (TCR; B).
In the presence of costimulatory signals including B7-CD28 ligation, theT-cell activation cascade ensues (C) driving secretion of interleukin (IL)-2,
inflammatory cytokines and cytolytic granules that instigate immune cell recruitment and target cell death (D and i). Antigen-directed antibodies
may also be released by B-cells in response toT-cell signalling (E and ii). Alternatively, weak or continued antigenic stimulus may promote
regulatory T-cell (Treg) activity (F), inducing multiple suppressive mechanisms (black dotted lines) to repress or dampen effector T-cell activity,
including the release of cytotoxic granules and suppressive cytokines, expression of the high affinity IL-2R to sequester IL-2 in the local
environment, and expression of coinhibitory receptors to block antigen presenting cell (APC) costimulation of effector T-cells. T-cells express
coinhibitory checkpoint receptors (i.e. programmed cell death 1 [PD-1], cytotoxicT-lymphocyte antigen 4 [CTLA4]) that upon ligation may
outweigh costimulatory signals and inhibit theT-cell activation cascade (red dotted lines). Tumour cells use these pathways as mechanisms of

immune evasion. Therapeutic ICIs block these interactions that exist between APC and T-cells (G), betweenT-cells and tumour cells (H), and
between APC and Tregs (I), driving effector T-cell activation. While tumour cells may be targeted in response to tumour antigens, peptide
antigens from alternate sources may be more immunogenic under the dysregulated environment created by ICI therapy, driving similar T-cell
activation that mediate toxicities directed towards self-tissues. This may be driven by T-cells with distinct or shared specificities, or alternatively
memory T-cells cross reactive to both tumour and alternative antigens. Alternatively, inhibition of checkpoint receptors may give rise to toxicities
through (iii) preventing the immune-protective ligation of checkpoint ligands on stressed tissues as described for cardiomyocytes, (iv) instigating
complement-mediated inflammation when ICI bind to checkpoint receptors expressed on tissues as described for the thyroid, or (v) when CTLA4
monoclonal antibody (mAb) that is blocking the dominant expression of CTLA4 onTregs is recognised by FcR on APC, internalising and depleting
the suppressiveTreg population
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1.3 | Types of toxicities

1.3.1 | Skin toxicity

Multiple studies have shown that skin toxicity presents as the first

and most common irAE with CTLA-4, PD-1 or PD-L1 inhibitors.33,34

Skin associated irAEs generally present as maculopapular rashes or

sometimes pruritus even in the absence of rash, with a higher

incidence in CTLA-4 inhibitors.35 All grade dermatological toxicity has

been reported in approximately 30–40% of patients receiving PD-1 or

PD-L1 inhibitors and approximately 50% of patients receiving CTLA-4

inhibitors.36 The onset of symptoms occurs at a median of 5 weeks

for PD-1 and PD-L1 inhibitors and 3.6 weeks with CTLA-4

inhibitors.33,34 Despite the high frequency of mild skin reactions these

are fortunately not typically treatment-limiting and can be managed

symptomatically. Most commonly, the clinical presentation of rashes

is a maculopapular eruption, which affects the trunk and arms.

However, a wide spectrum of types and severities of skin reactions

have been described including lichenoid reactions, psoriaform

reactions, vitiligo, and less commonly severe events with defined

cytotoxic T-cell mediated aetiologies such as drug reaction with

eosinophilia and systemic symptoms and Stevens–Johnson syndrome/

toxic epidermal necrolysis. The clinical appearance of the rash overall

has poor correlation with the histopathology of other severe grade

rashes and are more typically histopathologically defined as clinically

mild.37 The response of these rashes to treatment may give some clue

as to mechanisms as mild rashes may respond to topical steroids

and antihistamines whereas pruritus without rash appears to respond

better to drugs targeting a neurological mechanism of itch such as

gabapentin. Overall, the presence of vitiligo and rash, more than

pruritus alone correlated with superior outcomes in metastatic

melanoma patients receiving PD-1 inhibition.38 Similar observations,

F IGURE 2 Modulation of immune activation thresholds by immune checkpoint inhibitor (ICI) admin drives onset of varied toxicities. (A) ICI
therapy disrupts homeostatic tolerance, lowering immune activation thresholds and effectively increasing the immunogenicity of antigens. Thus,
an effector response may ensue to an antigen that is normally tolerated. (B) the antigens responsible for driving individual reactions may be from
varied sources which may have tissue-specific localities/properties. (C) Toxicities affecting varied organs have been observed. DRESS, drug
reaction with eosinophilia and systemic symptoms; SJS/TEN, Stevens–Johnson syndrome/toxic epidermal necrolysis
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where early onset rash is an indicator for successful tumour response

and better overall survival, have also been noted for a range of other

cancers including NSCLC and metastatic renal cell carcinoma.39,40

1.3.2 | Gastrointestinal toxicities

Onset of immune-mediated colitis is usually characterized by

diarrhoea and less commonly abdominal pain, bloody or mucosal stool,

or ileus. Symptoms manifest most often 6–8 weeks after starting

treatment.41 While both CTLA-4 inhibitors and PD-1/PD-L1 inhibitors

can cause colitis, the reported incidence is greater in patients

receiving CTLA-4 inhibitors or combination PD-1 and CTLA-4

inhibitors.42 The frequency and severity of gastrointestinal (GI)

toxicity is also known to be dose-dependent, particularly for CTLA-4

inhibitors. The frequency of GI toxicity in patients receiving

ipilimumab 3 mg/kg (all grade colitis 32.4% and grade 3–5 2.8%) was

lower compared to patients receiving ipilimumab 10 mg/kg (all-grade

colitis 39.4% and grade 3–4 15.5%).43 Patients may also experience

exocrine pancreatitis, and mucositis less commonly.

1.3.3 | Hepatic toxicities

ICI-induced hepatic toxicity, commonly referred to as autoimmune

hepatitis, has been observed in as many as 17% of patients.44 While

the incidence varies in clinical trials, that for autoimmune hepatitis

appears much lower with monotherapy compared to a synergistic

effect of combination CTLA-4 and PD-1 inhibition.45 CTLA-4 and

PD-1 inhibitor monotherapy had observed autoimmune hepatitis

occurrences in 1–7 and 1–6% respectively, compared to approximately

30% with combination ICI.46 In trials, the median onset of transaminase

elevation is around 6–14 weeks after initiation of therapy.45–48

Although generally asymptomatic, when evaluating for autoimmune

hepatitis, it is pertinent to exclude other drug causes, environmental

factors, and viral hepatitis.46 While ICI-induced hepatitis described to

date has been described to lack the typical antibody response observed

in traditional autoimmune hepatitis, and there are slight differences

between the anatomical targeting of reaction within the liver, both

conditions are associated with influx of largely CD8+ liver-infiltrating

T-cells highly indicative of a similar role for cytotoxic T-cell mediated

tissue-damage.49

1.3.4 | Endocrine toxicities

Endocrine abnormalities are another common adverse effect of ICIs.

In 1 meta-analysis, the incidence of endocrine abnormalities with

exposure to CTLA-4 inhibitors or PD-1/PD-L1 inhibitors was 12.9%

overall.50 Hypothyroidism, which may be proceeded by transient

hyperthyroidism, has been observed more frequently with PD-1

inhibitors compared to CTLA-4 inhibitors, with 1 trial displaying

an incidence of 18.8% compared to 2%, respectively.44 However,

hypophysitis occurs more commonly with CTLA-4 inhibitors (13%)

compared to PD-1 inhibitors (0.6%).51 Hypophysitis is more common

at higher doses of ipilimumab, with an incidence of 17% with

10 mg/kg dosing, compared to ≤10% with 3 mg/kg dosing.15 With

CTLA-4 inhibitors, it is proposed that a type II hypersensitivity occurs

due to the CTLA-4 antibody binding to the cognate antigen expressed

on pituitary glands, which then activates complement and leads to the

breakdown of the gland (Figure 1, iv).52 Adrenal insufficiency and type

1 diabetes may also occur. Principally linked with inhibition of PD-1 or

PD-L1, onset of type I diabetes is also described in 1% of ICI-treated

patients, with risk of associated, life-threatening diabetic ketoacidosis.

Interestingly, the defined HLA-DR4-DQ8 and DR3-DQ2-risk alleles

for development of type I diabetes in general population were

highly observed in ICI-treated patients who developed type I diabetes

post treatment, with 84% carrying at least 1 risk allele.53 Many

affected patients also presented with typical disease-specific

antibodies, largely directed towards glutamic acid decarboxylase, 1 of

the 4 known islet antigens. While suggestive of an ICI-driven

CD4 + T-cell mediated response, and supported by the accumulation

of insulin-specific CD4+ T-cells in the pancreatic lymph node of PD-1

deficient NOD mice, in a single patient from whom biopsy was

possible, an increased population of CD8+ T-cells compared to CD4+

are described in the pancreatic islets suggesting an important CD8+

cytotoxic role in destructive response.54,55

1.3.5 | Pulmonary toxicities

Pneumonitis is the most commonly manifested lung toxicity in

patients receiving immune checkpoint inhibitors.15 In a pooled

analysis of 19 trials of PD-1 or PD-L1 inhibitors, PD-1 inhibitors

were found to have significantly higher rates of all grade pneumonitis

compared to PD-L1 inhibitors (3.6 vs 1.3%). Incidence of grade 3–4

pneumonitis was also higher with PD-1 inhibitors compared to PD-L1

inhibitors (1.1 vs 0.4%).56 Overall, the incidence of all grade

pneumonitis across ICIs is <5% when used as single agents.57

Combination therapy of PD-1/PD-L1 and CTLA-4 inhibitors carries a

higher risk of pulmonary toxicity, with an incidence of 6.88% for all

grade pneumonitis and 1.88% incidence for grade 3–4.58 While

validated risk factors for pulmonary are currently unknown, there is

thought that characteristics such as sex, age, smoking history and

baseline lung disease may predispose patients.59 Studies have observed

that patients with baseline interstitial lung disease have increased risk,

as well as tumour type, such as lung and renal cell carcinoma, may

lead to an increased incidence of pulmonary toxicity.60,61 In a 2017

study of affected tissue from 2 PD-1 inhibited cancer patients who

subsequently developed pulmonary toxicities, activated CD8+ T-cells

were found at the site of the inflammatory lesion. Moreover,

overlapping TCR repertoires were observed between the cancer and

pulmonary tissues which were not as distinct in the lymph nodes or

in peripheral circulation suggesting shared antigen specificity drives

antitumour and irAE response.62 These data correlate with those that

show that ICIs drive diversification of theTCR repertoire, which probably
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expands overall reactivity to shared auto-antigens but indeed potentially

other exogenous antigenic sources as previously described within.63

Given the specificity of TCR-antigen interactions with individual HLA,

these data motion that HLA-risk alleles may form important genotype

correlations with distinct reactions upon future, widespread screening.

1.3.6 | Neurological toxicities

Neurological toxicities related to ICIs are relatively rare, with an

overall occurrence rate of <6% across drug classes. However,

combination therapy is associated with up to a 12% risk of

neurological manifestations in 1 series.64 Most documented events

occur with nonspecific symptoms such as a headache, but can include

potentially irreversible toxicities with long-term morbidity such as

autoimmune encephalitis, myasthenia gravis, peripheral sensorimotor

neuropathies (e.g. Guillain–Barre syndrome) and posterior reversible

encephalopathy syndrome.65 In a recent pharmacovigilance study

examining neurological toxicities in association with ICI therapy,

the development of myasthenia gravis was associated with �20%

mortality rate, occurred early (median onset 29 days), and frequently

occurred in conjunction with myocarditis.66 In the same study, the

development of all other neurological toxicities occurred later

(median onset 61–80 days) and carried a lower mortality rate of

6–12%.66 Upon sampling cerebrospinal fluid from a single patient

with ICI-induced fluid-attenuated inversion recovery hyperintensities

and gadolinium enhancing lesions, both CD4 and CD8+ T-cell

populations were identified but with different TCR to those of the

patients melanoma suggestive on a nontumour antigen driven T-cell

mediated aetiology.67

1.3.7 | Cardiovascular toxicities

Although the precise mechanism of cardiotoxic irAEs is not fully

understood, preclinical data suggest that CTLA-4 and PD-1/PD-L1

regulate and limit both the magnitude and duration of T-cell responses

in the heart.68 In murine models, CTLA-4 blockade led to fatal

autoimmune myocarditis mediated by CD8 + T-cells, while the

blockage of PD-1 in mice resulted in dilated cardiomyopathy secondary

to anti-cardiac troponin autoantibody-mediated myocardial injury

(Figure 1, iii).69–71 Increases in PD-L1 have also been shown to have a

protective influence in the setting of T-cell mediated inflammation.72

Although the incidence of cardiovascular toxicities reported in phase

I-III trials for anti-CTLA-4 and anti-PD-1 agents was low, pooled case

reports have demonstrated an incidence of myocarditis up to 2.4% with

combination ICI therapy.73 Fulminant and fatal cases of myocarditis

may additionally occur. ICI-associated myocarditis is characterized by

electrocardiographic disturbances and can occur concomitantly with

myocarditis and myasthenia gravis.74,75 T cells may be targeting the

antigen shared by tumour and striated muscle, or the sameTCR may be

targeting a tumour antigen and a different muscle antigen.76 In a recent

pharmacovigilance study, myocarditis occurred with a median time to

onset of 30 days, but as early as after the first dose of treatment.

This same study reported a 50% mortality rate in patients developing

ICI-related myocarditis.75

1.3.8 | Renal toxicities

In an analysis of all published phase II and III clinical trials, 1 review

found an overall incidence of acute kidney injury (AKI) of 2.2% across

all agents, with grade 3 or 4 AKI having an incidence of 0.6%.77 This

review also found that patients were at a higher risk of developing

AKI with combination therapy (4.9%) when compared to monotherapy

with ipilimumab (2.0%), nivolumab (1.9%) or pembrolizumab (1.4%).77

In patients receiving CTLA-4 inhibitors, the median onset of renal

toxicity was 6–12 weeks, compared to 6–12 months with PD-1

inhibitors.36,78 The disparity of onset between agents is an important

distinction to note when discussing therapies. When CTLA-4 is

inhibited, Tregs and other suppressive mechanisms may be lost

(Figure 1, v), leading to an uncontrolled activation of autoreactive T

cells, which can migrate and infiltrate the kidney.78 As a protective

mechanism, PD-L1 can be upregulated in renal cells which then

bind to PD-1 to suppress T-cell activation and prevent proliferation

and damage of kidney tissue. When PD-1 is blocked, this process no

longer occurs, and T cells can proliferate and injure kidney tissue.79

PD-L1 expression is critical for mitigating inflammatory responses

throughout many tissues, such as in the kidney.80

1.3.9 | Mechanisms of toxicity

ICI efficacy relates to the enhanced activation of T cells responsive

to tumour antigen, though as discussed, the same mechanisms are

thought to drive the associated toxicities, albeit in response to

nontumour antigens. While self-antigens are implicated, it is possible

that antigens from other sources, such as viruses and coadministered

drugs also drive ICI-treatment associated adverse responses. These

antigens are associated with the development of tissue-specific

toxicities with distinct similarities to those seen with ICI therapy, and

may be similarly seen as immunogenic in the checkpoint dysregulated

environment (Figure 2a,b). Indeed, reports are now published that

describe a high incidence of sulfasalazine- or vemurafenib-induced

cutaneous drug reactive T-lymphocyte associated hypersensitivity

reactions in patients previously administered ICIs.81,82 As early

reports, detailed mechanistic studies have not yet extracted and

validated the drug specificity of T-cells from these patients, but severe

T-cell mediated reactions to sulfonamides that lead to self-tissue

damage are well-documented in their own right. Although ICI

toxicities occur in many patients without pre-existing autoimmune

disease or antigen exposure and patients with underlying autoimmune

disease will necessarily exacerbate their underlying disease, these

studies highlight the potential that ICI could enhance susceptibility to

both autoimmune and allergic disease as sulfasalazine was administered

in this cohort to treat ICI-induced inflammatory arthritis. This is a
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deeply worrying concept for the prediction of adverse events due to

the enormous variability in antigen exposure between patients. This

complexity alongside a requirement for the presence of many additional

host and genetic risk factors that are required for the presentation of a

particular antigen i.e. HLA risk alleles and corresponding TCR, will

further define the relationships between ICI efficacy and toxicity.

1.4 | Host predisposition

1.4.1 | Autoimmune diseases

The mechanism of irAEs resulting from activation of T-cells against

host tissues closely resembles that of autoimmune diseases, leading to

fears that this could lead to: (i) unacceptable immune activation in

patients with pre-existing autoimmune disease; and (ii) autoimmune

onset in patients without prior disease.83 Because of this concern,

most clinical trials excluded patients with a history of autoimmune

disease. A retrospective study assessing patients with pre-existing

autoimmune disorders treated with ipilimumab for advanced

melanoma showed that 27% had an exacerbation of their autoimmune

disease while 33% experienced a conventional irAE. All but 1 event

resolved with corticosteroids, where a patient with psoriasis died from

complications resulting from colitis. The overall response rate of 20%

with ipilimumab did not differ from the response rate seen in clinical

trials.84 Another study of patients with pre-existing autoimmune

diseases treated with a PD-1 or PD-L1 inhibitor showed that 30% of

patients experienced an exacerbation of their autoimmune disease, while

29% experienced a conventional irAE. This study noted that no patients

with a gastrointestinal or neurological autoimmune disease experienced

an exacerbation, and that 52% of patients with rheumatological

disorders experienced low grade flares. More patients who experienced

conventional irAEs had to discontinue therapy (8%) compared to those

who experienced autoimmune disease flares (4%). The overall response

rate of 33% was consistent with response rates seen in clinical trials.85

Although not observed in the previous studies, there are case reports of

patients with pre-existing myasthenia gravis experiencing flares after the

initiation of an ICI.86 These reviews suggest that while checkpoint

inhibitors may increase autoimmune disease exacerbations, they may be

just as likely to be associated with de novo disease in those who would

not have otherwise been predisposed. Furthermore, flares in patients

with underlying immune disease can be managed and overall tumour

response rates do not appear to be affected.

1.4.2 | Microbiome

The human microbiome is the collective microbial community that

lives symbiotically in the body and the gut represents the internal

organ with the largest presence of microbes. The human microbiome

is driven by host genomic and ecological factors including host

immunogenomic background. In the gut, 98% of the microbes are

represented by Firmicutes, Bacteroides, Proteobacteria, and Actinobacteria.

Disruption by external factors can cause a change in the composition

of the gut microbiome called gut dysbiosis.87 The greatest external

factor in microbiome disruption is thought to be from broad-spectrum

antibiotics.88 While historically it was known that the microbiota

plays a role in immune tolerance against opportunistic infections,

recent evidence has shown the microbiota has an even broader than

anticipated role with effects on innate and adaptive immunity.89 The

largest source of lymphocytes in the human body is found in the

gut lamina propria and is associated with a careful balance of

various players in adaptive immunity, such as T-helper cells and Tregs.

Autoimmune colitis has been associated with a disruption of this

balance.90 Studies have also shown the importance of the microbiome

in relation to immune checkpoint inhibitor-related toxicity. Studies have

demonstrated that supplementation of certain gut microbiota such as

Bacteroides fragilis and Burkholderia cepacia resulted in improvement of

toxicity in preclinical models of mice treated with CTLA-4 inhibitors.91

In melanoma patients treated with CTLA-4 inhibitors, those who were

colitis-free were noted to have an abundance of Bacteroides and an

increase in the expression of genetic pathways involved in polyamine

transport and vitamin B synthesis.92 To further characterize the effects

of the microbiome on toxicity, 2 studies have demonstrated that

patients treated with CTLA-4 inhibitors who had a higher abundance

of Faecalibacterium prausnitzii and lower levels of Bacteroides had

higher rates of colitis.93,94 Aside from certain microbiota, 1 study

demonstrated an increased incidence of colitis after ICIs in patients

with increased expression of the costimulatory checkpoint molecule

inducible costimulator on effector CD4+ T-cells in addition to

decreased Tregs and low circulating inflammatory proteins (interleukin

[IL]-6, IL-8 and sCD25). These differences in expression are thought to

be mediated by differences in the composition of the individual patient's

gut microbiome.93 Efficacy has also been affected by microbiome

composition. One study of melanoma patients demonstrated an

increase in response to PD-1 inhibitors in patients with a microbiome

with higher levels of Bifidobacterium longum, Collinsella aerofaciens and

Enterococcus faecium.95 Thus, immunotherapy efficacy and toxicity are

both affected by the balance of microbiota in the gut.

1.5 | Biomarkers for toxicity

The use of quantitative imaging biomarkers has provided promising

opportunities to help predict both efficacy and toxicity risk associated

with ICI use.96 Genome-wide association studies have identified

genetic variants predictive for protection or risk in relation to

autoimmunity. The mechanism of ICIs probably represents a complex

interplay between the type of ICI used, the tumour, the host and

other ecological factors. Given the strong association between host

genetics and early immune responses including the development of

the microbiome, it is very likely that germline genetic variations could

also impact irAEs.97 Variants in the major histocompatibility complex

locus are a strong predictor for a wide spectrum of immunologically

mediated diseases; however, the relationship between these experiments

of nature and the experiments of man that ICIs create is unclear at this
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time. Evidence supports that not all patients carrying traditional HLA

class I or II risk factors in the presence of an underlying autoimmune

illness will present de novo or flare on ICIs. It may be that the complex

environment of neoantigens that the tumour creates in combination

with ICIs may be permissive for patients to develop autoimmune

and other immune-mediated diseases in the absence of traditional

immunogenomic risk factors.98

In 2 patients who developed fulminant myocarditis after

ipilimumab and nivolumab, an analysis of T-cells infiltrating the

myocardium, skeletal muscle and tumour revealed common clones of

T-cells in muscle and tumour. The tumours (in this case melanoma)

expressed muscle-specific antigens, such as desmin and troponin.76

Troponin is a protein present in cardiomyocytes that is released into

the blood in response to cardiac damage.99 In 1 systematic review,

while nonspecific, elevations in troponin were noted in 98% of irAE

cardiotoxicity cases.100 This discovery led to the theory that an

epitope shared by tumour and healthy tissue contributed to the

development of myocarditis.76 Autoimmune-related effects may be due

to epitope spreading related to immunotherapy-induced inflammation

and tumour lysis. Ipilimumab can induce epitope spreading which can

prompt autoimmunity against healthy tissue.101

Circulating cytokines have been observed as a marker for toxicity.

A study of melanoma patients receiving combination PD-1 and

CTLA-4 inhibitor therapy examined peripheral blood in pre-, early-,

mid- and late-treatment phases. Of the 51 patients enrolled, 24 (48%)

experienced severe toxicity. Eleven cytokines were associated with

severe toxicity (granulocyte colony-stimulating factor, granulocyte-

macrophage colony-stimulating factor, fractalkine, fibroblast growth

factor 2, interferon α2, IL12p70, IL1a, IL1B, IL1RA, IL2, IL13).102

Another study of patients receiving ICI monotherapy and combination

therapy showed that baseline expression of IL-17, CXCL10 and

TGFb1 was associated with the development of irAEs.103 A retrospective

trial of all patients treated with checkpoint inhibitors for advanced

cancers demonstrated that elevations in sCD40L, PDGF-A and

PDGF-B prior to initiation of therapy were associated with an

increased risk of developing an irAE. The biomarker, sCD40L, has been

shown to be elevated in patients with advanced malignancies, but

was not associated with checkpoint inhibitor toxicity previously.104

While these data highlight cytokines as markers for development of

irAE, there remains little consensus correlation between studies. This

may relate to different focus criteria of each study; however, it may

be that different cytokine biomarkers exist for different cancers

and suggests a panel approach, rather than an individual cytokine of

interest, would be more predictive.

Recently, a new study has identified the potential of autoimmune

antibodies in the development of irAEs by screening autoantibodies in

the plasma of ICI-treated patients.105 Anti-GNAL and anti-ITM2B

autoantibodies were associated with the development of hypophysitis.

Increases in anti-CD74 autoantibody was associated with the

development of pneumonitis. The study also determined a potential role

of the anti-GNAL autoantibody as a predictive and treatment-related

biomarker for the development of hypophysitis. Anti-ITM2B has a

potential role as an on-treatment biomarker for hypophysitis. Lastly,

elevations in anti-CD74 may represent a predictive and treatment-related

biomarker for the development of pneumonitis.105

In clinical practice, the use of biomarker monitoring is currently

being explored for prediction and earlier diagnosis of irAEs. In many

cases, the recommendation of which biomarker should be tested

depends on the specific organ that may be affected. For example,

serial measurements of troponin may suggest evidence of myocarditis

and at least some groups advocate for surveillance of troponin in

high-risk patients (for example, those given combination ICI).106 In

patients where the onset of irAEs is considered likely, current

recommendations include the collection of troponin, C-reactive

protein, autoimmune antibodies such as antinuclear body, rheumatoid

factor, anticitrullinating protein body and erythrocyte sedimentation

rate.47 In addition, serial troponin has been used as a marker for early

detection of cardiotoxicity in patients with NSCLC, although this

theory is still being explored further.107

While several biomarkers have been studied and associated

with an increased risk of irAEs, this is still an evolving field in which

new data continue to surface as these agents are utilized in more

diverse patient populations. The utilization of validated biomarkers

as both predictive and serial determinants of irAEs will help manage

ICI therapy.

The emerging knowledge of mechanisms and the relationship of

biomarkers with ICI therapeutic response will shed important light

for optimizing treatment. A recent analysis observed a relationship

between confirmed response and the development of irAEs. This

analysis found the odds ratio (OR) of developing an irAE based on

responders (OR 5.38) compared to nonresponders (OR 3.77).108 With

this correlation, and if confirmed to efficacy, this could lead to the

clinical question of the use of corticosteroids to decrease the extent

of irAEs. Although thought to dampen immune responses, this

analysis observed no difference on duration of response in patients

who developed irAEs. However, recent data have suggested that use

of high-dose steroids, particularly at the start of treatment, may be

associated with inferior outcomes.109,110

2 | DISCUSSION

Checkpoint inhibitors have revolutionized the treatment of many

cancers. While these agents have produced impressive and durable

responses, irAEs remain a common occurrence. Due to nonspecific

activation of the immune system, these agents have the potential to

affect almost any organ system.15 Most mechanisms of irAEs are

inclusive of effects on effector T-cells, Tregs and tissues that express

these receptors/ligands. IrAEs have the potential to occur at any time

during or after cessation of therapy and long-term follow-up is

required for patients who have received ICIs. Patients treated with

CTLA-4 inhibitors had a higher occurrence of all-grade irAEs when

compared to those treated with PD-1 or PD-L1 inhibitors. Skin and GI

toxicities are the most common across all agents and are typically

manageable with standard treatment algorithms. Patients with

baseline autoimmune illnesses have been shown to be at an increased
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risk for irAEs due to the nonspecific activation of T-cells, mimicking

their autoimmune disease, although as new data become available,

this statement may not be as simple. While this patient population

experienced higher rates of all grade irAEs, there was not a significant

increase in grades 3–5 irAEs, and most were manageable with steroid

treatment.111 Adverse effects on the microbiome, such as those that

lead to low diversity have been correlated with effects on ICI efficacy

and an increase in toxicity.112 The lack of certain microbiota such as

Bacteroides, and an increase in inducible costimulator expression, have

been linked to the development of colitis. Certain biomarkers have also

been linked to development of ICI toxicity. While these data are

nascent, certain elevated biomarkers such as various interleukins and

sCD40L have been observed with increases in toxicity. There is

currently limited information on what the genetic risk factors are that

predispose to irAEs; however, these will be important to help elucidate

mechanisms, risk stratification and toxicity pre-emption and prevention.

2.1 | Future directions and unmet needs

ICIs are promising agents that have transformed the treatment of

melanoma and a number of other tumours. Although the short-term

toxicities have been now relatively well described, the long-term

effects on the host remain unclear. An understanding of the

mechanisms of toxicities and risk stratification and early diagnosis in

patient populations will be essential to managing the risk benefit ratio

of treatment and developing the most targeted strategies for treating

irAEs that do not compromise tumour outcomes. As more patients are

treated with ICI therapy, a more comprehensive efficacy and toxicity

clinical picture will be developed. There are currently clinical trials

underway aimed at unstudied patient populations, including those

with pre-existing autoimmune and inflammatory diseases and patients

on antibiotics. While the mechanism of toxicity is of great interest,

specific risk stratification has not yet been developed. New agents are

on the horizon as well, with inhibition of novel checkpoints unleashing

natural killer (NK) cells. NKG2A is an intracytoplasmic tyrosine-based

inhibitory motif-bearing receptor expressed on both T and NK cells.

NKG2A blockage was shown to enhance antitumour immunity

meditated by both NK and CD8+ T-cells.113 Killer immunoglobulin-like

receptors have been known to regulate NK-cell activation.114 The

inhibition of killer immunoglobulin-like receptors has demonstrated an

increase in NK activity with a trend towards an increase in response

rates when combined with PD-1 inhibition in head and neck cancer

patients (NCT101714739).115 For the future, knowledge of how these

drugs might benefit patients and which specific patient populations,

both alone and in combination with other ICIs, will be important.

2.2 | Nomenclature of targets and ligands

Key protein targets and ligands in this article are hyperlinked

to corresponding entries in http://www.guidetopharmacology.org,

the common portal for data from the IUPHAR/BPS Guide to

PHARMACOLOGY.
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