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Simple Summary: Immune checkpoint inhibitors are increasingly being used in the treatment of
a variety of cancers, both alone and in combination with other cancer therapies. Side effects often
include skin reactions, which may occur more frequently in therapeutic regimens consisting of
multiple immune checkpoint inhibitors. We conducted a systematic review and meta-analysis of
clinical trials to better understand the frequency of skin reactions secondary to immune checkpoint
inhibitors, known as cutaneous immune-related adverse events, across several different immune
checkpoint inhibitor regimens, doses, and cancers. Our analysis provides benchmark incidence rates
for cutaneous immune-related adverse events including pruritis, rash, and vitiligo, and validates
previously reported links between the development of cutaneous immune-related adverse events
and outcomes of therapy.

Abstract: Immune checkpoint inhibitors (ICIs) are used to treat many cancers, and cutaneous immune-
related adverse events (cirAEs) are among the most frequently encountered toxic effects. Understanding
the incidence and prognostic associations of cirAEs is of importance as their uses in different settings,
combinations, and tumor types expand. To evaluate the incidence of cirAEs and their association with
outcome measures across a variety of ICI regimens and cancers, we performed a systematic review and
meta-analysis of published trials of anti–programmed death-1/ligand-1 (PD-1/PD-L1) and anti–cytotoxic
T lymphocyte antigen-4 (CTLA-4) ICIs, both alone and in combination with chemotherapy, antiangiogenic
agents, or other ICIs in patients with melanoma, renal cell carcinoma, non-small cell lung cancer, and
urothelial carcinoma. Key findings of our study include variable cirAE incidence among tumors and ICI
regimens, positive association with increased cirAE incidence and response rate, as well as significant
association between increased vitiligo incidence and overall survival. Across 174 studies, rash, pruritis,
and vitiligo were the most reported cirAEs, with incidences of 16.7%, 18.0%, and 6.6%, respectively. Higher
incidence of cirAEs was associated with ICI combination regimens and with CTLA-4-containing regimens,
particularly with higher doses of ipilimumab, as compared to PD-1/L1 monotherapies. Outcome measures
including response rate and progression-free survival were positively correlated with incidence of cirAEs.
The response rate and incidence of pruritis, vitiligo, and rash were associated with expected rises in
incidence of 0.17% (p = 0.0238), 0.40% (p = 0.0010), and 0.18% (p = 0.0413), respectively. Overall survival
was positively correlated with the incidence of pruritis, vitiligo, and rash; this association was significant
for vitiligo (p = 0.0483). Our analysis provides benchmark incidence rates for cirAEs and links cirAEs with
favorable treatment outcomes at a study level across diverse solid tumors and multiple ICI regimens.

Keywords: immune checkpoint inhibitors; cutaneous immune-related adverse events; autoimmune
toxicities; anti-angiogenic; chemotherapy; melanoma; renal cell carcinoma; non-small cell lung cancer;
urothelial carcinoma; meta-analysis
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1. Introduction

Immune checkpoint inhibitors (ICIs) have proven to be effective therapies for a variety
of cancer types. By targeting immune checkpoints with anti-PD-1, anti-PD-L1, anti-CTLA4,
and, more recently, anti-LAG-3 agents, ICIs disinhibit the immune system to unleash
anti-tumor immune responses. However, clinically significant off-target effects due to
the generation of autoreactive T cells, termed immune-related adverse events (irAEs),
are common and can affect virtually any organ [1]. Cutaneous immune-related adverse
events (cirAES) are among the most frequently encountered irAEs, occurring at rates of
30–40% with anti-PD-1 monotherapy, with potentially higher incidence and severity with
combination regimens [1,2]. The clinical presentation of cirAEs is variable and may range
from common eczematous and lichenoid eruptions to, less commonly, bullous pemphigoid
and reports of associated cutaneous infections [3].

Several retrospective studies have suggested that cirAEs are associated with improved
responses and survival [4–7]. These associations may be explained by shared antigens
between the skin and tumors; a study on non-small cell lung cancer (NSCLC) patients
treated with anti-PD-1 therapy identified T cell antigens that were shared between tumor
tissue and skin, highlighting a mechanism by which the development of cirAEs could be
associated with therapeutic benefit [8]. ICI-induced vitiligo, a cirAE more commonly seen
in patients with melanoma, has been suggested to occur via ICI-induced loss of immune
privilege to normal melanocytes following the release of shared melanocytic antigens
within destroyed melanoma tumor cells [9].

Importantly, therapeutic benefits may also arise from other patient and tumor-specific
factors. PDL-1 expression, metastatic site, tumor mutational burden, tumor-infiltrating
lymphocytes, and the gut microbiome have been implicated in influencing the efficacy
of ICIs [10,11].The development of cirAEs may be just one aspect of developing more
individualized treatment prognostications as more information regarding patient-specific
factors becomes available for use in clinical practice.

Prior meta-analyses have predominantly examined cirAEs in association with ICI
monotherapy across cancer types or combined ICI regimens in a single cancer type [12–14].
As ICIs are increasingly being used in combination with multiple distinct immune and
non-immune-based regimens, the incidence rates of various types of cirAEs across distinct
classes of ICI-based therapies need to be elucidated. In this study, we address cirAE
incidence in these novel ICI-based regimens and further examine cirAEs among several
tumor types to broaden what is known about these common adverse effects. Further, the
impact of cirAE incidence on survival, response, and duration of therapy has not been
robustly examined across ICI-based regimens. In this meta-analysis, at the study level,
we examine the incidence and prognostic associations of cirAEs across solid tumors and
multiple ICI regimens, including monotherapy and combination with anti-angiogenic
agents, chemotherapy, or other ICIs.

2. Materials and Methods
2.1. Study Identification

We searched PubMed, Embase, and ClinicalTrials.gov (accessed on 15 October 2023)
to identify clinical trials with immune checkpoint inhibitors to include in this analysis.

PubMed was searched for clinical trials using the following terms: “atezolizumab”,
“avelumab”, “cemiplimab”, “dostarlimab”, “durvalumab”, “ipilimumab”, “nivolumab”,
“pembrolizumab”, “melanoma”, “carcinoma, transitional cell”, “bladder cancer”, “urothe-
lial carcinoma”, “carcinoma, non-small-cell lung”, “non small lung carcinoma”, “non small
lung cancer”, “carcinoma, renal cell” and “renal cell carcinoma.” Results were filtered
using the criteria of human studies in the English language to identify 1848 studies that
spanned from 2005 to 2022. Similar search terms were used for ClinicalTrials.gov (yielding
281 results) and Embase (yielding 2471 results).

ClinicalTrials.gov
ClinicalTrials.gov
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All queries were performed on 4th April 2022. Duplicate studies were removed prior
to the screening of a total of 3860 studies for inclusion or exclusion utilizing Covidence
systematic review software (Veritas Health Innovation, Melbourne, Australia. Available at
www.covidence.org, accessed on 15 October 2023).

2.2. Study Selection

Studies were included if they (1) reported incidence of cutaneous treatment-related
and/or irAEs; (2) enrolled at least 30 patients and reported cirAEs within at least one study
cohort which enrolled a minimum of 30 patients; (3) were prospective clinical trials in adult
patients with either melanoma, renal cell carcinoma, urothelial carcinoma, or non-small cell
lung cancer; and (4) involved ICIs given intravenously either alone or in combination with
another ICI, chemotherapy, or antiangiogenic therapies (including bevacizumab, lenvatinib,
axitinib, sunitinib, or cabozantinib). We included only the above cancer types to allow for
comparison across cancer types.

Studies were excluded if they (1) involved ICIs in combination with radiotherapy or
an agent not listed in the inclusion criteria; (2) involved neoadjuvant ICIs; (3) reported
pooled data from multiple trials; or (4) reported on a study subgroup and had the entire
trial data reported elsewhere. When multiple publications reported on the same trial, the
manuscript with the longer follow-up time was selected unless cirAEs were not reported,
in which case the article with the next longest available follow-up with data on cirAEs
was selected.

A total of 396 studies were included in the full-text review following screening of the
initial title and abstract. Following full-text review, 174 studies were included (Figure 1).
Two reviewers reviewed studies during title and abstract screening, and one reviewer
extracted data from the included studies. A second reviewer was available to review select
full-text articles to determine the additional exclusion of studies during the full-text review.
The systematic review followed the recommendations of the Preferred Reporting Items for
Systematic Reviews and Meta-Analyses (PRISMA). The protocol has not been registered.

2.3. Data Extraction

The data collected included trial phase, tumor type, treatment, treatment class (e.g.,
anti-PD-1 or anti-VEGF), dose of anti-CTLA-4 agents (in mg/kg) when applicable, ICI
treatment duration (median months), objective response rate (ORR), duration of response
(DOR, median months), overall survival (OS, median months), progression-free survival
(PFS, median months), and follow-up length (median months) when available. If the
duration of treatment was recorded according to doses of the treatment, the duration of
ICI treatment was estimated in months utilizing the reported dose frequency and schedule.
In studies including patients with brain metastases and reporting both intracranial and
extracranial ORR, intracranial ORR was collected.

Data on cirAEs were recorded according to treatment-related adverse events within the
text or Supplementary Materials. The overall number of patients with an unspecified cirAE
(all grade, grade 3–4, and grade 5) was collected when available. Additionally, commonly
reported categories of cirAEs, including pruritis, vitiligo, rash, and maculopapular rash
(all grade and grade 3–4), were recorded when available. Other specific cirAEs were
noted, such as erythema multiforme, pemphigoid, psoriasis, severe cutaneous reaction, or
stomatitis, but were not formally analyzed given their low numbers.

www.covidence.org
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2.4. Statistical Methods

We estimated the overall incidence of adverse effects across studies, including grouped
cirAEs, rash, pruritis, and vitiligo, using meta-analysis. The random-effects model was em-
ployed to provide an estimate of the overall effect while accounting for potential between-
study variability (heterogeneity was assessed using Cochran’s Q test and I2 statistic) [15,16].
The incidence of cirAEs by subgroup of cancer type, class of drug, and dose of ipilimumab
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was evaluated via random-effects models for grouped cirAEs, rash, and pruritis. Due to
the smaller sample sizes of studies reporting vitiligo, which were predominantly studies
on melanoma given that vitiligo is a cirAE more commonly associated with melanoma, a
fixed-effect model was utilized for estimates of vitiligo incidence. Associations between
cirAEs and outcome measures of ORR, OS, PFS, and DOR were estimated in separate meta
regression models, adjusted according to the phase of the trial (early: phase 1/2 vs. late:
phase 3/4), treatment type, and tumor type. A p-value of <0.05 was considered statistically
significant. 95% confidence intervals were provided for all point estimates. All statistical
analyses were performed using R version 4.2.1. Due to the nature of the prediction model,
some of the predicted values fell outside the [0, 1] range. The corresponding bubble plot
figures have been cropped to exclude these unrealistic values.

3. Results
3.1. Overall Incidence of cirAEs among All Studies

A total of 396 studies were retrieved for full-text review following initial screening
of the title and abstract. Based on inclusion criteria, 174 studies were included, compris-
ing 219 cohorts with a total of 46,134 patients [17–190]. We examined the incidence of
pruritis, vitiligo, and rash across all studies reporting these cirAEs. In total, 131 studies
(178 cohorts, 38,736 patients) focused on pruritis; the incidence was estimated as 18.0%
(95% CI 16.4–19.7) by random-effects modeling (Supplementary Figure S1). The estimated
incidences of vitiligo and rash from 31 studies, largely studies on melanoma reporting
on vitiligo (40 cohorts, 7693 patients), and 142 studies reporting on rash (190 cohorts,
42,332 patients) were 6.6% (95% CI 6.0–7.2) and 16.7% (95% CI 15.1–18.4), respectively
(Supplementary Figures S2 and S3). We also evaluated the incidence of cirAEs across all
studies reporting grouped cirAEs, comprising 65 cohorts from 45 studies and 15,850 pa-
tients. The overall incidence of all-grade cirAEs was 34.8% (95% CI 30.6–39.1), as estimated
by random-effects modeling (Supplementary Figure S4).

3.2. Overall Incidence of cirAEs by Drug Class

Since the incidence of cirAEs likely varies by drug class, we grouped studies into the
following regimens: PD-1 monotherapy; PD-L1 monotherapy; immunotherapy (IO) combina-
tion therapy (CTLA-4 in combination with either PD-1 or PD-L1 agents); IO + antiangiogenic
agents; IO + chemotherapy (chemotherapy with any ICI agent with or without an antian-
giogenic drug); and CTLA-4 monotherapy.

In random-effects modeling of studies reporting rash (142 studies), the highest inci-
dence of rash was seen for the IO combination (25.1%), followed by the IO + antiangiogenic
combination (24.9%), CTLA-4 monotherapy (24.8%), and IO + chemotherapy (22.3%). Rash
was less frequent in anti-PD-1 (11.0%) and PD-L1 monotherapy (7.9%) (Figure 2). Similarly,
the incidence of pruritis (reported by 131 studies) was highest in the IO combination group
at 28.6%, followed by CTLA-4 monotherapy (25.2%), IO + chemotherapy (20.1%), IO + an-
tiangiogenic (16.1%), PD-1 monotherapy (14.5%) and PD-L1 monotherapy (8.8%) (Figure 3).
There were statistically significant differences between subgroups for both rash and pruritis
(p < 0.001). A fixed-effect model was used to examine incidence of vitiligo between drug
subgroups due to the smaller sample size per grouping (31 studies total). No studies on
IO + antiangiogenic combination regimens reported vitiligo, possibly due to the infrequent
use of these agents in melanoma cases, where vitiligo is more commonly encountered.
The incidence of vitiligo, as estimated by the fixed-effect model, was highest for the IO
combination (10.1%) and PD-1 monotherapy (7.9%), followed by the IO + chemotherapy
(3.7%), CTLA-4 monotherapy (3.2%), and PD-L1 monotherapy (0.54%) groups (p < 0.001)
(Figure 4).
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Figure 2. (Landscape Alternative 300DPI). Figure 2. Overall incidence of rash by drug class groupings via random-effects modeling of 142 studies reporting rash. Highest incidence of rash was seen for IO

combination (25.1%) followed by IO + antiangiogenic combination (24.9%), CTLA-4 monotherapy (24.8%), and IO + chemotherapy (22.3%). Rash was less frequent
in anti-PD-1 (11.0%) and PD-L1 monotherapy (7.9%) [17–190].
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Figure 3. (Landscape Alternative 300 DPI). Figure 3. Overall incidence of pruritis by drug class groupings via random-effects modeling of 131 studies reporting pruritis. Highest incidence of pruritis was seen

in the IO combination group at 28.6%, followed by CTLA-4 monotherapy (25.2%), IO + chemotherapy (20.1%), IO + antiangiogenic (16.1%), PD-1 monotherapy
(14.5%), and PD-L1 monotherapy (8.8%) [17–190].
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Figure 4. (Landscape Alternative 300DPI). Figure 4. Overall incidence of vitiligo by drug class groupings via fixed-effect modeling of 31 studies reporting vitiligo. Incidence of vitiligo was highest in the IO

combination (10.1%) and PD-1 monotherapy (7.9%) groups, followed by the IO + chemotherapy (3.7%), CTLA-4 monotherapy (3.2%), and PD-L1 monotherapy
(0.54%) groups. No studies on IO + antiangiogenic combination regimens reported vitiligo [17–190].
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Through random-effects modeling, the highest incidence of all-grade cirAEs, analyzed
in studies reporting cirAEs, was seen in the IO combination group at 48.9% and IO +
chemotherapy at 44.8%, although a single IO + anti-angiogenic cohort showed very high
rates of cirAEs (78.8%). The overall incidence of all-grade cirAEs for ICI monotherapy
regimens was higher for CTLA-4 monotherapy (40.6%) compared with PD-1 (22.4%) or
PD-L1 (16.9%) monotherapy (Supplementary Figure S5). Differences between subgroups
were statistically significant (p < 0.0001).

3.3. Overall Incidence of cirAEs by Cancer Type

The incidences of rash, pruritis, and vitiligo were highest in melanoma cases. The inci-
dence of rash was 12.4% for NSCLC, 10.5% for urothelial carcinoma, 25.3% for melanoma,
and 17.7% for RCC (p < 0.001). The incidence of pruritis was 10.4% for NSCLC, 14.9% for
urothelial carcinoma, 28.2% for melanoma, and 16.8% for RCC (p < 0.001). The incidence of
vitiligo by cancer type was assessed via a fixed-effect model, as very few studies outside of
those on melanoma reported vitiligo. The incidence of vitiligo was 7.9% in melanoma and
ranged from 0.2 to 3% in the remaining cancer groups (p < 0.001).

Melanoma, urothelial carcinoma, and renal cell carcinoma were found to have similar
incidences of all-grade cirAEs by random-effects modeling for studies reporting grouped
cirAEs: 40.1%, 42.1%, and 41.3%, respectively. All-grade cirAEs were lower in non-small-
cell lung cancer, at 20.8% (p < 0.001 for between-group differences).

3.4. cirAEs and Dose of CTLA-4 Regimens

To determine whether anti-CTLA-4-associated cirAEs were dose-related, we assessed
the incidence of adverse events according to the ipilimumab monotherapy dose (1 mg/kg
and under, 3 mg/kg, and 10 mg/kg) and the ipilimumab dose in combination with anti-
PD-1 agents (1 mg/kg and 3 mg/kg).

The incidence of pruritis was highest in the ipilimumab 3 mg/kg + anti-PD-1 group at
34.8%, followed by the ipilimumab 10 mg/kg (32.9%), ipilimumab 1 mg/kg + anti-PD-1
(25.9%), ipilimumab 3 mg/kg (23.0%), and ipilimumab 1 mg/kg or under groups (2.8%)
(Supplementary Figure S6). Similarly, the incidence of rash was highest in the ipilimumab
10 mg/kg group at 35.5%, followed by the ipilimumab 3 mg/kg + anti-PD-1 (30.5%),
ipilimumab 1 mg/kg + anti-PD-1 (21.7%), ipilimumab 3 mg/kg (21.3%), and ipilimumab
1 mg/kg or under groups (4.2%) (Supplementary Figure S7). Studies reporting vitiligo only
encompassed three dosing regimens; the incidence of vitiligo was highest for ipilimumab
1 mg/kg + anti-PD-1 at 14.7%, followed by the ipilimumab 3 mg/kg + anti-PD-1 (8.5%)
and ipilimumab 3 mg/kg (3.2%) groups. Tests for differences between subgroups for each
adverse event type were significant (p < 0.001) (Supplementary Figure S8). The incidence of
overall cirAEs by random-effects modeling was highest in the ipilimumab 3 mg/kg + anti-
PD-1 group at 52.6%, followed by ipilimumab 10 mg/kg (48.5%), ipilimumab 1 mg/kg +
anti-PD-1 (45.7%), ipilimumab 3 mg/kg (37.4%), and ipilimumab 1 mg/kg or under (12.5%)
(Supplementary Figure S9). Overall, cirAE incidence appeared to be dose-related when
ipilimumab was used as a monotherapy, with less clear trends in the combination regimens.

3.5. Treatment Duration and cirAEs

To assess whether cirAEs were associated with the duration of treatment, we fitted
meta-regression models to adverse event incidence with median treatment duration, ad-
justing for tumor type, treatment class, and phase of trial. While the median treatment
duration was not found to be associated with pruritus or vitiligo, it was positively asso-
ciated with rash (p = 0.0116) (Figure 5 and Supplementary Figure S10). Additionally, the
later phases of the trials on melanoma (compared to NSCLC, RCC, or urothelial carcinoma)
were associated with increased cirAE incidence, while the treatment class (specifically PD-1
and PD-L1 blockade) was associated with lower cirAE incidence.
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3.6. Outcome Measures and cirAEs; Response Rate, Duration of Response, Progression-Free
Survival, and Overall Survival

Given the previously published link between cutaneous and other irAEs and im-
proved outcomes at an individual patient level, we performed a meta-regression analysis
of adverse event incidence for rash, pruritis, and vitiligo, including clinical outcome mea-
sures. Covariates included trial phase, drug class, and tumor type. The response rate was
positively correlated with the incidence of pruritis (p = 0.0238), vitiligo (p = 0.0010), and
rash (p = 0.0413) (Figure 6). The duration of the response was positively correlated with the
incidence of rash, pruritis, and vitiligo, although these associations were not statistically
significant (Supplementary Figure S11). Overall survival was positively associated with
the incidence of vitiligo (p = 0.0483) (Figure 7). Progression-free survival was positively
associated with the incidence of pruritis (p = 0.0207) and rash (p = 0.0351), whereas a
negative association was found with vitiligo (p = 0.0029) (Supplementary Figure S12).
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Figure 7. Bubble plot demonstrating the estimated regression slope for incidence of rash (A), pruri-
tis (B), and vitiligo (C), as well as overall survival. Overall survival was positively correlated with the
incidence of pruritis, vitiligo, and rash, and this association was significant for vitiligo (p = 0.0483),
with an expected rise in incidence of vitiligo of 0.003% per additional month of overall survival.
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4. Discussion

In our analysis, we provide the most comprehensive meta-analysis of cirAEs by type,
therapy regimen, and tumor, and we correlate cirAEs with outcomes across clinical trials.
Across studies, cirAEs were more frequent with regimens containing combinations of ICIs
and in melanoma compared to other tumor types, highlighting the impact of new and more
frequently used combination regimens, such as that of ICI and anti-angiogenic drugs or
dual checkpoint blockade with CTLA-4 agents. We observed general associations between
the incidence of cirAEs and improved treatment outcomes, as well as with treatment
duration, demonstrating the potential impact of cirAE development as a prognostic tool for
mapping therapeutic outcomes and the risk of late-onset cirAEs.

Our analysis provides a benchmark for the incidence of cirAEs with distinct ICI-
based therapeutic classes, and demonstrates the variability of cirAEs between regimens.
Treatment regimens with combined ICIs, as well as CTLA-4-containing regimens, were
consistently associated with higher incidence of all cirAEs analyzed, while PD-1/PD-L1
monotherapy regimens were associated with lower incidence. ICIs in combination with
antiangiogenic agents were associated with higher rates of rash than pruritis, while no
studies using this regimen reported vitiligo. This may reflect mechanistic differences by
which varying agents induce differing cirAEs, and in some cases, differences in the settings
in which new regimens are used. For example, combination PD-1/CTLA-4 blockade may
appear to produce more vitiligo, but this may be due to its more frequent use in melanoma,
whereas anti-angiogenic agents are not used in melanoma. On the other hand, cirAEs may
appear more frequently in one tumor type (e.g., melanoma) due to the more frequent use
(and at higher doses) of CTLA-4 blockade in that tumor type.

This analysis also highlights the association between cirAE types and therapeutic
outcomes not previously reported by other meta-analyses [12–14]. A prior meta-analysis
examining 15 studies of ICI monotherapy did not find significant associations between
rash, pruritis, and overall survival or progression free survival, although it did not include
vitiligo or combination ICI regimens in the study [12]. In our analysis, rash, pruritis,
and vitiligo were significantly associated with response rate and PFS, as was vitiligo and
overall survival. Despite observing significant associations between vitiligo and improved
response rate and overall survival, we found vitiligo to be negatively associated with PFS,
which may be due to the small sample size and 1–2 outlier studies. All other outcome
measures, including response rate, duration of response, and overall survival, demonstrated
generally positive correlations with each type of cirAE. Rash also was associated with the
duration of therapy, highlighting the risk of later-onset cirAEs [191,192].

Limitations to our analysis are important to consider. Subtypes of cirAEs were reported
at various levels of detail across studies, with determination of whether more specific
adverse events were to be reported as part of broad groupings (e.g., rash and pruritis)
left up to the investigators in each study. This may contribute to significant variability
between studies and, thus, the accuracy of the results of this study. While most studies
reported adverse events based upon the CTCAE, no criteria specific to more nuanced cirAE
reporting exists, and the involvement of dermatologists in the reporting of cirAE likely
varied across studies. Furthermore, we examined all data at the study level and not at the
individual patient level, which also constitutes a source of bias in this analysis.

While meta-regression can offer valuable insights into the relationship between study
characteristics and effect sizes in meta-analysis, due to the aggregated nature of meta-
analysis, associations detected at the study level may not accurately reflect individual-level
relationships. The interpretation of findings from study-level associations for individual
studies should be carried out cautiously. Additionally, meta-regression assumes linearity in
the relationship between study characteristics and effect sizes. However, this assumption
may not hold in all cases, and the relationship could be nonlinear or exhibit threshold
effects. In our analysis, we opted to use a linear model like meta-regression so as not to
reduce the power of the analysis. Nonetheless, the assumption of linearity is an important
consideration when interpreting the results of this meta-analysis.
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Our analysis validates the associations of cirAEs with clinical outcomes at a study
level across a range of solid tumors and ICI monotherapy and combination regimens, and
provides benchmark incidence rates across these regimens. As the use of ICIs in a variety
of therapeutic combinations and tumors increases, future studies capturing more detail
regarding specific cirAEs and patient-level data may allow for more specific prognostic
associations to be drawn and inform the care of individual patients. Ultimately, further
understanding of the mechanisms by which cirAEs influence therapeutic response may
assist oncologists and dermatologists in the management of both diseases and adverse
events, as well as patient-specific counseling regarding prognosis.

5. Conclusions

Our analysis provides a benchmark for the incidence of cirAEs with distinct ICI-based
therapeutic classes. It demonstrates the variability of cirAE incidence between regimens,
as well as the cirAE type and associated therapeutic benefit. We found that treatment
regimens with combined ICIs, as well as CTLA-4-containing regimens, were consistently
associated with higher incidence of all cirAEs analyzed, while PD-1/PD-L1 monotherapy
regimens were associated with lower incidence. In our analysis, response rate and PFS
were significantly associated with increased rash, pruritis, and vitiligo incidence. Positive
correlations were seen between increased cirAE incidence of all types, duration of response,
and overall survival, though this was significant only for vitiligo and overall survival.
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incidence of cirAEs by drug class groupings; Figure S6. Overall incidence of pruritis by ipilimumab
dose groupings; Figure S7. Overall incidence of rash by ipilimumab dose groupings; Figure S8.
Overall incidence of vitiligo by ipilimumab dose groupings; Figure S9. Overall incidence of cirAEs by
ipilimumab dose groupings; Figure S10: Bubble plots demonstrating the estimated regression slope
for incidence of pruritis (A) and vitiligo (B) and duration of treatment (median months); Figure S11:
Bubble plot demonstrating the estimated regression slope for incidence of rash (A), pruritis (B), and
vitiligo (C) and duration of response; Figure S12: Bubble plot demonstrating the estimated regression
slope for incidence of rash (A), pruritis (B), and vitiligo (C) and progression-free survival.

Author Contributions: N.B.C. and D.B.J. designed the project. N.B.C. and D.B.J. performed the
database search, study selection, and data extraction. K.B. and F.Y. analyzed the data. All authors
have read and agreed to the published version of the manuscript.

Funding: D.B.J. receives funding from the NCI R01CA227481. Susan and Luke Simons Directorship
for Melanoma, the James C. Bradford Melanoma Fund, the Van Stephenson Melanoma Fund.

Conflicts of Interest: D.B.J. has served on advisory boards or as a consultant for BMS, Catalyst
Biopharma, Iovance, Jansen, Mallinckrodt, Merck, Mosaic ImmunoEngineering, Novartis, Oncosec,
Pfizer, Targovax, and Teiko, has received research funding from BMS and Incyte, and has patents
pending for the use of MHC-II as a biomarker for immune checkpoint inhibitor response and abatacept
as a treatment for immune-related adverse events.

Abbreviations

PD-1/PD-L1 programmed death-1/ligand-1
CTLA-4 cytotoxic T lymphocyte antigen-4
ICIs Immune checkpoint inhibitors
irAEs immune-related adverse events
cirAEs cutaneous immune-related adverse events
VEGF vascular endothelial growth factor
ORR objective response rate
DOR duration of response
OS overall survival

https://www.mdpi.com/article/10.3390/cancers16020340/s1
https://www.mdpi.com/article/10.3390/cancers16020340/s1


Cancers 2024, 16, 340 14 of 24

PFS progression free survival
IO Immunotherapy
CTCAE Common Terminology Criteria for Adverse Events

References
1. Johnson, D.B.; Jakubovic, B.D.; Sibaud, V.; Sise, M.E. Balancing Cancer Immunotherapy Efficacy and Toxicity. J. Allergy Clin.

Immunol. Pract. 2020, 8, 2898–2906. [CrossRef]
2. Quach, H.T.; Johnson, D.B.; LeBoeuf, N.R.; Zwerner, J.P.; Dewan, A.K. Cutaneous adverse events caused by immune checkpoint

inhibitors. J. Am. Acad. Dermatol. 2021, 85, 956–966. [CrossRef]
3. Cosio, T.; Coniglione, F.; Flaminio, V.; Gaziano, R.; Coletta, D.; Petruccelli, R.; Dika, E.; Bianchi, L.; Campione, E. Pyodermitis

during Nivolumab Treatment for Non-Small Cell Lung Cancer: A Case Report and Review of the Literature. Int. J. Mol. Sci. 2023,
24, 4580. [CrossRef]

4. Zhang, S.; Tang, K.; Wan, G.; Nguyen, N.; Lu, C.; Ugwu-Dike, P.; Raval, N.; Seo, J.; Alexander, N.A.; Jairath, R.; et al. Cutaneous
immune-related adverse events are associated with longer overall survival in advanced cancer patients on immune checkpoint
inhibitors: A multi-institutional cohort study. J. Am. Acad. Dermatol. 2023, 88, 1024–1032. [CrossRef]

5. Tang, K.; Seo, J.; Tiu, B.C.; Le, T.K.; Pahalyants, V.; Raval, N.S.; Ugwu-Dike, P.O.; Zubiri, L.; Naranbhai, V.; Carrington, M.; et al.
Association of Cutaneous Immune-Related Adverse Events With Increased Survival in Patients Treated With Anti–Programmed
Cell Death 1 and Anti–Programmed Cell Death Ligand 1 Therapy. JAMA Dermatol. 2022, 158, 189–193. [CrossRef]

6. Quach, H.T.; Dewan, A.K.; Davis, E.J.; Ancell, K.K.; Fan, R.; Ye, F.; Johnson, D.B. Association of Anti–Programmed Cell Death
1 Cutaneous Toxic Effects With Outcomes in Patients With Advanced Melanoma. JAMA Oncol. 2019, 5, 906–908. [CrossRef]

7. Bottlaender, L.; Amini-Adle, M.; Maucort-Boulch, D.; Robinson, P.; Thomas, L.; Dalle, S. Cutaneous adverse events: A predictor
of tumour response under anti-PD-1 therapy for metastatic melanoma, a cohort analysis of 189 patients. J. Eur. Acad. Dermatol.
Venereol. 2020, 34, 2096–2105. [CrossRef]

8. Berner, F.; Bomze, D.; Diem, S.; Ali, O.H.; Fässler, M.; Ring, S.; Niederer, R.; Ackermann, C.J.; Baumgaertner, P.; Pikor, N.; et al.
Association of Checkpoint Inhibitor–Induced Toxic Effects With Shared Cancer and Tissue Antigens in Non–Small Cell Lung
Cancer. JAMA Oncol. 2019, 5, 1043–1047. [CrossRef]

9. Larsabal, M.; Marti, A.; Jacquemin, C.; Rambert, J.; Thiolat, D.; Dousset, L.; Taieb, A.; Dutriaux, C.; Prey, S.; Boniface, K.; et al.
Vitiligo-like lesions occurring in patients receiving anti-programmed cell death-1 therapies are clinically and biologically distinct
from vitiligo. J. Am. Acad. Dermatol. 2017, 76, 863–870. [CrossRef]

10. Ferro, M.; Crocetto, F.; Tataru, S.; Barone, B.; Dolce, P.; Lucarelli, G.; Sonpavde, G.; Musi, G.; Antonelli, A.; Veccia, A.; et al.
Predictors of Efficacy of Immune Checkpoint Inhibitors in Patients With Advanced Urothelial Carcinoma: A Systematic Review
and Meta-Analysis. Clin. Genitourin. Cancer 2023, 21, 574–583. [CrossRef]

11. Basudan, A.M. The Role of Immune Checkpoint Inhibitors in Cancer Therapy. Clin. Pract. 2022, 13, 22–40. [CrossRef]
12. Han, Y.; Wang, J.; Xu, B. Cutaneous adverse events associated with immune checkpoint blockade: A systematic review and

meta-analysis. Crit. Rev. Oncol. Hematol. 2021, 163, 103376. [CrossRef]
13. Abdel-Rahman, O.; ElHalawani, H.; Fouad, M. Risk of cutaneous toxicities in patients with solid tumors treated with immune

checkpoint inhibitors: A meta-analysis. Future Oncol. 2015, 11, 2471–2485. [CrossRef]
14. Mineiro dos Santos Garrett, N.F.; Carvalho da Costa, A.C.; Barros Ferreira, E.; Damiani, G.; Diniz dos Reis, P.E.; Inocêncio

Vasques, C. Prevalence of dermatological toxicities in patients with melanoma undergoing immunotherapy: Systematic review
and meta-analysis. PLoS ONE 2021, 16, e0255716. [CrossRef]

15. Cochran, W.G. The Comparison of Percentages in Matched Samples. Biometrika 1950, 37, 256–266. [CrossRef]
16. Higgins, J.P.T.; Thompson, S.G. Quantifying heterogeneity in a meta-analysis. Stat. Med. 2002, 21, 1539–1558. [CrossRef]
17. Durm, G.A.; Jabbour, S.K.; Althouse, S.K.; Liu, Z.; Sadiq, A.A.; Zon, R.T.; Jalal, S.I.; Kloecker, G.H.; Williamson, M.J.; Reckamp,

K.L.; et al. A phase 2 trial of consolidation pembrolizumab following concurrent chemoradiation for patients with unresectable
stage III non-small cell lung cancer: Hoosier Cancer Research Network LUN 14-179. Cancer 2020, 126, 4353–4361. [CrossRef]

18. Hersh, E.M.; O’Day, S.J.; Powderly, J.; Khan, K.D.; Pavlick, A.C.; Cranmer, L.D.; Samlowski, W.E.; Nichol, G.M.; Yellin, M.J.; Weber,
J.S. A phase II multicenter study of ipilimumab with or without dacarbazine in chemotherapy-naive patients with advanced
melanoma. Investig. New Drugs 2011, 29, 489–498. [CrossRef]

19. Patel, S.P.; Kim, D.W.; Bassett, R.L.; Cain, S.; Washington, E.; Hwu, W.-J.; Kim, K.B.; Papadopoulos, N.E.; Homsi, J.; Hwu, P.; et al.
A phase II study of ipilimumab plus temozolomide in patients with metastatic melanoma. Cancer Immunol. Immunother. CII 2017,
66, 1359–1366. [CrossRef]

20. Hamid, O.; Schmidt, H.; Nissan, A.; Ridolfi, L.; Aamdal, S.; Hansson, J.; Guida, M.; Hyams, D.M.; Gomez, H.; Bastholt, L.;
et al. A prospective phase II trial exploring the association between tumor microenvironment biomarkers and clinical activity of
ipilimumab in advanced melanoma. J. Transl. Med. 2011, 9, 204. [CrossRef]

21. Hayashi, H.; Sugawara, S.; Fukuda, Y.; Fujimoto, D.; Miura, S.; Ota, K.; Ozawa, Y.; Hara, S.; Tanizaki, J.; Azuma, K.; et al. A
Randomized Phase II Study Comparing Nivolumab with Carboplatin-Pemetrexed for EGFR-Mutated NSCLC with Resistance to
EGFR Tyrosine Kinase Inhibitors (WJOG8515L). Clin. Cancer Res. 2022, 28, 893–902. [CrossRef]

https://doi.org/10.1016/j.jaip.2020.06.028
https://doi.org/10.1016/j.jaad.2020.09.054
https://doi.org/10.3390/ijms24054580
https://doi.org/10.1016/j.jaad.2022.12.048
https://doi.org/10.1001/jamadermatol.2021.5476
https://doi.org/10.1001/jamaoncol.2019.0046
https://doi.org/10.1111/jdv.16311
https://doi.org/10.1001/jamaoncol.2019.0402
https://doi.org/10.1016/j.jaad.2016.10.044
https://doi.org/10.1016/j.clgc.2023.05.017
https://doi.org/10.3390/clinpract13010003
https://doi.org/10.1016/j.critrevonc.2021.103376
https://doi.org/10.2217/fon.15.118
https://doi.org/10.1371/journal.pone.0255716
https://doi.org/10.1093/biomet/37.3-4.256
https://doi.org/10.1002/sim.1186
https://doi.org/10.1002/cncr.33083
https://doi.org/10.1007/s10637-009-9376-8
https://doi.org/10.1007/s00262-017-2030-y
https://doi.org/10.1186/1479-5876-9-204
https://doi.org/10.1158/1078-0432.CCR-21-3194


Cancers 2024, 16, 340 15 of 24

22. Weber, J.; Thompson, J.A.; Hamid, O.; Minor, D.; Amin, A.; Ron, I.; Ridolfi, R.; Assi, H.; Maraveyas, A.; Berman, D.; et al. A
randomized, double-blind, placebo-controlled, phase II study comparing the tolerability and efficacy of ipilimumab administered
with or without prophylactic budesonide in patients with unresectable stage III or IV melanoma. Clin. Cancer Res. 2009, 15,
5591–5598. [CrossRef]

23. Rizvi, N.A.; Mazieres, J.; Planchard, D.; Stinchcombe, T.E.; Dy, G.K.; Antonia, S.J.; Horn, L.; Lena, H.; Minenza, E.; Mennecier,
B.; et al. Activity and safety of nivolumab, an anti-PD-1 immune checkpoint inhibitor, for patients with advanced, refractory
squamous non-small-cell lung cancer (CheckMate 063): A phase 2, single-arm trial. Lancet Oncol. 2015, 16, 257–265. [CrossRef]

24. Postow, M.A.; Goldman, D.A.; Shoushtari, A.N.; Betof Warner, A.; Callahan, M.K.; Momtaz, P.; Smithy, J.W.; Naito, E.; Cugliari,
M.K.; Raber, V.; et al. Adaptive Dosing of Nivolumab + Ipilimumab Immunotherapy Based Upon Early, Interim Radiographic
Assessment in Advanced Melanoma (The ADAPT-IT Study). J. Clin. Oncol. Off. J. Am. Soc. Clin. Oncol. 2021, 2021, JCO2101570.
[CrossRef]

25. Felip, E.; Altorki, N.; Zhou, C.; Csoszi, T.; Vynnychenko, I.; Goloborodko, O.; Luft, A.; Akopov, A.; Martinez-Marti, A.; Kenmotsu,
H.; et al. Adjuvant atezolizumab after adjuvant chemotherapy in resected stage IB-IIIA non-small-cell lung cancer (IMpower010):
A randomised, multicentre, open-label, phase 3 trial. Lancet 2021, 398, 1344–1357. [CrossRef]

26. Bellmunt, J.; Hussain, M.; Gschwend, J.E.; Albers, P.; Oudard, S.; Castellano, D.; Daneshmand, S.; Nishiyama, H.; Majchrowicz,
M.; Degaonkar, V.; et al. Adjuvant atezolizumab versus observation in muscle-invasive urothelial carcinoma (IMvigor010): A
multicentre, open-label, randomised, phase 3 trial. Lancet Oncol. 2021, 22, 525–537. [CrossRef]

27. Zimmer, L.; Livingstone, E.; Hassel, J.C.; Fluck, M.; Eigentler, T.; Loquai, C.; Haferkamp, S.; Gutzmer, R.; Meier, F.; Mohr, P.; et al.
Adjuvant nivolumab plus ipilimumab or nivolumab monotherapy versus placebo in patients with resected stage IV melanoma
with no evidence of disease (IMMUNED): A randomised, double-blind, placebo-controlled, phase 2 trial. Lancet 2020, 395,
1558–1568. [CrossRef]

28. Weber, J.; Mandala, M.; Del Vecchio, M.; Gogas, H.J.; Arance, A.M.; Cowey, C.L.; Dalle, S.; Schenker, M.; Chiarion-Sileni, V.;
Marquez-Rodas, I.; et al. Adjuvant nivolumab versus ipilimumab in resected stage III or IV melanoma. N. Engl. J. Med. 2017, 377,
1824–1835. [CrossRef]

29. Bajorin, D.F.; Witjes, J.A.; Gschwend, J.E.; Schenker, M.; Valderrama, B.P.; Tomita, Y.; Bamias, A.; Lebret, T.; Shariat, S.F.; Park,
S.H.; et al. Adjuvant Nivolumab versus Placebo in Muscle-Invasive Urothelial Carcinoma. N. Engl. J. Med. 2021, 384, 2102–2114.
[CrossRef]

30. Choueiri, T.K.; Tomczak, P.; Park, S.H.; Venugopal, B.; Ferguson, T.; Chang, Y.-H.; Hajek, J.; Symeonides, S.N.; Lee, J.L.; Sarwar, N.;
et al. Adjuvant pembrolizumab after nephrectomy in renal-cell carcinoma. N. Engl. J. Med. 2021, 385, 683–694. [CrossRef]

31. Grossmann, K.F.; Othus, M.; Patel, S.P.; Tarhini, A.A.; Sondak, V.K.; Knopp, M.V.; Petrella, T.M.; Truong, T.-G.; Khushalani, N.I.;
Cohen, J.V.; et al. Adjuvant Pembrolizumab versus IFNalpha2b or Ipilimumab in Resected High-Risk Melanoma. Cancer Discov.
2022, 12, 644–653. [CrossRef] [PubMed]

32. Eggermont, A.M.M.; Blank, C.U.; Mandala, M.; Long, G.V.; Atkinson, V.; Dalle, S.; Haydon, A.; Lichinitser, M.; Khattak, A.;
Carlino, M.S.; et al. Adjuvant pembrolizumab versus placebo in resected stage III melanoma. N. Engl. J. Med. 2018, 378, 1789–1801.
[CrossRef] [PubMed]

33. Planchard, D.; Reinmuth, N.; Orlov, S.; Fischer, J.R.; Sugawara, S.; Mandziuk, S.; Marquez-Medina, D.; Novello, S.; Takeda, Y.; Soo,
R.; et al. ARCTIC: Durvalumab with or without tremelimumab as third-line or later treatment of metastatic non-small-cell lung
cancer. Ann. Oncol. 2020, 31, 609–618. [CrossRef]

34. Ribas, A.; Hamid, O.; Daud, A.; Hodi, F.S.; Wolchok, J.D.; Kefford, R.; Joshua, A.M.; Patnaik, A.; Hwu, W.-J.; Weber, J.S.; et al.
Association of Pembrolizumab With Tumor Response and Survival Among Patients With Advanced Melanoma. JAMA 2016, 315,
1600–1609. [CrossRef] [PubMed]

35. Petrylak, D.P.; Powles, T.; Bellmunt, J.; Braiteh, F.; Loriot, Y.; Morales-Barrera, R.; Burris, H.A.; Kim, J.W.; Ding, B.; Kaiser, C.; et al.
Atezolizumab (MPDL3280A) Monotherapy for Patients With Metastatic Urothelial Cancer: Long-term Outcomes From a Phase 1
Study. JAMA Oncol. 2018, 4, 537–544. [CrossRef]

36. Balar, A.V.; Galsky, M.D.; Rosenberg, J.E.; Powles, T.; Petrylak, D.P.; Bellmunt, J.; Loriot, Y.; Necchi, A.; Hoffman-Censits, J.;
Perez-Gracia, J.L.; et al. Atezolizumab as first-line treatment in cisplatin-ineligible patients with locally advanced and metastatic
urothelial carcinoma: A single-arm, multicentre, phase 2 trial. Lancet Lond. Engl. 2017, 389, 67–76. [CrossRef]

37. Socinski, M.A.; Jotte, R.M.; Cappuzzo, F.; Orlandi, F.; Stroyakovskiy, D.; Nogami, N.; Rodríguez-Abreu, D.; Moro-Sibilot, D.;
Thomas, C.A.; Barlesi, F.; et al. Atezolizumab for First-Line Treatment of Metastatic Nonsquamous NSCLC. N. Engl. J. Med. 2018,
378, 2288–2301. [CrossRef]

38. Jotte, R.; Cappuzzo, F.; Vynnychenko, I.; Stroyakovskiy, D.; Rodriguez-Abreu, D.; Hussein, M.; Soo, R.; Conter, H.J.; Kozuki,
T.; Huang, K.-C.; et al. Atezolizumab in Combination With Carboplatin and Nab-Paclitaxel in Advanced Squamous NSCLC
(IMpower131): Results From a Randomized Phase III Trial. J. Thorac. Oncol. 2020, 15, 1351–1360. [CrossRef]

39. West, H.; McCleod, M.; Hussein, M.; Morabito, A.; Rittmeyer, A.; Conter, H.J.; Kopp, H.-G.; Daniel, D.; McCune, S.; Mekhail, T.;
et al. Atezolizumab in combination with carboplatin plus nab-paclitaxel chemotherapy compared with chemotherapy alone
as first-line treatment for metastatic non-squamous non-small-cell lung cancer (IMpower130): A multicentre, randomised,
open-label, phase 3 trial. Lancet Oncol. 2019, 20, 924–937. [CrossRef]

https://doi.org/10.1158/1078-0432.CCR-09-1024
https://doi.org/10.1016/S1470-2045(15)70054-9
https://doi.org/10.1200/JCO.21.01570
https://doi.org/10.1016/S0140-6736(21)02098-5
https://doi.org/10.1016/S1470-2045(21)00004-8
https://doi.org/10.1016/S0140-6736(20)30417-7
https://doi.org/10.1056/NEJMoa1709030
https://doi.org/10.1056/NEJMoa2034442
https://doi.org/10.1056/NEJMoa2106391
https://doi.org/10.1158/2159-8290.CD-21-1141
https://www.ncbi.nlm.nih.gov/pubmed/34764195
https://doi.org/10.1056/NEJMoa1802357
https://www.ncbi.nlm.nih.gov/pubmed/29658430
https://doi.org/10.1016/j.annonc.2020.02.006
https://doi.org/10.1001/jama.2016.4059
https://www.ncbi.nlm.nih.gov/pubmed/27092830
https://doi.org/10.1001/jamaoncol.2017.5440
https://doi.org/10.1016/S0140-6736(16)32455-2
https://doi.org/10.1056/NEJMoa1716948
https://doi.org/10.1016/j.jtho.2020.03.028
https://doi.org/10.1016/S1470-2045(19)30167-6


Cancers 2024, 16, 340 16 of 24

40. Rosenberg, J.E.; Hoffman-Censits, J.; Powles, T.; van der Heijden, M.S.; Balar, A.V.; Necchi, A.; Dawson, N.; O’Donnell, P.H.;
Balmanoukian, A.; Loriot, Y.; et al. Atezolizumab in patients with locally advanced and metastatic urothelial carcinoma who have
progressed following treatment with platinum-based chemotherapy: A single-arm, multicentre, phase 2 trial. Lancet Lond. Engl.
2016, 387, 1909–1920. [CrossRef]

41. Rini, B.I.; Powles, T.; Atkins, M.B.; Escudier, B.; McDermott, D.F.; Suarez, C.; Bracarda, S.; Stadler, W.M.; Donskov, F.; Lee, J.L.;
et al. Atezolizumab plus bevacizumab versus sunitinib in patients with previously untreated metastatic renal cell carcinoma
(IMmotion151): A multicentre, open-label, phase 3, randomised controlled trial. Lancet 2019, 393, 2404–2415. [CrossRef]

42. Nishio, M.; Barlesi, F.; West, H.; Ball, S.; Bordoni, R.; Cobo, M.; Longeras, P.D.; Goldschmidt, J.; Novello, S.; Orlandi, F.; et al.
Atezolizumab Plus Chemotherapy for First-Line Treatment of Nonsquamous NSCLC: Results From the Randomized Phase 3
IMpower132 Trial. J. Thorac. Oncol. 2021, 16, 653–664. [CrossRef] [PubMed]

43. Powles, T.; Durán, I.; van der Heijden, M.S.; Loriot, Y.; Vogelzang, N.J.; De Giorgi, U.; Oudard, S.; Retz, M.M.; Castellano, D.;
Bamias, A.; et al. Atezolizumab versus chemotherapy in patients with platinum-treated locally advanced or metastatic urothelial
carcinoma (IMvigor211): A multicentre, open-label, phase 3 randomised controlled trial. Lancet Lond. Engl. 2018, 391, 748–757.
[CrossRef] [PubMed]

44. Fehrenbacher, L.; Spira, A.; Ballinger, M.; Kowanetz, M.; Vansteenkiste, J.; Mazieres, J.; Park, K.; Smith, D.; Artal-Cortes, A.;
Lewanski, C.; et al. Atezolizumab versus docetaxel for patients with previously treated non-small-cell lung cancer (POPLAR): A
multicentre, open-label, phase 2 randomised controlled trial. Lancet 2016, 387, 1837–1846. [CrossRef] [PubMed]

45. Galsky, M.D.; Arija, J.Á.A.; Bamias, A.; Davis, I.D.; De Santis, M.; Kikuchi, E.; Garcia-Del-Muro, X.; De Giorgi, U.; Mencinger,
M.; Izumi, K.; et al. Atezolizumab with or without chemotherapy in metastatic urothelial cancer (IMvigor130): A multicentre,
randomised, placebo-controlled phase 3 trial. Lancet Lond. Engl. 2020, 395, 1547–1557. [CrossRef]

46. McDermott, D.F.; Sosman, J.A.; Sznol, M.; Massard, C.; Gordon, M.S.; Hamid, O.; Powderly, J.D.; Infante, J.R.; Fassò, M.; Wang,
Y.V.; et al. Atezolizumab, an Anti-Programmed Death-Ligand 1 Antibody, in Metastatic Renal Cell Carcinoma: Long-Term Safety,
Clinical Activity, and Immune Correlates From a Phase Ia Study. J. Clin. Oncol. Off. J. Am. Soc. Clin. Oncol. 2016, 34, 833–842.
[CrossRef]

47. Apolo, A.B.; Ellerton, J.A.; Infante, J.R.; Agrawal, M.; Gordon, M.S.; Aljumaily, R.; Gourdin, T.; Dirix, L.; Lee, K.-W.; Taylor, M.H.;
et al. Avelumab as second-line therapy for metastatic, platinum-treated urothelial carcinoma in the phase Ib JAVELIN Solid
Tumor study: 2-year updated efficacy and safety analysis. J. Immunother. Cancer 2020, 8, e001246. [CrossRef]

48. Gulley, J.L.; Rajan, A.; Spigel, D.R.; Iannotti, N.; Chandler, J.; Wong, D.J.L.; Leach, J.; Edenfield, W.J.; Wang, D.; Grote, H.J.;
et al. Avelumab for patients with previously treated metastatic or recurrent non-small-cell lung cancer (JAVELIN Solid Tumor):
Dose-expansion cohort of a multicentre, open-label, phase 1b trial. Lancet Oncol. 2017, 18, 599–610. [CrossRef]

49. Keilholz, U.; Mehnert, J.M.; Bauer, S.; Bourgeois, H.; Patel, M.R.; Gravenor, D.; Nemunaitis, J.J.; Taylor, M.H.; Wyrwicz, L.; Lee,
K.-W.; et al. Avelumab in patients with previously treated metastatic melanoma: Phase 1b results from the JAVELIN Solid Tumor
trial. J. Immunother. Cancer 2019, 7, 12. [CrossRef]

50. Powles, T.; Park, S.H.; Voog, E.; Caserta, C.; Valderrama, B.P.; Gurney, H.; Kalofonos, H.; Radulović, S.; Demey, W.; Ullén, A.;
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134. Powles, T.; Csőszi, T.; Özgüroğlu, M.; Matsubara, N.; Géczi, L.; Cheng, S.Y.-S.; Fradet, Y.; Oudard, S.; Vulsteke, C.; Morales
Barrera, R.; et al. Pembrolizumab alone or combined with chemotherapy versus chemotherapy as first-line therapy for advanced
urothelial carcinoma (KEYNOTE-361): A randomised, open-label, phase 3 trial. Lancet Oncol. 2021, 22, 931–945. [CrossRef]
[PubMed]

135. Giannatempo, P.; Raggi, D.; Marandino, L.; Bandini, M.; Farè, E.; Calareso, G.; Colecchia, M.; Gallina, A.; Ross, J.S.; Alessi, A.; et al.
Pembrolizumab and nab-paclitaxel as salvage therapy for platinum-treated, locally advanced or metastatic urothelial carcinoma:
Interim results of the open-label, single-arm, phase II PEANUT study. Ann. Oncol. Off. J. Eur. Soc. Med. Oncol. 2020, 31, 1764–1772.
[CrossRef] [PubMed]

136. Bellmunt, J.; de Wit, R.; Vaughn, D.J.; Fradet, Y.; Lee, J.-L.; Fong, L.; Vogelzang, N.J.; Climent, M.A.; Petrylak, D.P.; Choueiri,
T.K.; et al. Pembrolizumab as Second-Line Therapy for Advanced Urothelial Carcinoma. N. Engl. J. Med. 2017, 376, 1015–1026.
[CrossRef]

137. Goldberg, S.B.; Schalper, K.A.; Gettinger, S.N.; Mahajan, A.; Herbst, R.S.; Chiang, A.C.; Lilenbaum, R.; Wilson, F.H.; Omay, S.B.;
Yu, J.B.; et al. Pembrolizumab for management of patients with NSCLC and brain metastases: Long-term results and biomarker
analysis from a non-randomised, open-label, phase 2 trial. Lancet Oncol. 2020, 21, 655–663. [CrossRef]

138. Garon, E.B.; Rizvi, N.A.; Hui, R.; Leighl, N.; Balmanoukian, A.S.; Eder, J.P.; Patnaik, A.; Aggarwal, C.; Gubens, M.; Horn, L.; et al.
Pembrolizumab for the treatment of non-small-cell lung cancer. N. Engl. J. Med. 2015, 372, 2018–2028. [CrossRef]

139. Gubens, M.A.; Sequist, L.V.; Stevenson, J.P.; Powell, S.F.; Villaruz, L.C.; Gadgeel, S.M.; Langer, C.J.; Patnaik, A.; Borghaei, H.;
Jalal, S.I.; et al. Pembrolizumab in combination with ipilimumab as second-line or later therapy for advanced non-small-cell lung
cancer: KEYNOTE-021 cohorts D and H. Lung Cancer 2019, 130, 59–66. [CrossRef]

140. Middleton, G.; Brock, K.; Savage, J.; Mant, R.; Summers, Y.; Connibear, J.; Shah, R.; Ottensmeier, C.; Shaw, P.; Lee, S.-M.; et al.
Pembrolizumab in patients with non-small-cell lung cancer of performance status 2 (PePS2): A single arm, phase 2 trial. Lancet
Respir. Med. 2020, 8, 895–904. [CrossRef]

141. Balar, A.V.; Kamat, A.M.; Kulkarni, G.S.; Uchio, E.M.; Boormans, J.L.; Roumiguié, M.; Krieger, L.E.M.; Singer, E.A.; Bajorin, D.F.;
Grivas, P.; et al. Pembrolizumab monotherapy for the treatment of high-risk non-muscle-invasive bladder cancer unresponsive to
BCG (KEYNOTE-057): An open-label, single-arm, multicentre, phase 2 study. Lancet Oncol. 2021, 22, 919–930. [CrossRef]

142. Rini, B.I.; Plimack, E.R.; Stus, V.; Gafanov, R.; Hawkins, R.; Nosov, D.; Pouliot, F.; Alekseev, B.; Soulières, D.; Melichar, B.; et al.
Pembrolizumab plus Axitinib versus Sunitinib for Advanced Renal-Cell Carcinoma. N. Engl. J. Med. 2019, 380, 1116–1127.
[CrossRef] [PubMed]
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