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Abstract

Background As a result of the growing use of immune checkpoint inhibitors (ICIs) for treating malignancy, immune-related
adverse events (irAEs) have been increasingly reported. Higher body mass index (BMI) has been highlighted as a potential
risk factor for the development of irAEs. However, there are no meta-analyses summarizing the association between BMI
and irAEs in patients on ICI therapies.

Methods PubMed, MEDLINE, EMBASE, Cochrane and grey literature were searched up to January 2020. Odds ratios (ORs)
95% and confidence intervals (CIs) were summarized using the random-effects model. Heterogeneity test, subgroup and
sensitivity analyses were conducted. The protocol was registered on PROSPERO (number registration: CRD42020168790).
Results Five studies (n=1937) met eligibility criteria for inclusion. Being overweight or obese was associated with an
increased odds of developing irAEs (OR 2.62, 95% CI 1.70-4.03, P <0.00001, I*=53%). In subgroup analyses, higher BMI
was associated with irAEs in patients using anti-CTLA-4 single agents or in combination with anti-PD-1/PD-L1 (OR 1.87,
95% CI 1.17-2.98, P=0.009, I*=0%) and in patients using anti-PD-1/PD-L1 (OR 3.22, 95% CI 2.06-5.01, P=0.00001,
I?=32%) monotherapy. The increased odds of irAEs in patients with higher BMI was comparable (test for subgroup differ-
ences, P=0.72, P= 0%) between studies with adjusted OR (OR 2.21, 95% CI 1.44-3.38, P=0.0003, P =4%) and unadjusted
OR (OR 2.65, 95% CI 1.08-6.50, P=0.03, I*=66%).

Conclusion Our meta-analysis provides evidence of a relationship between higher BMI (overweight—obesity) and increased
risk of irAEs in patients on ICI therapies. Further research is needed to strengthen this association.
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Electronic supplementary material The online version of this Introduction

article (https://doi.org/10.1007/s00262-020-02663-z) contains

supplementary material, which is available to authorized users. Immune checkpoint inhibitors (ICIs) have been described
as an effective therapy for many different types of cancer,
particularly non-small cell lung carcinoma (NSCLC), mela-
noma, renal cell carcinoma (RCC) and squamous cell cancer
of the head and neck among others [1-4]. A cross-sectional

study reported that as of 2018, 46.3% of US cancer patients
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were considered eligible for treatment with ICIs [5]. The
increasing use of these agents has revealed a wide spectrum
of immune-related adverse events (irAEs), inflammatory
events that take place as a result of unleashing the typical
blockades of immune system [1]. These include toxic effects
along the gastrointestinal tract, cardiorespiratory system,
endocrine system, skin, nervous system and musculoskeletal
system among others [1, 6-9].
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It is evident that the use of ICIs allows the immune system
to circumvent the typical checkpoints, resulting in dysregu-
lated inflammation and causing irAEs. However, it remains
unclear which patients will develop these irAEs and in which
organ systems. Previous studies have described biomarkers,
genetic variations, changes in B cell populations and the
presence of IgG autoantibodies which are associated with
irAEs in patients being treated with ICIs therapies [10-13].

A number of investigators have explored the role of body
composition on the immune response with a range of find-
ings. Based on extensive evidence, obesity is considered a
low-grade systemic inflammatory state and has been linked
to a large number of autoimmune diseases [14]. Increased
markers of inflammation such as C-reactive protein, leptin,
TNF-a and IL-6 have been found in the serum of obese and
overweight patients [14]. Moreover, adipokines, which are
produced by adipose tissue, are involved in immune regu-
lation and leptin, a hormone secreted primarily by adipo-
cytes upregulated in obese individuals, both stimulates pro-
inflammatory cytokines and disrupts the Th17/Treg balance,
increasing Th17 cells that are involved in the pathogenesis of
immune-related conditions [1, 14, 15]. This baseline inflam-
matory state may explain the predisposition for the develop-
ment of irAEs. Preclinical studies have indeed shown that
PD-1-mediated T cell dysfunction is partly influenced by the
presence of leptin in mice with obesity [16]. Interestingly,
multiple groups have found an improvement in progres-
sion-free and overall survival in obese patients treated with
PD-(L)1 checkpoint inhibitors, suggesting enhanced PD-1
mediated T cell dysfunction and overall decreased regulation
of inflammation in response to checkpoint blockade [16, 17].

Observational studies exploring the association between
higher BMI and irAEs have been published in the last few
years, the first couple of which did not identify a posi-
tive correlation. First, a prospective study in metastatic
melanoma patients examining the relationship between
the change in BMI and toxicity in patients receiving anti-
CTLA-4, anti-PD-1 or combination therapy revealed a posi-
tive association between BMI and rate of irAEs. However,
this relationship was not statistically significant [18]. Subse-
quently, a prospective study looking at patients being treated
with nivolumab indicated no significant association between
BMI and irAEs [19].

In contrast with these findings, a number of subsequent
studies found a positive association between increased BMI
and the development of irAEs. A multicenter retrospec-
tive study looking at stage IV cancer patients treated with
single agent anti-PD-1/PD-L1 reported that patients with
elevated BMI (overweight or obesity) were more likely to
have irAEs compared with non-overweight patients and this
association was statistically significant (P <0.0001) [20].
Similarly, three retrospective studies analysed the associa-
tion between BMI and irAEs in patients on ICIs therapy
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and found a significantly increased risk of irAEs in patients
with higher BMI (overweight or obesity) [21, 22, 23]. Like-
wise, in a cohort of 68 patients with melanoma being treated
with anti-PD-1 agents, the mean BMI among those patients
who developed toxicities was higher than in those patients
who did not (27.9 kg/m? vs. 24.7 kg/m?) (P=0.04) [24]. In
addition, in a recent post hoc analysis of individual partici-
pant data from clinical trials in patients with NSCLC who
were treated with atezolizumab [25], an association between
higher BMI and skin-related irAEs was found (HR 1.47;
95% CI 1.2-2.0 for overweight).

In light of the lingering ambiguity over the impact of
body weight on irAEs in patients treated with ICIs and
the absence of a meta-analysis on this topic, we aimed to
conduct a systematic review and meta-analysis exploring
the relationship between BMI and irAEs in patients on ICI
therapies.

Methods
Search strategy

A systematic review of studies was performed in accordance
with the Preferred Reporting Items for Systematic Reviews
and Meta-analysis (PRISMA) Statement [26] and Meta-anal-
ysis of Observational Studies in Epidemiology (MOOSE)
guidelines for observational studies [27]. The protocol was
registered with the PROSPERO International Prospective
Register of Systematic Reviews (https://www.crd.york.ac.uk/
prospero/) under the registration number CRD42020168790.
After developing the clinical question and translating it into
a well-defined systematic review question based on the
PICOS format (Patients, Interventions, Comparators, Out-
comes and Studies), a manual search of medical databases
was performed including PubMed, MEDLINE, EMBASE
and Cochrane Library in English from inception until Janu-
ary 2020. Grey literature was also searched through review
of repositories, websites OpenGrey, GetNet International
and abstracts of major international congresses. The search
was conducted using the following PICOS format: P: adult
participants (age > 18 years) with overweight or obesity
(body mass index >25 kg/m?; I: on immune checkpoint
inhibitor therapies; C: control or comparator group low and
normal weight (body mass index <25 kg/m?); O: immune-
related adverse events; S: observational studies.

The results were supplemented by a manual search of
the bibliographies of the shortlisted review and original
study articles. In addition, a number of field experts were
approached to identify additional viable studies from grey
literature. Two independent investigators separately screened
the titles and abstracts for eligible studies (YGP and OS).
Disagreements were resolved by consensus among all
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authors. Additionally, a manual search of abstracts was con-
ducted from major medical conferences from 2010 to 2019
(Cancer Research UK, The British Association for Cancer
Research, The European Association for Cancer Research,
American Association for Cancer Research, American Soci-
ety of Clinical Oncology, The European League Against
Rheumatism, Endocrine Society Annual Meeting).

Eligibility criteria

Studies were included if: (1) they involved humans;
(2) > 18 year-old participants were enrolled; and (3) partici-
pants had received at least one dose of immune checkpoint
inhibitor therapies (CTLA-4 or PD-1/PD-L1). Studies were
excluded if: (1) they were non-human studies (cell culture,
animal models); (2) they were case reports, editorials, com-
ments, letters, reviews, meta-analyses or interventional
studies; (3) they were duplicate; (4) they were written in
languages other than English or studies without English
translated versions; or (5) the data were incomplete on clini-
cal outcome statistical measures (odds ratios, 95% ClIs) or
the outcome measures were unable to be calculated with the
available data.

Outcome measures

The primary outcome of this systematic review and meta-
analysis was to identify and quantify the relationship
between BMI and irAEs in patients on ICI therapies.

Study selection

Two reviewers independently screened the studies according
to the titles and abstracts (YGP and OS). If the articles were
potentially eligible, full texts were retrieved and screened.
Conflicts in study selection at this stage were resolved by
discussion between the researchers, referring back to the
original article in consensus among all authors.

Data extraction and synthesis

The selected studies were reviewed and the data were inde-
pendently extracted by two researchers (YGP and OS). Dis-
crepancies between them were resolved by consensus among
all authors. Numeric and texted data were extracted from the
eligible articles as follows: author, publication year, country/
region, study type, sample size, age and outcomes. The study
authors were contacted as needed to obtain detailed data.
When more than one study was published from the same
cohort, only the largest sample size study was included in the
meta-analysis to avoid overlapping populations. Data were
extracted into a bibliographic database using Microsoft®

Office Excel® version 14.0 software (Microsoft, Redmond,
WA, USA).

Study quality assessment

The Newcastle—Ottawa quality assessment scale was used
to assess the quality of the observational studies, evaluating
three items: patient selection, comparability of study groups
and assessment of outcomes [28]. Studies scoring 7-9 points
were considered to have high quality, 4-6 of moderate qual-
ity and <3 of low quality. The Grading of Recommendations
Assessment, Development and Evaluation (GRADE) assess-
ment was used to rate the overall quality of the evidence
[29]. Studies were not excluded a priori based on quality
reporting assessment. Two researchers independently evalu-
ated the risk of bias (YGP and OS). Disagreements were
resolved by consensus among all authors.

Data synthesis and analysis

A narrative synthesis of the findings from the included stud-
ies was structured around target population characteristics
and exposure. The effect measures for the outcome were
summarized. Adjusted odds ratios (ORs), where reported
in studies, were used for analysis to account for confound-
ing variables; if the ORs and 95% Cls were not reported
directly, we used data from a 2 X 2 table to recalculate crude
estimates. Differences were considered statistically signifi-
cant when P <0.05. Heterogeneity between the studies in
effect measures was assessed using both the 4 test and the />
statistic, where I is the proportion of total variation attribut-
able to between-study variability according to the Cochrane
Handbook for Systematic Reviews and Interventions recom-
mendation heterogeneity [30]. I* values of < 30%, 30-60%,
60-75% and > 75% were suggestive of low, moderate, sub-
stantial and considerable heterogeneity, respectively. The
sources of heterogeneity were investigated using subgroup
analyses by stratifying original estimates based on (A)
OR adjustment (adjusted OR vs unadjusted OR), (B) age
(median age <65 years and > 65 years) and (C) type of ICI:
anti-PD-1/PD-L1 or anti-CTLA-4 (single or in combination
with anti-PD-1/PD-L1). In this analysis, a P value for differ-
ences between subgroups of < 0.10 was considered statisti-
cally significant. Random-effect meta-analysis described by
DerSimonian and Laird [31] was adopted to calculate sum-
mary OR and 95% confidence intervals (CI).

A sensitivity analysis by excluding one study at a time
was conducted. Publication bias was assessed by visual
inspection of a funnel plot. All analyses were performed
with the Review Manager (RevMan) software, Version 5.3
(Copenhagen: The Nordic Cochrane Centre, The Cochrane
Collaboration, 2014). Since this study was a meta-analysis
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of published studies, institutional review board approval was
not required.

Results

In the preliminary literature search, 372 studies were
identified. 207 articles remained after the duplicates were
removed. A title and abstract review was performed on each
of the remaining 207 studies, with 196 excluded at this first
pass stage for not meeting the PICOS criteria. A total of 11
articles were eligible for full-text screening. Five full-text
publications met the selection criteria and were included in
the meta-analysis (n=1937). A PRISMA flow diagram of
the screening and selection process can be found in Fig. 1.
Supplementary table S1 shows the search strategy.

Characteristics of included studies

Four studies included in the meta-analysis had a retrospec-
tive design [20-23] and one was prospective [19]. The
patients included in the meta-analysis come from five coun-
tries (Italy, Ireland, South Korea, France and the USA). The

]

Fig.1 PRISMA flowchart

mean age was 61.6 years and the mean proportion of male
patients was 0.641. Four studies reported cases of NSCLC
[19, 20, 22, 23]; three with melanoma [20, 22, 23]; two
with urothelial carcinoma [22, 23]; and one with gastric
cancer [22], hepatocellular carcinoma [23], RCC [20] and
lymphoma [22], among others. Regarding the type of ICIs,
two studies reported the use of anti-CTLA-4 (single or com-
bination with anti-PD-1/PD-L1) [21, 23] and three studies
reported the use of single agent anti-PD-1/PD-L1 [19, 20,
22]. Two studies informed median follow-up time, ranging
from 48 days [21] to 8.7 months [23]. Regarding pre-existing
conditions, one study [23] reported 10.8% of patients with a
background of an autoimmune disease. Adverse events were
classified according to the National Cancer Institute Com-
mon Terminology Criteria for Adverse Events (CTCAE)
version 4.0 in all included studies. Four studies [19, 20, 21,
23] categorized BMI according to the World Health Organi-
zation (WHO) classification: underweight (BMI < 18.5 kg/
m?); normal (18.5<BMI<24.9 kg/mz); overweight
(25 <BMI <29.9 kg/m?); and obesity (BMI > 30 kg/m?).
One study [22] was carried out in an Asian population with
BMI categorized into four groups according to the proposed
classification in an adult Asian population presented by the

Records identified through
database searching
(n=343)

Additional records identified
through other sources
(n=29)

Identification

[

)

Records after duplicates removed
(n=207)

Eligibility Screening

Included
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WHO: underweight (BMI < 18.5 kg/m?); normal (18.5 kg/
m? <BMI < 23 kg/m?); overweight (23 kg/m*> < BMI < 25 kg/
m?); and obese (BMI > 25 kg/m?). Three studies reported
adjusted OR [20-22], one study reported unadjusted OR
[19] and one study [20] did not report OR and thus the
crude OR was calculated using the available data. Of note,
included studies reported only dichotomous exposure assess-
ment categorized as BMI > 25 kg/m? vs. BMI <25 kg/m?
[19-21, 23] or BMI > 25 kg/m? vs. BMI 18.5-22.9 kg/m?
[22] when calculating the outcome measures (OR and 95%
CI). Table 1 shows the description of the characteristics of
the included studies. Additional characteristics are summa-
rized in Supplementary table S2.

The quality of included studies assessed by the Newcas-
tle—Ottawa scale for each study is summarized in Supple-
mentary table S3a and presented as percentages across all
studies in Supplementary table S3b. Among included stud-
ies, four were considered high quality (score 7-9) [19-22],
whereas one study [23] was of moderate quality (score 6).
The GRADE quality of evidence suggested that there was
moderate quality of evidence in the included studies (Sup-
plementary table S4).

Description of excluded studies

There were a number of different reasons why six studies
did not meet eligibility criteria and were excluded from our
analysis: two studies did not link BMI with irAEs; one study
was a post hoc analysis of randomized clinical trials; one
study did not provide specific data about patients with and
without irAEs; one study had insufficient data to calculate
clinical outcome statistical measures and the authors did
not respond via e-mail; and one study consisted of a cohort
already included in the meta-analysis and in that case, only
the largest sample size study was considered in the meta-
analysis to avoid overlapping populations. Supplementary
table S5 describes the excluded studies.

Body mass index and risk of irAEs

On the basis of the pooled estimate across the five studies,
patients with higher BMI (overweight—obesity) were associ-
ated with increased odds of developing irAEs (pooled OR
2.62,95% CI 1.70-4.03, P <0.00001, I*=53%) (Fig. 2).

Subgroup analysis based on OR adjustment (studies
with adjusted OR vs. unadjusted OR) revealed that the
increased odds of irAEs in patients with higher BMI (over-
weight—obesity) was comparable (test for subgroup differ-
ences, P=0.72, P= 0%) between studies with adjusted OR
(pooled OR 2.21, 95% CI 1.44-3.38, P=0.0003, I>=4%)
and unadjusted OR (pooled OR 2.65, 95% CI 1.08-6.50,
P=0.03, ’=66%) (Fig. 3).

Subgroup analyses based on age (median age <65 years
or > 65 years) and type of ICI: anti-PD-1/PD-L1 or anti-
CTLA-4 (single or in combination with anti-PD-1/PD-L1)
showed that the increased odds of irAEs in patients with
higher BMI (overweight—obesity) was comparable (test
for subgroup differences, P=0.90, I>=0%) between par-
ticipants with median age <65 years (pooled OR 2.53, 95%
Cl 1.41-4.54, P=0.002, 12=0%) and over 65 (pooled OR
2.66, 95% CI 1.31-5.42, P=0.007, I*=84%) (Supplemen-
tary figure S1). The subgroup analysis also revealed that the
increased odds of developing irAEs in patients with higher
BMI (overweight—obesity) was comparable (test for sub-
group differences, P=0.10, 12=63.5%) between the stud-
ies that used anti-CTLA-4 agents (single or in combination
with anti-PD-1/PD-L1) (pooled OR 1.87,95% CI 1.17-2.98,
P=0.009, = 0%) and in the studies with anti-PD-1/PD-L1
agents (pooled OR 3.22, 95% CI 2.06-5.01, P=0.00001,
P=32%) (Supplementary figure S2).

The subgroup analysis of the studies that classified BMI
according to the categories: underweight (BMI < 18.5), nor-
mal (18.5 <BMI<24.9), overweight (25 <BMI<29.9) and
obesity (BMI>30) showed an increased odds of develop-
ing irAEs in patients with higher BMI (overweight—obesity)
(pooled OR 2.40, 95% CI 1.41-4.09, P=0.001, I* =64%)
(Supplementary figure S3).

One study [20] (n=976) compared the rate of irAEs
grades 3 and 4 between overweight—obese patients and
non-overweight (7.6% vs. 5.3%) and reported that the dif-
ference was not statistically significant (P =0.13). Sensi-
tivity analyses performed by excluding one study at a time
indicated that one study [20] contributed the most to the
variability among the included studies, while the analysis of
the remaining studies [19, 21-23] demonstrated statistical
homogeneity (P <0.0002, I*=0%). Supplementary table S6
shows the sensitivity analysis in detail. There was no evi-
dence of publication bias based on examination of funnel
plot symmetry (Supplementary figure S4).

Discussion

To the best of our knowledge, this is the first meta-analy-
sis to quantify the association between BMI and irAEs in
patients on ICI therapies. Our study demonstrated that ele-
vated BMI (overweight-obesity) is significantly associated
with the development of irAEs (OR 2.62,95% CI 1.70-4.03,
P <0.00001, I*=53%) in patients being treated with ICIs
therapies. This association was stable across different sub-
groups including adjusted OR, age, ICI type and BMI clas-
sification. The results of our study are clinically meaning-
ful, suggesting the negative impact of elevated BMI on ICI
treatment and highlighting the role of high body weight as a
potential modifiable risk factor that must be considered and
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Fig. 2 Forest plot of the studies included in the meta-analysis of BMI and risk of irAEs in patients on ICIs
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Fig. 3 Forest plot of the studies included in the meta-analysis of BMI and risk of irAEs in patients on ICIs by adjusted OR

monitored for safety in clinical practice. In line with this
evidence, Rassy et al. [32] has highlighted the importance of
an assessment of patient’s weight and inflammatory profile
before the initiation of ICIs in cancer patients.

The exact mechanism by which BMI influences the
development of irAEs is not completely understood. This
effect is likely related to the association of obesity with low-
grade systemic inflammation resulting in an excessive risk
of irAEs [31, 33, 34]. There are a multitude of interwoven
pathways which account for this relationship. Adipose tissue
macrophages accumulate in subcutaneous and visceral fat
depots and take on a pro-inflammatory phenotype, secreting
pro-inflammatory cytokines such as TNF-o and IL-6 [35]. In
addition, the accumulation of fat results in increased infiltra-
tion of pro-inflammatory CD8+ T cells into adipose tissue
and the depletion of adipose Tregs [36, 37]. Furthermore,
adipose tissue overexpresses nucleotide-binding domain,
leucine rich-containing family, pyrin domain-containing-3
(Nlrp3) leading to caspase-1 activation and subsequently
a cascade of inflammation resulting from the secretion of
IL-1p and IL-18 [38]. Alternatively, overexposure to treat-
ment may occur in overweight patients due to an increased

@ Springer

dose calculation based on mass weight without a parallel
increase in distribution volume resulting in a possible toxic-
ity [31].

Although the methodology of this meta-analysis was rig-
orous, several limitations should be acknowledged. Firstly,
the small number of studies suitable for inclusion may affect
the reliability of conclusions. Secondly, our meta-analysis
included only observational studies and the baseline dif-
ferences among study groups cannot be entirely avoided.
Thirdly, the included studies presented dichotomous cat-
egories of BMI (above or below median weight) and did
not analyse the impact of obesity as a specific category
(BMI > 30 kg/m?) when estimating the outcome measures
(OR and 95% CI) to fully elucidate possible differences
among weight classes. Finally, information regarding race,
disease progression, history of previous treatments, pre-
existing autoimmune diseases and follow-up was not avail-
able from all of the studies even though some of the included
studies adjusted for these variables in the outcome OR.

Despite these limitations, our study has a number of
strengths. This is the first meta-analysis integrating the
evidence for the association between BMI and irAEs in
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patients on ICI therapies. In addition, our meta-analysis
included cohorts from diverse geographical and ethnic
groups (Europe, USA, Asia). Moreover, the quality of the
included studies was high, the heterogeneity was moderate
and there was no evidence of publication bias. Furthermore,
the assessment of adjusted and unadjusted ORs allowed us
to evaluate the influence of confounders on the summary
estimate. Finally, we acknowledge the moderate heteroge-
neity (I*=53%) among the studies mainly stemming from
different ICI regimens and follow-up procedures and from
differences in ethnicity, comorbidities and baseline charac-
teristics on the study populations. In an attempt to reduce
heterogeneity, we carried out subgroup analyses significantly
improving the accuracy of our outcomes.

Our study has important implications for clinical prac-
tice. Our findings illustrate a role for the evaluation of body
weight in the monitoring of patient safety during treatment
with ICIs and suggest that elevated BMI can serve as an
important tool to be used in clinical practice in predicting
risk of irAEs. Moreover, our results imply that BMI should
be considered as a potential effect modifier and therefore
included as a stratification factor in further ICIs trials.

In conclusion, our systematic review and meta-analysis
provides evidence for the presence of a significant relation-
ship between higher BMI (overweight and obesity) and
an increased risk of developing irAEs in patients on ICI
therapies. Further prospective cohort studies are needed to
strengthen the association between obesity and irAEs.
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