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Abstract

Biologics targeting PD-1, PD-L1, and CTLA-4 immune checkpoint proteins have been used

in a variety of tumor types including small and non-small cell lung cancers, melanoma, and

renal cell carcinoma. Their anti-tumor activity is achieved through amplifying components of

the patient’s own immune system to target immune response evading cancer cells. How-

ever, this unique mechanism of action causes a range of immune related adverse events,

irAEs, that affect multiple physiological systems in the body. These irAEs, depending on

severity, often cause suspension or discontinuation of therapy and, in rare cases, may lead

to fatal outcomes. In this study we focused on pembrolizumab, a PD-1 inhibitor currently

approved for multiple types of cancer. We analyzed over ten thousand adverse event

reports from Keynote clinical trials of pembrolizumab for various cancer indications with or

without co-occurring infections, and observed a statistically significant 80% increase in the

risk of developing an irAE in subjects with infections.

Introduction

The field of cancer immunotherapy has seen continuous growth and appreciation following

successful efficacy trials of various targeted immune checkpoint inhibitors (ICIs). The immune

system can detect and target cancer cells, however, these cells have the capacity to evolve to

evade the immune system by suppressing T-cell activation [1, 2]. Multiple immune-check-

points can modulate the T-cell response. The first ICI antibody, ipilimumab, targeted the cyto-

toxic T-lymphocyte–associated antigen 4 (CTLA-4)) [3]. Programmed cell death protein 1

(PD-1) receptor antibodies, pembrolizumab and nivolumab were approved in 2014, and cemi-

plimab in 2018 [4]. The use of the checkpoint inhibitors has been linked to significant

immune-related adverse events (irAEs) [5, 6] affecting multiple organ systems and leading to

irAEs such as colitis, pancreatitis, hepatitis, thyroiditis, hypophysitis, and rare but potentially

fatal toxicities such as myocarditis.

PLOS ONE

PLOS ONE | https://doi.org/10.1371/journal.pone.0263402 February 10, 2022 1 / 12

a1111111111

a1111111111

a1111111111

a1111111111

a1111111111

OPEN ACCESS

Citation: Makunts T, Burkhart K, Abagyan R, Lee P

(2022) Retrospective analysis of clinical trial safety

data for pembrolizumab reveals the effect of co-

occurring infections on immune-related adverse

events. PLoS ONE 17(2): e0263402. https://doi.

org/10.1371/journal.pone.0263402

Editor: Yoshihiko Hirohashi, Sapporo Medical

University School of Medicine, JAPAN

Received: August 16, 2021

Accepted: January 18, 2022

Published: February 10, 2022

Peer Review History: PLOS recognizes the

benefits of transparency in the peer review

process; therefore, we enable the publication of

all of the content of peer review and author

responses alongside final, published articles. The

editorial history of this article is available here:

https://doi.org/10.1371/journal.pone.0263402

Copyright: This is an open access article, free of all

copyright, and may be freely reproduced,

distributed, transmitted, modified, built upon, or

otherwise used by anyone for any lawful purpose.

The work is made available under the Creative

Commons CC0 public domain dedication.

Data Availability Statement: The raw data used in

the analysis cannot be made publicly available due

to government regulatory and legal restrictions.

The raw data sets used for the submission are

https://orcid.org/0000-0001-5536-1266
https://orcid.org/0000-0001-9309-2976
https://doi.org/10.1371/journal.pone.0263402
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0263402&domain=pdf&date_stamp=2022-02-10
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0263402&domain=pdf&date_stamp=2022-02-10
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0263402&domain=pdf&date_stamp=2022-02-10
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0263402&domain=pdf&date_stamp=2022-02-10
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0263402&domain=pdf&date_stamp=2022-02-10
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0263402&domain=pdf&date_stamp=2022-02-10
https://doi.org/10.1371/journal.pone.0263402
https://doi.org/10.1371/journal.pone.0263402
https://doi.org/10.1371/journal.pone.0263402
https://creativecommons.org/publicdomain/zero/1.0/
https://creativecommons.org/publicdomain/zero/1.0/


In this study we take a closer look at the irAEs associated with pembrolizumab (Keytruda).

Pembrolizumab was first approved in 2014 for advanced melanoma [7], followed by over a

dozen consequent approvals including non-small cell lung cancer [8], renal cell carcinoma [9],

head and neck squamous cell carcinoma [10], cervical cancer and others [11, 12]. Most com-

mon adverse events of pembrolizumab as a single agent, reported in more than 20% of patients

include musculoskeletal pain, fatigue, pruritus, rash, pyrexia, decreased appetite, nausea and

diarrhea. Common irAEs listed on the package insert include pneumonitis, colitis, hepatitis,

endocrinopathies, and nephritis. IrAEs, depending on toxicity type and Common Terminol-

ogy Criteria for Adverse Events (CTCAE) [13, 14] grade, irAEs may cause suspension of treat-

ment, permanent discontinuation, and death [15].

The systemic toxic effects of irAEs warrant further research into these adverse events. In

this study we analyzed pooled data from multiple pembrolizumab clinical trial safety data sub-

missions for various cancer types, to identify contributing factors affecting irAEs occurrence.

Methods

Data preparation and cohort selection

Electronic data from new molecular entity (NME) and non-NME submissions were mined

using both, the integrated summaries of safety (ISS) reports, and the clinical safety summaries

for pembrolizumab [16] Biologic License Application (BLA) 125514. The Adverse Event Anal-

ysis Data Set (ADAE) contained 10,023 reports which included chemotherapy, and various

pembrolizumab monotherapy doses and administration schedules. Studies where subjects

were administered the following doses were selected into the analysis data set (having a total of

5,732 evaluable patients): 10mg/kg every two weeks,10mg/kg every three weeks, and 200mg

flat dose every three weeks. The latter dose is the current labeled recommendation [11] for

adults in all cancer indications. Pembrolizumab monotherapy reports (as the only treatment

for cancer) were included into the study cohort, and the chemotherapy reports were included

into the control cohort. Cases with Pembrolizumab + chemotherapy and pembrolizumab

2mg/kg cases (pediatric dose) were excluded from the analysis.

Additionally, analysis dataset subject level (ADSL), analysis datasets of concomitant medi-

cations (ADCM), and medical history (MH) were used for the analysis of demographic factors

and possible comorbidity and co-medication confounding effects on irAEs (Fig 1). The follow-

ing parameters, previously associated with increased risk of autoimmune disease, were used in

the analysis for possible confounding effects: sex [17], ethnicity [18, 19] age [20], cancer type

[21, 22], co-occurring autoimmune disease [23–25], and medications associated with autoim-

mune AEs [26–29].

Measured outcome(s)

The following adverse event higher level term (AEHLT MedDRA [30] hierarchy) groups were

clustered together as the irAE outcome of interest: Colitis (excl infective), gastrointestinal

inflammatory conditions, hepatocellular damage and hepatitis NEC, acute and chronic pan-

creatitis, acute and chronic thyroiditis, anterior pituitary hypofunction (hypophysitis), nephri-

tis NEC, lower respiratory tract inflammatory and immunologic conditions, autoimmune

disorders NEC, hemolytic immune anemias, immune and associated conditions (graft versus

host disease, cytokine release), autoinflammatory diseases, and noninfectious myocarditis. The

irAEs based on AEHLT designations were pooled together under the irAE umbrella term to

allow for sufficient number of reports and reasonable 95% confidence intervals. The limited

number of reports with organ specific irAE terms prevented any higher resolution analysis.
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The clustered irAEs were analyzed for frequency, toxicity grades, progression throughout

the treatment duration, and association with other adverse events (AEs).

Results

Immune related adverse events

Nearly 96% of subjects experienced a Treatment Emergent Adverse Events (TEAE) of any tox-

icity grade during the treatment. When AEs of interest (see irAE in the methods section) were

clustered into irAE group at AEHLT level, 9.3% of the subjects administered ICIs reported at

least one irAE by the end of the study compared to 3.9% in the chemotherapy group (Table 1).

Fig 1. Data and cohort selection, study analysis plan.

https://doi.org/10.1371/journal.pone.0263402.g001

Table 1.

irAE toxicity grade % Pembrolizumab subjects with irAEs,
n = 5,537

% Chemotherapy subjects with irAEs,
n = 2,108

All CTCAE grades

1–5

9.3 3.9

Grade 1 1.7 0.5

Grade 2 3.2 1.2

Grade 3 3.7 1.9

Grade 4 0.4 0.3

Grade 5 0.3 0.0

irAEs in Pembrolizumab and Chemotherapy reports. All immune related adverse event frequencies in subjects

administered pembrolizumab compared to subjects administered chemotherapy, stratified by CTCAE toxicity grade.

https://doi.org/10.1371/journal.pone.0263402.t001
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irAEs and associated adverse events

The pembrolizumab cohort was further split into irAE and non-irAE sub-cohorts to evaluate

the potential association of co-occurring irAEs. Interestingly, co-occurring infections were

associated with increased frequency and severity of irAEs. The associated infection events

included the following adverse event higher level group terms (AEHLGT): 1) Fungal infectious

disorders, 2) viral infectious disorders, 3) bacterial infectious disorders, 4) mycobacterial infec-

tious disorders, 5) infections–pathogen unspecified, 6) protozoan infectious disorders.

The statistical significance of the risk of developing an irAE with and without infections

was estimated by the odds ratio (OR) value of 1.62 and 95% confidence intervals (95%CI)

1.35–1.95, p<0.0001 (Table 2, Figs 2 and 3).

Table 2.

irAE toxicity grade % Pembrolizumab subjects with irAEs and infections, n = 2,528 % Pembrolizumab subjects with irAEs without infections, n = 3,009

All CTCAE grades (1–5) 11.80 9.64

Grade 1 2.49 1.78

Grade 2 3.68 3.26

Grade 3 4.75 3.86

Grade 4 0.55 0.45

Grade 5 0.32 0.29

irAEs in subjects with and without infections.

https://doi.org/10.1371/journal.pone.0263402.t002

Fig 2. Progression of irAEs throughout the treatment period in subjects with and without infections.

https://doi.org/10.1371/journal.pone.0263402.g002
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Comorbidities, demographics, and concomitant medications

Analysis of demographic parameters did not show a clinically significant difference between

irAE-infections and irAE-non-infections groups (Table 3). Additionally, there were no clini-

cally significant differences in concomitant medications associated with irAEs between the

groups (Table 4). Corticosteroid administration was analyzed separately as a possible con-

founder for infection risk. The difference between the groups was not clinically significant

either (Table 4).

The non-infection group had a nearly ten-fold higher rate to autoimmune comorbidities

(11.0% vs 1.4%) (Table 4). Interestingly, when the irAE/infection association was re-analyzed

excluding subjects with autoimmune comorbidities the risk of irAE increased to from 62% to

80% (OR 1.80 [1.48, 5.99]. p<0.0001) (Figs 3 and 4).

Infection as an irAE contributing factor. The association between irAEs and infections

was statistically significant. However, due to the complexity of the data, it remained unknown

whether an infection could predict an irAE. The analyzed studies included study/treatment

durations ranging from 283 to 1124 days. In such a prolonged duration, many subjects had

multiple occurrences of irAEs and infections, often intermittent. For this reason, time to event

analysis was performed for the first infection compared to the first irAE occurrence (Table 5,

Fig 5). There was a wide variety between infection and irAE start dates, with some overlap

between the two, not allowing for a definitive conclusion of one predicting the other. Although

Fig 3. a) Frequencies or irAE in cohorts with and without infections: Infections-pathogen unknown (n = 2,052), protozoal infectious disorders (n = 2),

mycobacterial infectious disorders (n = 3), bacterial infectious disorders (n = 216), viral infectious disorders (n = 336), fungal infectious disorders

(n = 229), irAEs in subjects with any infection (n = 2,528), subjects with infection preceding irAE (n = 2,431), irAEs in subjects without any infection

(control) (n = 3,009), subjects with any infection excluding ones with autoimmune comorbidities (n = 2,524), Subjects without any infection (control)

excluding ones with autoimmune comorbidities (n = 2,984). b) Odds ratios of irAEs in subjects with infections compared to subjects without infections.

X-axis presented in logarithmic scale.

https://doi.org/10.1371/journal.pone.0263402.g003
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infections occurred prior to irAE in most cases, nearly one third of the reports did not have

the AE end date reported in the dataset, further complicating the sequalae attribution.

Discussion

The risk of experiencing an irAE increased by nearly eighty percent, if the subjects experienced

an infection sometime during the treatment. However, the irAE/infection association was not

linear as the there was no clear evidence of one preceding the other (Fig 5), making adjudicat-

ing causality difficult. Some irAEs occurred prior to infections, some overlapped, and some

occurred after, with the trend favoring the infection before irAE model. However, the associa-

tion was estimated to be statistically significant.

To our best knowledge this is the first large scale study analyzing concurrent AEs in subjects

experiencing irAEs. Here we analyzed over 5700 drug safety reports for subjects administered

pembrolizumab in controlled clinical trials for eleven different types of cancer.

There are a few cases and smaller scale studies discussing the irAE/infection association

[31, 32], and some attributing the related organ damage to irAE exacerbation due to a concur-

rent infection [33]. Although intuitively it makes sense that an infection can affect the irAE,

this association had not been quantified in large studies. However, there are many studies that

link infections with autoimmune diseases (AD), which are similar to irAEs in their manifesta-

tion and physiological profile, including autoimmune thyroiditis, colitis, and lupus [34–39]

where infection related T-cell autoreactivity is the main culprit. Mechanisms by which infec-

tious agents may cause autoimmune adverse reactions include molecular mimicry, epitope

spreading, bystander activation, and cryptic antigen presentation [40].

Drawing the parallel between infection/AD and infection/irAE relationships made sense,

especially in pembrolizumab administered subjects, considering the biologic’s mechanism of

action and the physiology behind ADs and irAEs. Interestingly, in recent studies, fecal micro-

biota transplants helped overcome PD-1 therapy resistance in melanoma patients [41, 42]

where introducing infectious agents improved ICI treatment efficacy, suggesting the infectious

agents’ influence on the ICI related immune activation.

In summary, we observed a statistically significant association of co-occurring infections

with immune related adverse events in pembrolizumab treated cancer patients.

Study limitations

As with any other association study the causality between infections and irAE was not clini-

cally adjudicated. However, the use of high-quality safety reports from controlled clinical trials

Table 3.

Demographics irAE with infection (n = 284) irAE without infection (n = 218)

Mean age, years (SD) 61.1 (14.0) 61.3 (13.0)

Median age, years 64.0 63.0

Sex n (%) Male 193 (69.0) Male 159 (72.9)

Female 93 (32.7) Female 59 (27.1)

Ethnicity n (%) Asian 40 (14.1) Asian 34 (15.6)

African American or Black 2 (0.7) African American or Black 6 (2.8)

White 201 (70.8) White 145 (66.5)

Multiracial 5 (1.8) Multiracial 1 (0.5)

Unknown 36 (12.7) Unknown 31 (14.2)

Demographic parameters of subjects with irAEs with and without infections.

https://doi.org/10.1371/journal.pone.0263402.t003
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Table 4.

Concomitant medications irAE with infection cohort n of subjects

irAE related concomitant medications

out of 284

irAE without infection cohort n of subjects

irAE related concomitant medications out

of 218

irAE associated medications

Isoniazid 1 0

Methimazole 0 1

Metoprolol 1 1

Hydrochlorothiazide 1 1

Atorvastatin 1 0

Fluorouracil 1 2

Total unique subjects, n (100�n/n-irAE[%]) 5 (1.76) 5 (2.29)
Corticosteroids used to alleviate irAEs

Prednisone 16 11

Prednisolone 12 9

Methylprednisolone 9 10

Prednisone, methylprednisolone 12 3

Prednisolone, methylprednisolone 8 4

Prednisone, methylprednisolone, 2 4

dexamethasone

Methylprednisolone, dexamethasone 1 1

Prednisolone, dexamethasone 2 3

Prednisolone betamethasone 1 0

Prednisolone, methylprednisolone,dexamethasone 1 1

Prednisolone, prednisone 1 0

Betamethasone, prednisolone, methylprednisolone 1 2

Prednisone, prednisolone, dexamethasone 0 1

Dexamethasone� 4 8

Betamethasone� 3 1

Unique subjects, n (100�n/n-irAE[%]) 73 (25.7) 58 (26.6)
�Dexamethasone and betamethasone are not recommended by NCCN ICI

irAE management guidelines but were included due to potential to

increase infection risk.

Type of cancer, n (100�n/n-irAE[%]) irAE with infection cohort n of subjects

with irAE out of 284, n (%)

irAE without infection cohort n of subjects

irAE out of 218, n (%)

Bladder 32 (11.2) 21 (9.6)

Cervical 2 (0.7) 2 (0.9)

CRC 4 (1.4) 1 (0.5)

Gastric 4 (1.4) 16 (7.3)

HCC 1 (0.4) 3 (1.4)

HL 12 (4.5) 8 (3.7)

HNSCC 31 (10.9) 28 (12.8)

Melanoma 91 (32.0) 67 (30.7)

MLBCL 2 (0.2) 2 (0.9)

NSCLC 92 (32.4) 58 (26.6)

RCC 9 (3.2) 8 (3.7)

Unknown 4 (1.4) 4 (1.9)

irAE Subjects with related comorbidities irAE with infection cohort n of subjects

with autoimmune comorbidities out of

284

irAE without infection cohort n of subjects

with autoimmune comorbidities out of 218

Systemic Lupus Erythematosus 0 1

(Continued)
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provides a strong signal that may be clinically significant. Although we analyzed concomitant

medications and medical history for possible confounding effects, it needs to be noted that die-

tary supplements, over-the-counter medications, and even prescriptions by different providers

often go underreported by patients. Additionally, minor infections such as upper respiratory

Table 4. (Continued)

Rheumatoid arthritis (arthropathies) 1 3

Psoriasis/psoriatic arthritis 0 4

Inflammatory bowel disease/IBS/UC 1 5

Addison’s disease 0 1

Grave’s disease/hyperthyroidism 0 5

Hashimoto’s thyroiditis 2 3

Myasthenia gravis/ Lambert-Eaton’s 0 1

Autoimmune vasculitis/Behcet’s 0 1

Celiac disease 0 1

Unique subjects, n (100�n/n-irAE[%]) 4 (1.4) 24 (11.0)

Medical History and Concomitant medications in irAE subjects with and without infections.

https://doi.org/10.1371/journal.pone.0263402.t004

Fig 4. a) Frequencies or irAE in cohorts with and without infections: irAEs in subjects with any infection (n = 2,528), subjects with infection preceding

irAE (n = 2,431), irAEs in subjects without any infection (control) (n = 3,009), subjects with any infection excluding ones with autoimmune

comorbidities (n = 2,524), Subjects without any infection (control) excluding ones with autoimmune comorbidities (n = 2,984). b) Odds ratios of irAEs

in subjects with infections compared to subjects without infections. X-axis presented in logarithmic scale.

https://doi.org/10.1371/journal.pone.0263402.g004
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infections may go unreported as well. This limitation may introduce some uncertainties to the

analysis due to the possible autoimmunity induction by these agents [43, 44]. Unfortunately,

the paucity of sufficient longitudinal data prevented further assignment of the causality to the

identified significant associations.

Additionally, irAEs may have been underreported due the complexity of the diagnosis,

often requiring and invasive procedure, for a definitive diagnosis, and followingly mischarac-

terizations of these adverse events. The study focused on only one of the currently approved

antibodies in immune oncology with the goal of quantifying and establishing a signal that can

Table 5.

Subjects with irAE and

infections

Subjects with irAE and

without infections

N = 284 N = 218

Time to 1st

infection

Time to 1st

irAE

Time to 1st irAE

Mean, days (sd) 133.1 (140.0) 121.3

(157.5)

126.5 (125.2)

Median, days 86 112.5 79

Duration, days (sd) 26.8 (46.2)�� 50.36�� 45.8 (60.3)��

��end dates for adverse events where not indicated for

a large number of subjects in all the cohorts

Time to 1st infection vs time to 1st irAE.

https://doi.org/10.1371/journal.pone.0263402.t005

Fig 5. First irAE and first infection time to event and duration analysis. 1st infection (blue) vs 1st irAE (red) start date and AE duration with respect

to treatment start date (day 0).

https://doi.org/10.1371/journal.pone.0263402.g005
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be investigated further. Future studies are needed to confirm whether the observed irAE/infec-

tion association is preserved in subjects administered other anti-PD-1, -PD-L1, and -CTLA-4

cancer immunotherapy.

Acknowledgments

We thank Dr. Ana Szarfman for discussions on the potential for confounding and the need to

show the time sequence of the assessed events. We also thank Gunjan Gugale and Constance

Le for help with data management and the computer environment.

Disclaimers: This article reflects the views of the authors and should not be construed to

represent FDA’s views or policies. The results do not represent a clinical recommendation but

rather illustrate a signal that needs to be further investigated in a controlled setting.

Author Contributions

Conceptualization: Tigran Makunts, Keith Burkhart, Ruben Abagyan, Peter Lee.

Data curation: Peter Lee.

Formal analysis: Tigran Makunts, Peter Lee.

Investigation: Peter Lee.

Methodology: Tigran Makunts, Keith Burkhart, Ruben Abagyan, Peter Lee.

Software: Peter Lee.

Supervision: Keith Burkhart, Peter Lee.

Validation: Tigran Makunts.

Visualization: Tigran Makunts, Peter Lee.

Writing – original draft: Tigran Makunts, Ruben Abagyan, Peter Lee.

Writing – review & editing: Tigran Makunts, Keith Burkhart, Ruben Abagyan, Peter Lee.

References
1. Sinha P, Clements VK, Miller S, Ostrand-Rosenberg S. Tumor immunity: a balancing act between T cell

activation, macrophage activation and tumor-induced immune suppression. Cancer Immunol Immun-

other. 2005; 54(11):1137–42. https://doi.org/10.1007/s00262-005-0703-4 PMID: 15877228

2. Whiteside TL. Immune suppression in cancer: effects on immune cells, mechanisms and future thera-

peutic intervention. Semin Cancer Biol. 2006; 16(1):3–15. https://doi.org/10.1016/j.semcancer.2005.07.

008 PMID: 16153857

3. Hodi FS, O’Day SJ, McDermott DF, Weber RW, Sosman JA, Haanen JB, et al. Improved survival with

ipilimumab in patients with metastatic melanoma. N Engl J Med. 2010; 363(8):711–23. https://doi.org/

10.1056/NEJMoa1003466 PMID: 20525992

4. Alexander W. The Checkpoint Immunotherapy Revolution: What Started as a Trickle Has Become a

Flood, Despite Some Daunting Adverse Effects; New Drugs, Indications, and Combinations Continue

to Emerge. P T. 2016; 41(3):185–91. PMID: 26957887

5. Spiers L, Coupe N, Payne M. Toxicities associated with checkpoint inhibitors-an overview. Rheumatol-

ogy (Oxford). 2019; 58(Suppl 7):vii7–vii16. https://doi.org/10.1093/rheumatology/kez418 PMID:

31816085

6. Bajwa R, Cheema A, Khan T, Amirpour A, Paul A, Chaughtai S, et al. Adverse Effects of Immune

Checkpoint Inhibitors (Programmed Death-1 Inhibitors and Cytotoxic T-Lymphocyte-Associated Pro-

tein-4 Inhibitors): Results of a Retrospective Study. J Clin Med Res. 2019; 11(4):225–36. https://doi.org/

10.14740/jocmr3750 PMID: 30937112

7. Robert C, Ribas A, Schachter J, Arance A, Grob JJ, Mortier L, et al. Pembrolizumab versus ipilimumab

in advanced melanoma (KEYNOTE-006): post-hoc 5-year results from an open-label, multicentre,

PLOS ONE Immune related adverse event association with infections

PLOS ONE | https://doi.org/10.1371/journal.pone.0263402 February 10, 2022 10 / 12

https://doi.org/10.1007/s00262-005-0703-4
http://www.ncbi.nlm.nih.gov/pubmed/15877228
https://doi.org/10.1016/j.semcancer.2005.07.008
https://doi.org/10.1016/j.semcancer.2005.07.008
http://www.ncbi.nlm.nih.gov/pubmed/16153857
https://doi.org/10.1056/NEJMoa1003466
https://doi.org/10.1056/NEJMoa1003466
http://www.ncbi.nlm.nih.gov/pubmed/20525992
http://www.ncbi.nlm.nih.gov/pubmed/26957887
https://doi.org/10.1093/rheumatology/kez418
http://www.ncbi.nlm.nih.gov/pubmed/31816085
https://doi.org/10.14740/jocmr3750
https://doi.org/10.14740/jocmr3750
http://www.ncbi.nlm.nih.gov/pubmed/30937112
https://doi.org/10.1371/journal.pone.0263402


randomised, controlled, phase 3 study. Lancet Oncol. 2019; 20(9):1239–51. https://doi.org/10.1016/

S1470-2045(19)30388-2 PMID: 31345627

8. Gandhi L, Rodrı́guez-Abreu D, Gadgeel S, Esteban E, Felip E, De Angelis F, et al. Pembrolizumab plus

Chemotherapy in Metastatic Non-Small-Cell Lung Cancer. N Engl J Med. 2018; 378(22):2078–92.

https://doi.org/10.1056/NEJMoa1801005 PMID: 29658856

9. Rini BI, Plimack ER, Stus V, Gafanov R, Hawkins R, Nosov D, et al. Pembrolizumab plus Axitinib versus

Sunitinib for Advanced Renal-Cell Carcinoma. N Engl J Med. 2019; 380(12):1116–27. https://doi.org/

10.1056/NEJMoa1816714 PMID: 30779529

10. Burtness B, Harrington KJ, Greil R, Soulières D, Tahara M, de Castro G, et al. Pembrolizumab alone or

with chemotherapy versus cetuximab with chemotherapy for recurrent or metastatic squamous cell car-

cinoma of the head and neck (KEYNOTE-048): a randomised, open-label, phase 3 study. Lancet. 2019;

394(10212):1915–28. https://doi.org/10.1016/S0140-6736(19)32591-7 PMID: 31679945

11. Keytruda Highlights of Prescribing Information, https://www.accessdata.fda.gov/drugsatfda_docs/label/

2020/125514s066lbl.pdf. 2020.

12. Mok TSK, Wu YL, Kudaba I, Kowalski DM, Cho BC, Turna HZ, et al. Pembrolizumab versus chemother-

apy for previously untreated, PD-L1-expressing, locally advanced or metastatic non-small-cell lung can-

cer (KEYNOTE-042): a randomised, open-label, controlled, phase 3 trial. Lancet. 2019; 393

(10183):1819–30. https://doi.org/10.1016/S0140-6736(18)32409-7 PMID: 30955977

13. Freites-Martinez A, Santana N, Arias-Santiago S, Viera A. Using the Common Terminology Criteria for

Adverse Events (CTCAE—Version 5.0) to Evaluate the Severity of Adverse Events of Anticancer Ther-

apies. Actas Dermosifiliogr. 2021; 112(1):90–2. https://doi.org/10.1016/j.ad.2019.05.009 PMID:

32891586

14. Basch E, Becker C, Rogak LJ, Schrag D, Reeve BB, Spears P, et al. Composite grading algorithm for

the National Cancer Institute’s Patient-Reported Outcomes version of the Common Terminology Crite-

ria for Adverse Events (PRO-CTCAE). Clin Trials. 2021; 18(1):104–14. https://doi.org/10.1177/

1740774520975120 PMID: 33258687

15. Thompson JA, Schneider BJ, Brahmer J, Andrews S, Armand P, Bhatia S, et al. NCCN Guidelines

Insights: Management of Immunotherapy-Related Toxicities, Version 1.2020. J Natl Compr Canc Netw.

2020; 18(3):230–41. https://doi.org/10.6004/jnccn.2020.0012 PMID: 32135517

16. Center for Drug Evaluation and Research. CDER System of Record FDA.govo: Unites States Food and

Drug Administration; 2014 [Manual of policies and procedures]. https://www.fda.gov/media/89742/

download.

17. Angum F, Khan T, Kaler J, Siddiqui L, Hussain A. The Prevalence of Autoimmune Disorders in Women:

A Narrative Review. Cureus. 2020; 12(5):e8094. https://doi.org/10.7759/cureus.8094 PMID: 32542149

18. Lewis MJ, Jawad AS. The effect of ethnicity and genetic ancestry on the epidemiology, clinical features

and outcome of systemic lupus erythematosus. Rheumatology (Oxford). 2017; 56(suppl_1):i67–i77.

19. Roberts MH, Erdei E. Comparative United States autoimmune disease rates for 2010–2016 by sex,

geographic region, and race. Autoimmun Rev. 2020; 19(1):102423. https://doi.org/10.1016/j.autrev.

2019.102423 PMID: 31733367

20. Vadasz Z, Haj T, Kessel A, Toubi E. Age-related autoimmunity. BMC Med. 2013; 11:94. https://doi.org/

10.1186/1741-7015-11-94 PMID: 23556986

21. Cappelli LC, Shah AA. The relationships between cancer and autoimmune rheumatic diseases. Best

Pract Res Clin Rheumatol. 2020; 34(1):101472. https://doi.org/10.1016/j.berh.2019.101472 PMID:

32029389

22. Shah AA, Casciola-Rosen L, Rosen A. Review: cancer-induced autoimmunity in the rheumatic dis-

eases. Arthritis Rheumatol. 2015; 67(2):317–26. https://doi.org/10.1002/art.38928 PMID: 25371098

23. Wang L, Wang FS, Gershwin ME. Human autoimmune diseases: a comprehensive update. J Intern

Med. 2015; 278(4):369–95. https://doi.org/10.1111/joim.12395 PMID: 26212387

24. Smith DA, Germolec DR. Introduction to immunology and autoimmunity. Environ Health Perspect.

1999; 107 Suppl 5:661–5. https://doi.org/10.1289/ehp.99107s5661 PMID: 10502528

25. Davidson A, Diamond B. Autoimmune diseases. N Engl J Med. 2001; 345(5):340–50. https://doi.org/10.

1056/NEJM200108023450506 PMID: 11484692

26. Xiao X, Chang C. Diagnosis and classification of drug-induced autoimmunity (DIA). J Autoimmun.

2014; 48–49:66–72. https://doi.org/10.1016/j.jaut.2014.01.005 PMID: 24456934

27. Olsen NJ. Drug-induced autoimmunity. Best Pract Res Clin Rheumatol. 2004; 18(5):677–88. https://

doi.org/10.1016/j.berh.2004.05.006 PMID: 15454126

28. Chang C, Gershwin ME. Drugs and autoimmunity—a contemporary review and mechanistic approach.

J Autoimmun. 2010; 34(3):J266–75. https://doi.org/10.1016/j.jaut.2009.11.012 PMID: 20015613

PLOS ONE Immune related adverse event association with infections

PLOS ONE | https://doi.org/10.1371/journal.pone.0263402 February 10, 2022 11 / 12

https://doi.org/10.1016/S1470-2045%2819%2930388-2
https://doi.org/10.1016/S1470-2045%2819%2930388-2
http://www.ncbi.nlm.nih.gov/pubmed/31345627
https://doi.org/10.1056/NEJMoa1801005
http://www.ncbi.nlm.nih.gov/pubmed/29658856
https://doi.org/10.1056/NEJMoa1816714
https://doi.org/10.1056/NEJMoa1816714
http://www.ncbi.nlm.nih.gov/pubmed/30779529
https://doi.org/10.1016/S0140-6736%2819%2932591-7
http://www.ncbi.nlm.nih.gov/pubmed/31679945
https://www.accessdata.fda.gov/drugsatfda_docs/label/2020/125514s066lbl.pdf
https://www.accessdata.fda.gov/drugsatfda_docs/label/2020/125514s066lbl.pdf
https://doi.org/10.1016/S0140-6736%2818%2932409-7
http://www.ncbi.nlm.nih.gov/pubmed/30955977
https://doi.org/10.1016/j.ad.2019.05.009
http://www.ncbi.nlm.nih.gov/pubmed/32891586
https://doi.org/10.1177/1740774520975120
https://doi.org/10.1177/1740774520975120
http://www.ncbi.nlm.nih.gov/pubmed/33258687
https://doi.org/10.6004/jnccn.2020.0012
http://www.ncbi.nlm.nih.gov/pubmed/32135517
https://www.fda.gov/media/89742/download
https://www.fda.gov/media/89742/download
https://doi.org/10.7759/cureus.8094
http://www.ncbi.nlm.nih.gov/pubmed/32542149
https://doi.org/10.1016/j.autrev.2019.102423
https://doi.org/10.1016/j.autrev.2019.102423
http://www.ncbi.nlm.nih.gov/pubmed/31733367
https://doi.org/10.1186/1741-7015-11-94
https://doi.org/10.1186/1741-7015-11-94
http://www.ncbi.nlm.nih.gov/pubmed/23556986
https://doi.org/10.1016/j.berh.2019.101472
http://www.ncbi.nlm.nih.gov/pubmed/32029389
https://doi.org/10.1002/art.38928
http://www.ncbi.nlm.nih.gov/pubmed/25371098
https://doi.org/10.1111/joim.12395
http://www.ncbi.nlm.nih.gov/pubmed/26212387
https://doi.org/10.1289/ehp.99107s5661
http://www.ncbi.nlm.nih.gov/pubmed/10502528
https://doi.org/10.1056/NEJM200108023450506
https://doi.org/10.1056/NEJM200108023450506
http://www.ncbi.nlm.nih.gov/pubmed/11484692
https://doi.org/10.1016/j.jaut.2014.01.005
http://www.ncbi.nlm.nih.gov/pubmed/24456934
https://doi.org/10.1016/j.berh.2004.05.006
https://doi.org/10.1016/j.berh.2004.05.006
http://www.ncbi.nlm.nih.gov/pubmed/15454126
https://doi.org/10.1016/j.jaut.2009.11.012
http://www.ncbi.nlm.nih.gov/pubmed/20015613
https://doi.org/10.1371/journal.pone.0263402


29. Araújo-Fernández S, Ahijón-Lana M, Isenberg DA. Drug-induced lupus: Including anti-tumour necrosis

factor and interferon induced. Lupus. 2014; 23(6):545–53. https://doi.org/10.1177/0961203314523871

PMID: 24557776

30. Brown EG, Wood L, Wood S. The medical dictionary for regulatory activities (MedDRA). Drug Saf.

1999; 20(2):109–17. https://doi.org/10.2165/00002018-199920020-00002 PMID: 10082069

31. Karam JD, Noel N, Voisin AL, Lanoy E, Michot JM, Lambotte O. Infectious complications in patients

treated with immune checkpoint inhibitors. Eur J Cancer. 2020; 141:137–42. https://doi.org/10.1016/j.

ejca.2020.09.025 PMID: 33137589

32. Anastasopoulou A, Ziogas DC, Samarkos M, Kirkwood JM, Gogas H. Reactivation of tuberculosis in

cancer patients following administration of immune checkpoint inhibitors: current evidence and clinical

practice recommendations. J Immunother Cancer. 2019; 7(1):239. https://doi.org/10.1186/s40425-019-

0717-7 PMID: 31484550

33. Takemura M, Motegi M, Kuroiwa Y, Itai M, Taguchi K, Umetsu K, et al. Immune-related adverse events

caused by treatment with pembrolizumab in a patient with lung cancer who infected influenza virus.

Respir Med Case Rep. 2021; 32:101361. https://doi.org/10.1016/j.rmcr.2021.101361 PMID: 33643837

34. Tomer Y, Davies TF. Infection, thyroid disease, and autoimmunity. Endocr Rev. 1993; 14(1):107–20.

https://doi.org/10.1210/edrv-14-1-107 PMID: 8491150

35. Tomer Y, Davies TF. Infections and autoimmune endocrine disease. Baillieres Clin Endocrinol Metab.

1995; 9(1):47–70. https://doi.org/10.1016/s0950-351x(95)80819-1 PMID: 7726798

36. Wucherpfennig KW. Mechanisms for the induction of autoimmunity by infectious agents. J Clin Invest.

2001; 108(8):1097–104. https://doi.org/10.1172/JCI14235 PMID: 11602615

37. Kivity S, Agmon-Levin N, Blank M, Shoenfeld Y. Infections and autoimmunity—friends or foes? Trends

Immunol. 2009; 30(8):409–14. https://doi.org/10.1016/j.it.2009.05.005 PMID: 19643667

38. Zinkernagel RM, Cooper S, Chambers J, Lazzarini RA, Hengartner H, Arnheiter H. Virus-induced auto-

antibody response to a transgenic viral antigen. Nature. 1990; 345(6270):68–71. https://doi.org/10.

1038/345068a0 PMID: 2158632

39. Molina V, Shoenfeld Y. Infection, vaccines and other environmental triggers of autoimmunity. Autoim-

munity. 2005; 38(3):235–45. https://doi.org/10.1080/08916930500050277 PMID: 16126512

40. Ercolini AM, Miller SD. The role of infections in autoimmune disease. Clin Exp Immunol. 2009; 155

(1):1–15. https://doi.org/10.1111/j.1365-2249.2008.03834.x PMID: 19076824

41. Davar D, Dzutsev AK, McCulloch JA, Rodrigues RR, Chauvin JM, Morrison RM, et al. Fecal microbiota

transplant overcomes resistance to anti-PD-1 therapy in melanoma patients. Science. 2021; 371

(6529):595–602. https://doi.org/10.1126/science.abf3363 PMID: 33542131

42. Baruch EN, Youngster I, Ben-Betzalel G, Ortenberg R, Lahat A, Katz L, et al. Fecal microbiota trans-

plant promotes response in immunotherapy-refractory melanoma patients. Science. 2021; 371

(6529):602–9. https://doi.org/10.1126/science.abb5920 PMID: 33303685

43. Lee AN, Werth VP. Activation of autoimmunity following use of immunostimulatory herbal supplements.

Arch Dermatol. 2004; 140(6):723–7. https://doi.org/10.1001/archderm.140.6.723 PMID: 15210464

44. Arnson Y, Amital H, Shoenfeld Y. Vitamin D and autoimmunity: new aetiological and therapeutic consid-

erations. Ann Rheum Dis. 2007; 66(9):1137–42. https://doi.org/10.1136/ard.2007.069831 PMID:

17557889

PLOS ONE Immune related adverse event association with infections

PLOS ONE | https://doi.org/10.1371/journal.pone.0263402 February 10, 2022 12 / 12

https://doi.org/10.1177/0961203314523871
http://www.ncbi.nlm.nih.gov/pubmed/24557776
https://doi.org/10.2165/00002018-199920020-00002
http://www.ncbi.nlm.nih.gov/pubmed/10082069
https://doi.org/10.1016/j.ejca.2020.09.025
https://doi.org/10.1016/j.ejca.2020.09.025
http://www.ncbi.nlm.nih.gov/pubmed/33137589
https://doi.org/10.1186/s40425-019-0717-7
https://doi.org/10.1186/s40425-019-0717-7
http://www.ncbi.nlm.nih.gov/pubmed/31484550
https://doi.org/10.1016/j.rmcr.2021.101361
http://www.ncbi.nlm.nih.gov/pubmed/33643837
https://doi.org/10.1210/edrv-14-1-107
http://www.ncbi.nlm.nih.gov/pubmed/8491150
https://doi.org/10.1016/s0950-351x%2895%2980819-1
http://www.ncbi.nlm.nih.gov/pubmed/7726798
https://doi.org/10.1172/JCI14235
http://www.ncbi.nlm.nih.gov/pubmed/11602615
https://doi.org/10.1016/j.it.2009.05.005
http://www.ncbi.nlm.nih.gov/pubmed/19643667
https://doi.org/10.1038/345068a0
https://doi.org/10.1038/345068a0
http://www.ncbi.nlm.nih.gov/pubmed/2158632
https://doi.org/10.1080/08916930500050277
http://www.ncbi.nlm.nih.gov/pubmed/16126512
https://doi.org/10.1111/j.1365-2249.2008.03834.x
http://www.ncbi.nlm.nih.gov/pubmed/19076824
https://doi.org/10.1126/science.abf3363
http://www.ncbi.nlm.nih.gov/pubmed/33542131
https://doi.org/10.1126/science.abb5920
http://www.ncbi.nlm.nih.gov/pubmed/33303685
https://doi.org/10.1001/archderm.140.6.723
http://www.ncbi.nlm.nih.gov/pubmed/15210464
https://doi.org/10.1136/ard.2007.069831
http://www.ncbi.nlm.nih.gov/pubmed/17557889
https://doi.org/10.1371/journal.pone.0263402



