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Despite impressive antitumor efficacy of programmed cell death 1 (PD-1)
inhibitors, this inhibition can induce mild to severe autoimmune toxicities,
termed immune-related adverse events (irAEs). Yet, predictive pretreatment
biomarkers for irAEs development across cancer types remain elusive. We first
assessed cellularand molecular factors. To determine factors predicting the risk of
irAEs for anti—PD-1 immunotherapy across multiple cancer types, an integrative
analysis of cellular and molecular factors from 9104 patients across 21 cancer
types and 4865522 postmarketing adverse event reports retrieved from adverse
event reporting system was then performed. Accuracy of predictions was
quantified as Pearson correlation coefficient determined using leave-one-out
cross-validation. Independent validation sets included small cell lung cancer and
melanoma cohorts. Out of 4865522 eligible adverse events reports, 10412 cases
received anti—PD-1 monotherapy, of which, 2997 (28.78%) exhibited at least one
irAE. Among established immunogenomic factors, dendritic cells (DC) abundance
showed the strongest correlation with irAEs risk, followed by tumor mutational
burden (TMB). Further predictive accuracy was achieved by DC and TMB in
combination with CD4" naive T-cells abundance, and then validated in the
small cell lung cancer cohort. Additionally, global screening of multiomics data
identified 11 novel predictors of irAEs. Of these, IRF4 showed the highest
correlation. Best predictive performance was observed in the IRF4 — TCLIA —
SHC-pY317 trivariate model. Associations of IRF4 and TCL1A expression with irAEs
developmentwere verified in the melanoma cohort receivingimmune checkpoint
inhibitors. Collectively, pretreatment cellular and molecular irAEs-associated
features as well as their combinations are identified regardless of cancer types.
These findings may deepen our knowledge of irAEs pathogenesis and, ultimately,
aid in early detection of high-risk patients and management of irAEs.
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Introduction

Immune checkpoint inhibitors (ICIs) targeting programmed
cell death 1 (PD-1) pathway have brought remarkable clinical
benefits in diverse cancers (1). The ICIs work by blocking the
PD-1 from binding with its partner proteins, resulting in immune
activation in the tumor microenvironment (2). Nevertheless, ICI
use is commonly associated with autoimmune toxicities, known as
immune-related adverse events (irAEs) (3). The most common
irAEs are observed in skin, colon, endocrine organs, liver, and
lungs, but any organ can be affected and some infrequent irAEs may
be serious and fatal, such as encephalitis and myocarditis (3, 4). Pre-
existing autoantibodies (5), gut microbiome (6), tissue-resident T-
cells (7), microRNAs (8), and cytokines (6) have all been involved in
irAEs in single cancer type. The pathogenesis of irAEs remains
poorly characterized and no biomarkers are routinely used in
standard clinical practice to recognize patients at high risk for
irAEs development.

Although high tumor mutational burden (TMB) has recently
been reported to correlate with elevated irAEs risk across cancer
types (9),large proportion (> 50%) of variation in irAEs risk has not
yet been accounted for during anti-PD-1 therapy, indicating the
role of other factors in leading to irAEs. Herein we systematically
study this hypothesis, aiming to identify additional pretreatment
immunogenomic factors that contribute to irAEs development
regardless of cancer types. To this end, we analyzed cleaned
large-scale pharmacovigilance data of irAEs from The US Food
and Drug Administration’s Adverse Event Reporting System
(FAERS) and The Cancer Genome Atlas (TCGA) multiomics
data from whole-exome sequencing, mRNA sequencing,
microRNA sequencing, and reverse phase protein array across
multiple cancer types, and lastly, validated our hypothesis in
independent cohorts.

Materials and methods

Details about the methods are provided in Supplementary
Methods, and a flow chart illustrating main analyses conducted
is presented as Supplementary Figure SI.

IrAEs risk evaluation

FAERS is a database of spontaneously gathered adverse event
reports, containing great collection of reports of irAEs on anti-PD-
1 agents in a real-world situation. A FAERS search engine named
OpenVigil (version 2.1) was used to retrieve cleaned adverse event
reports (10). Only reports with nivolumab or pembrolizumab as the
suspected cause of adverse events were considered. Further, given
that overall prevalence of irAEs and severity was higher with
combined PD-1 and cytotoxic T-lymphocyte associated protein 4
(CTLA-4) antibodies as compared with monotherapy (11, 12),
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anti-PD-1 agents plus ipilimumab combination therapy was
excluded. The irAEs reported in FAERS were defined as 106
preferred terms in the Medical Dictionary for Regulatory
Activities according to previously published irAEs management
guidelines during ICI therapy (3, 4, 13, 14), and listed in
Supplementary Table S1. Lastly, reporting odds ratio (ROR) was
calculated for each cancer type to evaluate the risk of a cancer type
developing any irAE, which represents standard practice for
quantitative analyses of data in spontaneous reporting systems
such as FAERS (9, 15, 16).

Molecular and cellular data sources from
TCGA

Datasets of somatic mutations, mRNA, microRNA, and
protein expression for 9104 samples across 21 cancer types
(Supplementary Figure S1) with available irAEs ROR data were
downloaded from the TCGA Pan-Cancer Atlas project hosted in
the UCSC Xena Hubs (17). TMB was then calculated as the count of
nonsynonymous mutations for each patient based on somatic
mutations, and log-transformed. On the basis of the mRNA
expression dataset, several tumor immune microenvironment-
related signatures were generated, including cytolytic index to
assess intratumoral cytolytic activity (18), interferon (IFN)-
gamma and expanded immune signatures (19), and a
transcriptional signature reflecting CD8" T-cells exhaustion (20).
Proportion of PD-1-high samples for each cancer type was also
determined, with percentile 80" of PD-1 mRNA expression in the
entire TCGA cohort as the cutoff (21).

Other immunogenomic factors, including T cell receptor
(TCR) diversity, intratumor heterogeneity, and neoantigen load,
were obtained from Genomic Data Commons Pan-Cancer Atlas
panimmune data portal (22).

Abundance data of 30 immune cell types in the tumor
microenvironment for the TCGA samples were inferred using
xCell (23) and downloaded from the xCell website. The
abundance was defined as an enrichment score which showed
resemblance to the fraction of specific cell type in the tumor
microenvironment (23).

Lastly, median values of individual aforementioned
immunogenomic factors except the PD-1-high samples
proportion were calculated for each cancer type. Raw data of
mRNAs, microRNAs, proteins, and phosphoproteins were
preprocessed separately, and then their median expression
levels per cancer type were determined for further analyses.

Objective response rates across cancer
types

Objective response rate (ORR) for PD-1 or its ligand PD-L1
inhibitor monotherapy across 19 types of cancers
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(Supplementary Figure S1) was compiled from Yarchoan et al.
(24). To evaluate the correlation of tumor response with irAEs
risk, Pearson correlation coefficient (R) between the ORR and
the corresponding irAEs ROR across these cancer types
was calculated.

Small cell lung cancer and melanoma
cohorts

Given that molecular data for small cell lung cancer is
lacking in TCGA but its irAEs ROR could be calculated in our
study, we focused on an independent cohort encompassing 71
small cell lung cancer patients with both somatic mutations and
mRNA sequencing data of pretreatment tumors available (25).
TMB was calculated as previously described. To estimate
abundances of immune cells, gene expression data in
fragments per kilobase of exon per million reads mapped units
was fed to the R package xCell (23). The ICIs-treated cohort in
our study consisted of 60 patients with metastatic melanoma,
which received either anti-PD-1 blockade (nivolumab or
pembrolizumab) or nivolumab plus ipilimumab therapy (26).
All irAEs were classified according to the United States Health
and Human Services Common Terminology Criteria for
Adverse Events v.5.0. Grade 0 reflected no toxicity, and irAEs
occurrence was defined as grade 1+. RNA sequencing was
performed for peripheral blood mononuclear cell samples
obtained at baseline, and then read counts were normalized to
gene-level transcripts per million (TPM) for further differential
gene expression analyses against irAEs status.

Statistical analysis

To examine the relationships of molecular and cellular
factors with irAEs risk, Pearson correlation analysis was used
to calculate the Rs between their respective medians and the
ROR across the 21 cancer types above. For combinations of
irAEs risk-associated factors, a multivariable linear regression
analysis with leave-one-out cross-validation in predicting ROR
across cancer types was performed using the R package caret.
Prediction performance of linear models was determined as R
and unexplained variance (1 — R*). Multicollinearity among
variables in a multivariable linear model was quantified as
variance inflation factor (VIF) calculated using the R package
rms; a VIF > 4 was considered as an indicator of
multicollinearity. Log-likelihood ratio test was applied to
comparing the goodness-of-fit between different models using
the R package Imtest. Specifically, the log-likelihood ratio test
was conducted between the bivariate model and corresponding
single variable models to determine the bivariate model fitness;
for the trivariate model fitness comparison, the log-likelihood
ratio test was conducted between the trivariate model and
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corresponding bivariate models. Multiple testing correction
was performed to control the false discovery rate (FDR) by the
Benjamini-Hochberg method. All P values were 2-sided and
statistical significance was expected at FDR <.05 unless
stated otherwise.

In the melanoma cohort, Mann-Whitney U test was used to
compare the difference in gene expression between irAEs status.
To eliminate the possibility that the associaton between gene
expression and irAEs status was skewed by ICIs therapy type, a
logistic regression model was adopted to control for different
therapy classes. All statistical analyses were done in R statistical
software v.3.5.2.

Results

Association of established
immunogenomic factors with irAEs risk

A total of 4865522 reports were identified in FAERS, including
10412 cases that received the anti-PD-1 monotherapy for 22 cancer
types. Of those 10412, 2997 cases (28.78%) exhibited at least one
irAE. Asshown in Supplementary Figure S2, the irAEs RORs varied
between cancer types, ranging from the lowest 0.94 in
cholangiocarcinoma to the highest 5.87 in melanoma.

Given that the relationship between irAEs onset and survival
advantage of patients on ICIs has been shown in large case series
studies in multiple cancers (27), we first examined the correlation of
irAEs ROR with ORR. Our analysis demonstrated a significant
positive correlation between them (R = 0.51; P = .03)
(Supplementary Figure S3). Next, we investigated whether
established immunogenomic correlates of response to ICI
therapy may associate with irAEs risk. Strong association signals
were identified for 15 factors (P <.05 for all), with 12 passing the
correction for multiple testing (FDR <.05 for all): 5 immune cells,
TMB, 3 immune expression signatures, and 3 checkpoint-related
factors. (Figure 1A). Specifically, the strongest correlation between
dendritic cells (DC) abundance and ROR was observed (R = 0.69;
FDR = .02) (Figure 1B), suggesting that 48% of the differences in
ROR across cancer types can be explained by DC. Estimated
abundances of all other immune cell types were not significantly
correlated with irAEs risk, except for CD8" T-cells (R = 0.57; FDR =
.04), Mast cells (R =0.57; FDR = .04), CD4* T-cells (R = 0.56; FDR =
.04), and CD4" naive T-cells (R = 0.55; FDR = .04) (Figure 1A,
Supplementary Figures S4A-D). Consistent with the previous
study (9), elevated TMB was demonstrated to correlate with
increased risk of irAEs (R = 0.63; FDR = .04) (Figure 1C).
Additionally, 3 immune expression signatures — expanded
immune signature, IFN-gamma signature, and cytolytic index —
which are related to IFN-gamma signaling and activated T cell
biology (18, 19), displayed significant correlations with ROR
(Supplementary Figures S4E-G). We also found that checkpoint-
related factors, including individual transcriptional expressions of

frontiersin.org


https://doi.org/10.3389/fimmu.2022.1032221
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Zhang et al.

10.3389/fimmu.2022.1032221

Significance
@ FDR<.05
@ ns

@ P<05

PD-1-high proportion
CD#4* T-cells
Cytolytic index

IFN-gamma signature
CD#4* naive T-cells

DC

°
Melanoma

irAE Reporting Odds Ratio

Endometjal Prostate

Escph
Globiastorna
-}
]

o
Glioma
Ovdrian

Cholangio

o
Lung scuamous osil

Renal_ Sarcoma
©0

)

Gastric

Urothelial
I Breast

Colorectal

Hepatocelular

@
@ Headandneck
Cervical

Pancreatic

Lung adenecarcnoma O

Mesotnelioma
o

A=089
FDR =0.02

Type 1 T-helper cel

Gamma delta T-cel
Regulatory T-cel

PD-L1 protei

Eosinophil

Plasma cell

CD4:* effector memory T-cel
CD4* central memory T-cell

C

T™B

Melanoma @

irAE Reporting Odds Ratio

Lung adenocarcinoma
©

e
Lung squamous csll

Sercoma
S Headand neck
Renal ®9
© - Gastic
cenvical [
Endometrial rotne!
]

(]
Mesotheioma
Pancreatic
O sreast
)

L
Prostate Esophageal
Golorecial

o Hesgloostutr
" Globiastora
Gilom 3
Crolangio Ovarien
. R=063
FOR =003

08

0.
DC Abundance

FIGURE 1
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Correlation Between Established Immunogenomic Factors and Immune-Related Adverse Events for Anti—-PD-1 Therapy Across Cancer Types
(A), Evaluation of immunogenomic correlates of immune-related adverse events (irAEs) for immunotherapy to block the PD-1 pathway across
cancer types. The horizontal axis denotes the 41 established immunogenomic factors, and the vertical axis denotes Pearson correlation
coefficient (R). Circles are filled with distinct colors as per statistical significance of corresponding factors. (B, C), Correlation of dendritic cells
abundance (DC) (B) and log(tumor mutational burden [TMB]) (C) with the reporting odds ratio of any irAE across 21 cancer types which are
color coded. The dashed line depicts the linear fit. FDR, false discovery rate; NS, not significant.

PD-L1 and PD-1, and PD-1-high-proportion, may contribute to
irAEs onset (Supplementary Figures S4H-]).

Combination of DC, TMB, and CD4*
naive T-cells for irAEs risk prediction

We further investigated whether certain combinations of
those 12 correlates of irAEs ROR could provide additional
accuracy in predicting irAEs risk. The performances of 66
bivariate models were first evaluated. Of these 31 models
showed significant statistical differences compared with their
respective univariate models in terms of the fitness (log-
likelihood ratio test, P <.05 for all) and no signs of collinearity
were detected (VIF < 4 for all) (Figure 2A; Supplementary Table S2).
However, only TMB and CD4" naive T-cells or DC bivariate
models outperformed the DC-based univariate model (TMB -
CD4" naive T-cells model, R = 0.73; TMB - DC model, R = 0.71;
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both FDR =.01) (Figures 2B, C). Of note, some cancer types, which
had RORs higher than would be predicted by the TMB - CD4"
naive T-cells model, exhibited higher DC abundance (e.g., lung
adenocarcinoma), and some with lower-than-predicted RORs
showed lower DC abundance (e.g., glioma) (Figure 2B). The
same was true for CD4" naive T-cells abundance in the TMB -
DC bivariate model (Figure 2C). Thus, we next examined
whether inclusion of the third variable would aid in
contributing additional information beyond the bivariate
model. Indeed, of the resulting trivariate models, combined
DC, TMB, and CD4" naive T-cells model achieved the best
predictive accuracy (R = 0.81; FDR = 1.1><10'4), and exhibited
pronounced model promotion in comparison with their
corresponding bivariate models (log-likelihood ratio test, P =
8.7x10™ relative to TMB - DC model; P = 2.8x10™ relative to
TMB - CD4" naive T-cells model) (Figure 3; Supplementary
Table S3). Likewise, there was no sign of collinearity for this
trivariate model (Supplementary Table S3). Collectively, these
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Bivariate Models of Candidate Immunogenomic Factors for Predicting Immune-Related Adverse Events for Anti—PD-1 Therapy Across Cancer Types
(A), Graph shows performance of bivariate models in predicting immune-related adverse events (irAEs) risk for combinations of the 12 candidate
immunogenomic factors. Pearson correlation coefficient (R) is represented in colors from dark blue to dark red as shown in the color bar. Color
intensity and the size of each pie is proportional to the correlation coefficient. A lack of statistical significance by log-likelihood ratio test (P >.05) is
indicated with a gray cross. (B), Combined effect of CD4" naive T-cells abundance (naiveCD4T) and tumor mutational burden (TMB) bivariate model
The dashed line depicts the linear fit, with the formula reporting odds ratio (ROR) = 24.41 x naiveCD4T + 1.01 x log(TMB) - 2.09. The dendritic cells
(DC) abundance of each cancer type is color coded where blue indicates low abundance and red, high abundance. (C), Combined effect of DC and
TMB bivariate model. The dashed line depicts the linear fit, with the formula ROR = 24.37 x DC + 0.8 x log(TMB) — 1.41. The CD4" naive T-cells
abundance of each cancer type is color coded where blue indicates low abundance and red, high abundance.

results emphasized the importance of integrating multiple
factors in determining irAEs risk.

External validation of DC — TMB — CD4"
naive T-cells model

Having identified candidate composite models of irAEs risk,
we next attempted to verify our findings in an independent
cohort of small cell lung cancer, a cancer type not depicted in
TCGA and known to have high TMB but low response rates to
ICIs. As shown in Figure 3B, estimated ROR by univariate TMB
model markedly deviated from the actual ROR of 2.71. This
striking deviation was also observed in previous work showing
substantially lower-than-anticipated ROR for small cell lung
cancer (9). However, strong improvements were seen after
incorporating DC and/or CD4" naive T-cells into our
prediction models, further supporting the validity of
synergistic combination of DC, TMB, and CD4" naive T-cells.
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Dissection of novel molecular predictors
for irAEs risk

As a further step toward understanding irAEs development
and identifying novel molecular determinants not reported to be
implicated in ICI response, thus boosting irAEs risk prediction, we
correlated large-scale expression profiling data for mRNA,
microRNA, and protein with irAEs ROR across 21 cancer types.
11 significant predictors of irAEs risk were identified (Figures 4A,
B; Supplementary Figures S5-7), such as mRNA expressions of
IRF4 (OMIM 601900), TCL1A (OMIM 186960), GPNMB (OMIM
604368), and FAIM3 (OMIM 606015). Of these, the transcription
factor IRF4 showed the highest correlation with ROR (R = 0.847;
FDR = .02) (Figure 4A), possibly relating to its essential roles in
many aspects of B-cells, T-cells, and DC differentiation and
function (28-31). The next highest correlation was observed for
TCLIA (R =0.82; FDR = .04) (Figure 4B), which is a critical player
in several lymphoid malignances, and has been demonstrated to
act as a coactivator to augment the activity of AKT kinases (32),
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FIGURE 3

DC - TMB - CD4" Naive T-cells Trivariate Model for Predicting Immune-Related Adverse Events for Anti—-PD-1 Therapy Across Cancer Types
(A), Combined effect of dendritic cells abundance (DC) - tumor mutational burden (TMB) — CD4* naive T-cells abundance (naiveCD4T)
trivariate model. The dashed line depicts the linear fit, with the formula reporting odds ratio (ROR) = 19.03 x DC + 0.82 X log(TMB) + 18.03 x
naiveCDA4T - 1.85. (B), Estimated ROR to anti-PD-1 therapy in small cell lung cancer based on TMB univariate model, DC — TMB and TMB -
CD4" naive T-cells bivariate models, and DC — TMB — CD4* naive T-cells trivariate model. The dotted line represents the ROR in small cell lung
cancer, which was obtained using The US Food and Drug Administration’s Adverse Event Reporting System.

thus serving as a downstream effector of B-cell receptor and TCR-
mediated signaling (33). Interestingly, two additional genes,
GPNMB (also known as DC-HIL) and FAIM3, showing positive
associations with ROR (R = 0.81; FDR = .049) (Supplementary
Figure S5), also had well-described roles in regulating immunity
(34-37). We also noted that SHC phosphorylation level on Tyr317
(SHC-pY317) was negatively correlated with ROR (R = -0.75;
FDR = .02) (Supplementary Figure S6). A study in mice indeed
identified that deficiency of p66Shc protein, a homolog of human
gene SHC, resulted in negative regulation of lymphocyte activation
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and autoimmunity (38). Other hits included 6 positively
associated microRNAs such as miR-155-3p (R = 0.73; FDR =
.02) (Supplementary Figure S7). Strikingly, miR-155 has emerged
as a multifaceted mediator of innate and adaptive immunity and
may drive, when deregulated, aberrant immune responses, such as
the development of autoimmune disorders (39, 40).

Of bivariate models derived from aforementioned correlates
(Supplementary Figure S8; Table S4), the IRF4 — TCLIA model
yielded optimal prediction accuracy (R = 0.854; FDR = 2.3x107)
(Figure 4C). Although the increment of R was small compared
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Association of IRF4 and TCLIA with Immune-Related Adverse Events for Anti—-PD-1 Therapy Across Cancer Types A and B, Correlation of IRF4
(A) and TCLIA (B) mRNA expression with the reporting odds ratio (ROR) of any immune-related adverse event (irAE) across 21 cancer types
which are color coded. The dashed line depicts the linear fit. (C), Combined effect of IRF4 and TCL1A expression bivariate model. The dashed
line depicts linear fit, with the formula ROR = 0.38 X IRF4 + 0.54 x TCL1A - 0.1.

with that from IRF4 alone, the log-likelihood ratio test indicated
a significant model improvement (P = .02 relative to IRF4 model;
P = 3x107 relative to TCLIA model). We then incorporated
each of 9 other factors into the IRF4 — TCLI1A bivariate model
successively, and found significant enhancement on the
prediction performance only in the IRF4 - TCLIA - SHC-
pY317 trivariate vs IRF4 — TCLIA bivariate models (R = 0.87;
FDR =2.5x10°% log-likelihood ratio test, P = .03) (Figures 5A, B;
Supplementary Table S5).

Given these results, we asked whether a composite model
integrating the 11 novel molecular determinants with the 12 prior
immunogenomic ones could outperform the IRF4 — TCL1A - SHC-
pY317 model. In contrast, none of constructed bivariate models
outperformed it (Supplementary Table S6). Moreover, the
combination of DC, TMB, CD4" naive T-cells, IRF4, TCLIA, and
SHC-pY317 did not improve our ability to predict irAEs risk (R=0.81).

Validation of IRF4 and TCL1A associated
with irAEs in ICl-treated melanoma
cohort

Lastly, we examined associations of IRF4 and TCL1A genes
with irAEs development in patients with melanoma receiving
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ICI treatment. As shown in Figure 6A, IRF4 mRNA level was
significantly elevated in patients developing irAEs compared
with those without any irAEs (median expression, 4.36 vs 3.98;
Mann-Whitney U test, P = .04). We next wondered whether this
association was skewed by ICI therapy type. After correcting for
therapy classes, IRF4 remained associated with irAEs
development (logistic regression, P = .03). In contrast, the
difference in TCLIA mRNA level stratified by irAEs status was
not statistically significant, although there was a trend toward
high TCLIA expression in irAEs-experiencing patients subgroup
(median expression was 1.32 for irAEs-experiencing patients vs
0.75 for irAEs-free ones; Mann-Whitney U test, P >.05). Further
analysis revealed that patients with grade 3, 1, or no irAEs had
higher TCLIA expression than those experiencing the most
severe irAEs (median expressions for grade 4, 3, 1, and 0 were
4.7, 1.61, 1.32, and 0.81, respectively; Mann-Whitney U test, P
<.05 for all) (Figure 6B).

Discussion

Our integrative analyses of large-scale cleaned pharmacovigilance
data and multiomics profile offer a valuable collection of baseline
predictors for irAEs development regardless of caner types, as
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Optimal IRF4 — TCL1A — SHC-pY317 Model in Predicting Immune-Related Adverse Events for Anti-PD-1 Therapy Across Cancer Types.

(A), Comparison of predictive performance given by the IRF4 and TCLI1A genes together with other immune-related adverse events (irAEs)-
associated molecular factors. Pearson correlation coefficient (R) is represented in colors from blue to red as shown in the color bar.

(B), Combined effect of IRF4 — TCL1IA — SHC-pY317 trivariate model. The dashed line depicts the linear fit, with the formula reporting odds ratio
= 0.28 X IRF4 + 0.47 x TCL1A - 2.39 x SHC-pY317 + 0.77. Cancer types are depicted in distinct colors.

illustrated by the identified 22 other risk factors beyond TMB.
Moreover, proper factor combination can markedly improve the
accuracy of irAEs risk prediction, emphasizing the necessity of
concurrent consideration of multiple features in assessing irAEs
development. Many features identified herein have been implicated
in autoimmunity, thus raising the possibility of common
immunological mechanisms underlying both irAEs development
and autoimmune diseases.

In our work, we first investigated the relationships between
the 41 established immunogenomic factors and irAEs risk, then
found 12 irAEs-related factros, including 5 immune cells, TMB,
3 immune expression signatures, and 3 checkpoint-related
factors. Of these, 4 cell types (DC, Mast cells, CD4" T-cells,
and CD4" naive T-cells) have not yet been demonstrated to be
associated with ICI efficacy. Next, we investigated the
relationships between genome-wide mRNA, microRNA, and
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protein profiles and irAEs risk, and found 11 de novo
generated irAEs-related molecular factors, all of which were
not reported to be implicated in ICI efficacy. Actually, there was
only moderate correlation between irAEs risk and ICI efficacy,
implying that immunological mechanisms underlying irAEs
development and efficacy were not completely shared. Thus we
indeed identified some factors predictive of irAEs risk but not
efficacy, although further experimental study is warranted to
classify the biological significance of novel features identified in
our study.

Based on aforementioned predictors, a trivariate model
combining DC, TMB, and CD4" naive T-cells, which
considerably reduced the unexplained variance in predicting
irAEs risk from 0.60 (1 - 0.63%) utilizing TMB alone to 0.34 (1 -
0.81%), was generated, suggesting that all these factors may get
involved in the mediation of irAEs development.
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We hypothesized that high TMB may contribute to
increased irAEs risk due to consequent increment in
immunogenic neoantigens, which could resemble peptides in
normal tissues and be recognized as non-self antigens by the
immune system (41), thus eliciting irAEs in target tissues as
cross-reactive immune responses in the ICI therapy setting. This
hypothesis invokes the theory of molecular mimicry that has
been involved in the pathogenesis of autoimmune diseases, and
where antibodies or TCRs recognizing pathogenic antigens
could also cross-react against self-antigens (42). Evidences
supporting the validity of neoantigenic molecular mimicry in
the onset of irAEs come from observations in the cancer context
that (1) TCRs reactive to certain neoantigens exhibited cross-
reactivity to the wild-type peptides (43), and (2) shared T-cell
clones were identified between tumors and target tissues of irAEs
from ICI-treated patients in whom irAEs developed (44, 45).

Nonetheless, as suggested in our prediction model, it was not
sufficient for immunogenic neoantigens alone to trigger irAEs,
but abundant DC were required. As the most potent antigen-
presenting cell type, DC are critical for priming naive T-cells by
presenting antigens via major histocompatibility complex
molecules and providing costimulatory signal (46). The
engagement of DC in triggering autoimmunity has been
documented via various mechanisms (47). For instance,
deficient apoptosis of DC may increase DC numbers and lead
to the onset of systemic autoimmunity (48). Additionally,
previous studies suggest that DC may transfer the majority of
tumor antigens from tumors to draining lymph nodes for the
purpose of efficient priming of T-cells (49-51). Thus, a possible
mechanism whereby neoantigenic mimicry may be
implemented is that, intratumoral DC locally capture
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immunogenic neoantigens in tumor microenvironment, and
subsequently migrate to draining lymph nodes where they
disseminate neoantigens and stimulate resident T-cells. Upon
being educated by DC, these T-cells would circulate systemically
to induce neoantigen-specific immunopathologies such as irAEs
against the cross-reactive self-antigen at distal sites.

Given the similarity between the irAEs and that of a chronic
graft-versus-host-disease (GVHD) reaction following allogenic
hematopoietic stem cell transplantation, there is a new theory for
ICIs-induced irAEs (52). It was hypothesized that ICIs induced a
graft-versus-malignancy effect, which eradicated metastatic
cancer in a minority of patients, but also involved an auto-
GVHD reaction that leaded to widespread autoimmunity in the
majority. Based on this theory, an oft-label low-dose nivolumab
plus ipilimumab regimen was developed and tested in 131
unselected stage IV cancer patients (53). The irAEs profile of
this combined low-dose treatment was significantly safer than
that of the established protocols without compromising efficacy.
Our finding that DC abundance showed the strongest
correlation with irAEs risk supports the auto-GVHD reaction
theory as host-derived DC are also important to elicit allogeneic
T cell responses (54).

Our model also highlights the potential role of CD4" naive
T-cells in tumor microenvironment in promoting irAEs
developement. The recruitment of CD4" naive T-cells into
non-lymphoid tissues, including tumors, has been reported
(55, 56). although their biological significances remain
uncertain. It is notable that CD4" T-cells are of fundamental
importance in mediating autoimmunity. And this role is
achieved via the differentiation of CD4" naive T-cells into
various lineages of T helper cells, depending on external
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cytokine microenvironment and transcription factors they
induce (57).

Further performance enhancement (unexplained variance =
0.24) was seen in the composite model comprising 3 novel
molecular predictors (IRF4, TCLIA, and SHC-pY317). All
these features have been implicated in immune regulation (28-
33, 38). Importantly, we observed elevated expression level of
IRF4 in ICI-treated melanoma patients with irAEs. IRF4 is a
member of the interferon regulatory factor family of
transcription factors and selectively expressed in lymphoid and
myeloid cells. IRF4 deletion in mice may induce transplant
acceptance by establishing CD4" T-cells dysfunction (58) and
render mice resistant to several autoimmune diseases (28), such
as ulcerative colitis and experimental autoimmune
encephalomyelitis. Intriguingly, a MEK1/2 inhibitor trametinib
was capable of inhibiting IRF4 expression in activated CD4" T-
cells (58). Collectively, these evidences suggest the therapeutic
potential of targeting IRF4 expression for abrogating
inflammatory toxicities from immune checkpoint blockade.

MicroRNAs are critical posttranscriptional regulators of
target genes expression, and the number of microRNAs
implicated in immune disorders like autoimmunity has
increased dramatically (40). A recent study has shown that
microRNA-146a may regulate irAEs by ICIs in mice (8). Of
note, we found 6 microRNAs predictive of irAEs risk. Given that
miRNAs act by targeting multiple genes within a pathway, thus
causing a broader yet specific response (59), our finding may
further spark the possibility of using microRNAs as therapeutics
for irAEs with multifactorial origin.

We also noted a study profiled for serum cytokines/
chemokines in 47 cancer patients with ICIs treatment (60). It
revealed that patients with irAEs had lower baseline levels and
higher posttreatment elevation in serum IFN-gamma-inducible
small cytokines (CXCL9 and CXCL10). In our work, the IFN-
gamma signature in tumor microenvironment showed positive
correlation with irAEs risk. This observation may be associated
with the difference between circulating and tumor immune
microenvironment, and deserve further investigation.

This study has several limitations. First, FAERS is a
spontaneous reporting database which may include reporting
bias and inaccurate reports, although it has previously been used
to determine risk factors linked to the development of irAEs (9,
61). Second, cancer patients with more responsive tumor
immune microenvironment may remain on ICI treatment
longer. However, the majority of irAEs reported during anti-
PD-1 therapy occur within the first few months of commencing
treatment (62), which implys that treatment duration may not
bias our results. Given the identification of markers (e.g., TMB,
immune signatures, and PD-L1 expression) predictive of both
ICI response and irAEs risk in our study, we propose that the
association between response and irAEs risk may be partially
linked via high tumor immunogenicity and immunoresponsive
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microenvironment represented by these predictors. Therefore, it
is necessary to discern markers able to discriminate anti-tumor
efficacy from the risk of irAEs in patients with ICI treatment.
Notably, all 11 novel molecular features in our study have not
been reported to be associated with anti-tumor efficacy. Third,
in addition to cancer-associated immunogenomic features
reported in our study, host features, such as age, genetic
susceptibility to autoimmunity, pre-existing autoimmune
disease, and gut microbiome, may influence the development
of irAEs (6). Fourth, further experimental study is required to
classify the biological significance of novel features identified in
our study.

In conclusion, our approach allowed us to identify cellular
and molecular candidates as well as their optimal combinations
for identifying patients with the risk of irAEs development
during anti-PD-1 therapy, irrespective of cancer types. These
findings may advance our understanding of mechanisms that
drive irAEs development and tailoring personalized
surveillance strategies.

Data availability statement

The original contributions presented in the study are
included in the article/Supplementary Material. Further
inquiries can be directed to the corresponding authors.

Ethics statement

Ethical review and approval was not required for the study
on human participants in accordance with the local legislation
and institutional requirements. Written informed consent for
participation was not required for this study in accordance with
the national legislation and the institutional requirements.

Author contributions

YS, XH, and LZ conceived the concept and designed the
study. LZ conducted statistical analysis. LZ drafted the
manuscript. YS and XH performed the critical revision of the
manuscript for important intellectual content. YS and XH
obtained funding and supervised the study. All authors
contributed to the article and approved the submitted version.

Funding

This work was supported by China National Major Project
for New Drug Innovation (2017ZX09304015, and
20197X09201-002).

frontiersin.org


https://doi.org/10.3389/fimmu.2022.1032221
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Zhang et al.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated

References

1. Havel J], Chowell D, Chan TA. The evolving landscape of biomarkers for
checkpoint inhibitor immunotherapy. Nat Rev Cancer (2019) 19(3):133-50. doi:
10.1038/s41568-019-0116-x

2. Ribas A, Wolchok JD. Cancer immunotherapy using checkpoint blockade.
Science (2018) 359(6382):1350-5. doi: 10.1126/science.aar4060

3. Brahmer JR, Lacchetti C, Schneider BJ, Atkins MB, Brassil KJ, Caterino JM,
et al. Management of immune-related adverse events in patients treated with
immune checkpoint inhibitor therapy: American society of clinical oncology
clinical practice guideline. J Clin Oncol (2018) 36(17):1714-68. doi: 10.1200/
JCO.2017.77.6385

4. Haanen JBAG, Carbonnel F, Robert C, Kerr KM, Peters S, Larkin J, et al.
Management of toxicities from immunotherapy: ESMO clinical practice guidelines
for diagnosis, treatment and follow-up. Ann Oncol (2017) 28(suppl_4):iv119-42.
doi: 10.1093/annonc/mdx225

5. Tahir SA, Gao J, Miura Y, Blando J, Tidwell RSS, Zhao H, et al. Autoimmune
antibodies correlate with immune checkpoint therapy-induced toxicities. Proc Natl
Acad Sci U S A (2019) 116(44):22246-51. doi: 10.1073/pnas.1908079116

6. Konig D, Laubli H. Mechanisms of immune-related complications in cancer
patients treated with immune checkpoint inhibitors. Pharmacology (2021) 106(3—
4):123-36. doi: 10.1159/000509081

7. Luoma AM, Suo S, Williams HL, Sharova T, Sullivan K, Manos M, et al.
Molecular pathways of colon inflammation induced by cancer immunotherapy.
Cell (2020) 182(3):655-671.e22. doi: 10.1016/j.cell.2020.06.001

8. Marschner D, Falk M, Javorniczky NR, Hanke-Miiller K, Rawluk J, Schmitt-
Graeff A, et al. MicroRNA-146a regulates immune-related adverse events caused by
immune checkpoint inhibitors. JCI Insight (2020) 5(6):e132334. doi: 10.1172/
jciinsight.132334

9. Bomze D, Hasan Ali O, Bate A, Flatz L. Association between immune-related
adverse events during anti-PD-1 therapy and tumor mutational burden. JAMA
Oncol (2019) 5(11):1633-5. doi: 10.1001/jamaoncol.2019.3221

10. Bshm R, Hocker J, Cascorbi I, Herdegen T. OpenVigil-free eyeballs on
AERS pharmacovigilance data. Nat Biotechnol United States (2012) 30(2):137-8.
doi: 10.1038/nbt.2113

11. Larkin J, Chiarion-Sileni V, Gonzalez R, Grob JJ, Cowey CL, Lao CD, et al.
Combined nivolumab and ipilimumab or monotherapy in untreated melanoma. N
Engl ] Med (2015) 373(1):23-34. doi: 10.1056/NEJMo0a1504030

12. Wolchok JD, Chiarion-Sileni V, Gonzalez R, Rutkowski P, Grob J-J, Cowey
CL, et al. Overall survival with combined nivolumab and ipilimumab in advanced
melanoma. N Engl ] Med (2017) 377(14):1345-56. doi: 10.1056/NEJMoal709684

13. Puzanov I, Diab A, Abdallah K, Bingham CO3rd, Brogdon C, Dadu R, et al.
Managing toxicities associated with immune checkpoint inhibitors: consensus
recommendations from the society for immunotherapy of cancer (SITC) toxicity
management working group. J Immunother Cancer. (2017) 5(1):95. doi: 10.1186/
540425-017-0300-z

14. Thompson JA, Schneider BJ, Brahmer J, Andrews S, Armand P, Bhatia S,
et al. Management of immunotherapy-related toxicities, version 1.2019. J Natl
Compr Canc Netw (2019) 17(3):255-89. doi: 10.6004/jnccn.2019.0013

15. Rothman KJ, Lanes S, Sacks ST. The reporting odds ratio and its advantages
over the proportional reporting ratio. Pharmacoepidemiol Drug Saf (2004) 13
(8):519-23. doi: 10.1002/pds.1001

Frontiers in Immunology

11

10.3389/fimmu.2022.1032221

organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed
or endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/
fimmu.2022.1032221/full#supplementary-material

16. Bate A, Evans SJW. Quantitative signal detection using spontaneous ADR
reporting. Pharmacoepidemiol Drug Saf (2009) 18(6):427-36. doi: 10.1002/
pds.1742

17. Goldman M]J, Craft B, Hastie M, Repecka K, McDade F, Kamath A, et al.
Visualizing and interpreting cancer genomics data via the xena platform. Nat
Biotechnol (2020) 38:675-8. doi: 10.1038/s41587-020-0546-8

18. Rooney MS, Shukla SA, Wu CJ, Getz G, Hacohen N. Molecular and genetic
properties of tumors associated with local immune cytolytic activity. Cell (2015)
160(1-2):48-61. doi: 10.1016/j.cell.2014.12.033

19. Ayers M, Lunceford J, Nebozhyn M, Murphy E, Loboda A, Kaufman DR,
et al. IFN-y-related mRNA profile predicts clinical response to PD-1 blockade. J
Clin Invest. (2017) 127(8):2930-40. doi: 10.1172/JCI91190

20. McKinney EF, Lee JC, Jayne DRW, Lyons PA, Smith KGC. T-Cell
exhaustion, co-stimulation and clinical outcome in autoimmunity and infection.
Nature (2015) 523(7562):612-6. doi: 10.1038/nature14468

21. Pareé L, Pascual T, Segui E, Teixido C, Gonzalez-Cao M, Galvan P, et al.
Association between PD1 mRNA and response to anti-PD1 monotherapy across
multiple cancer types. Ann Oncol (2018) 29(10):2121-8. doi: 10.1093/annonc/
mdy335

22. Thorsson V, Gibbs DL, Brown SD, Wolf D, Bortone DS, Ou Yang T-H, et al.
The immune landscape of cancer. Immunity (2018) 48(4):812-830.e14. doi:
10.1016/j.immuni.2018.03.023

23. Aran D, Hu Z, Butte AJ. xCell: digitally portraying the tissue cellular
heterogeneity landscape. Genome Biol (2017) 18(1):220. doi: 10.1186/s13059-
017-1349-1

24. Yarchoan M, Albacker LA, Hopkins AC, Montesion M, Murugesan K,
Vithayathil TT, et al. PD-L1 expression and tumor mutational burden are
independent biomarkers in most cancers. JCI Insight (2019) 4(6):e126908. doi:
10.1172/jci.insight.126908

25. George J, Lim JS, Jang SJ, Cun Y, Ozretic L, Kong G, et al. Comprehensive
genomic profiles of small cell lung cancer. Nature (2015) 524(7563):47-53. doi:
10.1038/nature14664

26. Lozano AX, Chaudhuri AA, Nene A, Bacchiocchi A, Earland N, Vesely MD,
et al. T Cell characteristics associated with toxicity to immune checkpoint blockade
in patients with melanoma. Nat Med (2022) 28(2):353-62. doi: 10.1038/s41591-
021-01623-z

27. Das S, Johnson DB. Immune-related adverse events and anti-tumor efficacy
of immune checkpoint inhibitors. J Immunother Cancer (2019) 7(1):306. doi:
10.1186/s40425-019-0805-8

28. Xu W-D, Pan H-F, Ye D-Q, Xu Y. Targeting IRF4 in autoimmune diseases.
Autoimmun Rev (2012) 11(12):918-24. doi: 10.1016/j.autrev.2012.08.011

29. Ochiai K, Maienschein-Cline M, Simonetti G, Chen ], Rosenthal R, Brink R,
et al. Transcriptional regulation of germinal center b and plasma cell fates by
dynamical control of IRF4. Immunity (2013) 38(5):918-29. doi: 10.1016/
j-immuni.2013.04.009

30. Huber M, Lohoff M. IRF4 at the crossroads of effector T-cell fate decision.
Eur J Immunol (2014) 44(7):1886-95. doi: 10.1002/eji.201344279

31. Vander Lugt B, Khan AA, Hackney JA, Agrawal S, Lesch ], Zhou M, et al.
Transcriptional programming of dendritic cells for enhanced MHC class II antigen
presentation. Nat Immunol (2014) 15(2):161-7. doi: 10.1038/ni.2795

frontiersin.org


https://www.frontiersin.org/articles/10.3389/fimmu.2022.1032221/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fimmu.2022.1032221/full#supplementary-material
https://doi.org/10.1038/s41568-019-0116-x
https://doi.org/10.1126/science.aar4060
https://doi.org/10.1200/JCO.2017.77.6385
https://doi.org/10.1200/JCO.2017.77.6385
https://doi.org/10.1093/annonc/mdx225
https://doi.org/10.1073/pnas.1908079116
https://doi.org/10.1159/000509081
https://doi.org/10.1016/j.cell.2020.06.001
https://doi.org/10.1172/jci.insight.132334
https://doi.org/10.1172/jci.insight.132334
https://doi.org/10.1001/jamaoncol.2019.3221
https://doi.org/10.1038/nbt.2113
https://doi.org/10.1056/NEJMoa1504030
https://doi.org/10.1056/NEJMoa1709684
https://doi.org/10.1186/s40425-017-0300-z
https://doi.org/10.1186/s40425-017-0300-z
https://doi.org/10.6004/jnccn.2019.0013
https://doi.org/10.1002/pds.1001
https://doi.org/10.1002/pds.1742
https://doi.org/10.1002/pds.1742
https://doi.org/10.1038/s41587-020-0546-8
https://doi.org/10.1016/j.cell.2014.12.033
https://doi.org/10.1172/JCI91190
https://doi.org/10.1038/nature14468
https://doi.org/10.1093/annonc/mdy335
https://doi.org/10.1093/annonc/mdy335
https://doi.org/10.1016/j.immuni.2018.03.023
https://doi.org/10.1186/s13059-017-1349-1
https://doi.org/10.1186/s13059-017-1349-1
https://doi.org/10.1172/jci.insight.126908
https://doi.org/10.1038/nature14664
https://doi.org/10.1038/s41591-021-01623-z
https://doi.org/10.1038/s41591-021-01623-z
https://doi.org/10.1186/s40425-019-0805-8
https://doi.org/10.1016/j.autrev.2012.08.011
https://doi.org/10.1016/j.immuni.2013.04.009
https://doi.org/10.1016/j.immuni.2013.04.009
https://doi.org/10.1002/eji.201344279
https://doi.org/10.1038/ni.2795
https://doi.org/10.3389/fimmu.2022.1032221
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Zhang et al.

32. Teitell MA. The TCL1 family of oncoproteins: co-activators of
transformation. Nat Rev Cancer (2005) 5(8):640-8. doi: 10.1038/nrc1672

33. Kang S-M, Narducci MG, Lazzeri C, Mongiovi AM, Caprini E, Bresin A,
et al. Impaired T- and b-cell development in Tcl1-deficient mice. Blood (2005) 105
(3):1288-94. doi: 10.1182/blood-2004-04-1453

34. Ripoll VM, Irvine KM, Ravasi T, Sweet MJ, Hume DA. Gpnmb is induced in
macrophages by IFN-gamma and lipopolysaccharide and acts as a feedback
regulator of proinflammatory responses. J Immunol (2007) 178(10):6557-66. doi:
10.4049/jimmunol.178.10.6557

35. Chung J-S, Bonkobara M, Tomihari M, Cruz PDJ, Ariizumi K. The DC-
HIL/syndecan-4 pathway inhibits human allogeneic T-cell responses. Eur ]
Immunol (2009) 39(4):965-74. doi: 10.1002/¢ji.200838990

36. Kong X, Sawalha AH. Takayasu arteritis risk locus in IL6 represses the anti-
inflammatory gene GPNMB through chromatin looping and recruiting MEF2-HDAC
complex. Ann Rheum Dis (2019) 78(10):1388-97. doi: 10.1136/annrheumdis-2019-215567

37. Wang H, Coligan JE, Morse HC3rd. Emerging functions of natural IgM and
its fc receptor FCMR in immune homeostasis. Front Immunol (2016) 7:99. doi:
10.3389/fimmu.2016.00099

38. Finetti F, Pellegrini M, Ulivieri C, Savino MT, Paccagnini E, Ginanneschi C,
et al. The proapoptotic and antimitogenic protein p66SHC acts as a negative
regulator of lymphocyte activation and autoimmunity. Blood (2008) 111(10):5017—
27. doi: 10.1182/blood-2007-12-130856

39. Vigorito E, Kohlhaas S, Lu D, Leyland R. miR-155: an ancient regulator of
the immune system. Immunol Rev (2013) 253(1):146-57. doi: 10.1111/imr.12057

40. Mehta A, Baltimore D. MicroRNAs as regulatory elements in immune
system logic. Nat Rev Immunol (2016) 16(5):279-94. doi: 10.1038/nri.2016.40

41. Schumacher TN, Scheper W, Kvistborg P. Cancer neoantigens. Annu Rev
Immunol (2018) 37(1):173-200. doi: 10.1146/annurev-immunol-042617-053402

42. Rojas M, Restrepo-Jiménez P, Monsalve DM, Pacheco Y, Acosta-Ampudia
Y, Ramirez-Santana C, et al. Molecular mimicry and autoimmunity. J Autoimmun
(2018) 95:100-23. doi: 10.1016/j.jaut.2018.10.012

43. Castle JC, Kreiter S, Diekmann J, Lower M, van de Roemer N, de Graaf J,
et al. Exploiting the mutanome for tumor vaccination. Cancer Res (2012) 72
(5):1081-91. doi: 10.1158/0008-5472.CAN-11-3722

44. Johnson DB, Balko JM, Compton ML, Chalkias S, Gorham J, Xu Y, et al.
Fulminant myocarditis with combination immune checkpoint blockade. N Engl J
Med (2016) 375(18):1749-55. doi: 10.1056/NEJMoal609214

45. Rapisuwon S, Izar B, Batenchuk C, Avila A, Mei S, Sorger P, et al. Exceptional
response and multisystem autoimmune-like toxicities associated with the same T cell
clone in a patient with uveal melanoma treated with immune checkpoint inhibitors. J
Immunother Cancer (2019) 7(1):61. doi: 10.1186/s40425-019-0533-0

46. Steinman RM, Banchereau J. Taking dendritic cells into medicine. Nature
(2007) 449(7161):419-26. doi: 10.1038/nature06175

47. Ganguly D, Haak S, Sisirak V, Reizis B. The role of dendritic cells in
autoimmunity. Nat Rev Immunol (2013) 13(8):566-77. doi: 10.1038/nri3477

48. Chen M, Wang Y-H, Wang Y, Huang L, Sandoval H, Liu Y-, et al. Dendritic
cell apoptosis in the maintenance of immune tolerance. Science (2006) 311
(5764):1160-4. doi: 10.1126/science.1122545

Frontiers in Immunology

12

10.3389/fimmu.2022.1032221

49. Roberts EW, Broz ML, Binnewies M, Headley MB, Nelson AE, Wolf DM,
et al. Critical role for CD103+/CD141+ dendritic cells bearing CCR7 for tumor
antigen trafficking and priming of T cell immunity in melanoma. Cancer Cell
(2016) 30(2):324-36. doi: 10.1016/j.ccell.2016.06.003

50. Salmon H, Idoyaga J, Rahman A, Leboeuf M, Remark R, Jordan S, et al.
Expansion and activation of CD103+ dendritic cell progenitors at the tumor site
enhances tumor responses to therapeutic PD-L1 and BRAF inhibition. Immunity
(2016) 44(4):924-38. doi: 10.1016/j.immuni.2016.03.012

51. Ruhland MK, Roberts EW, Cai E, Mujal AM, Marchuk K, Beppler C, et al.
Visualizing synaptic transfer of tumor antigens among dendritic cells. Cancer Cell
(2020) 37(6):786-799.¢5. doi: 10.1016/j.ccell.2020.05.002

52. Bakacs T, Moss RW, Kleef R, Szasz MA, Anderson CC. Exploiting
autoimmunity unleashed by low-dose immune checkpoint blockade to treat
advanced cancer. Scand J Immunol (2019) 90(6):e12821. doi: 10.1111/sji.12821

53. Kleef R, Nagy R, Baierl A, Bacher V, Bojar H, McKee DL, et al. Low-dose
ipilimumab plus nivolumab combined with IL-2 and hyperthermia in cancer
patients with advanced disease: exploratory findings of a case series of 131 stage IV
cancers - a retrospective study of a single institution. Cancer Immunol Immunother
(2021) 70(5):1393-403. doi: 10.1007/s00262-020-02751-0

54. Yu H, Tian Y, Wang Y, Mineishi S, Zhang Y. Dendritic cell regulation of
graft-vs.-host disease: immunostimulation and tolerance. Front Immunol (2019)
10:93. doi: 10.3389/fimmu.2019.00093

55. Cose S, Brammer C, Khanna KM, Masopust D, Lefrancois L. Evidence that a
significant number of naive T cells enter non-lymphoid organs as part of a normal
migratory pathway. Eur J Immunol (2006) 36(6):1423-33. doi: 10.1002/
€ji.200535539

56. Su$, Liao J, Liu J, Huang D, He C, Chen F, et al. Blocking the recruitment of
naive CD4+ T cells reverses immunosuppression in breast cancer. Cell Res (2017)
27(4):461-82. doi: 10.1038/cr.2017.34

57. Palmer MT, Weaver CT. Autoimmunity: increasing suspects in the CD4+ T
cell lineup. Nat Immunol (2010) 11(1):36-40. doi: 10.1038/ni.1802

58. Wu J, Zhang H, Shi X, Xiao X, Fan Y, Minze LJ, et al. Ablation of
transcription factor IRF4 promotes transplant acceptance by driving allogenic
CD4+ T cell dysfunction. Immunity (2017) 47(6):1114-1128.¢6. doi: 10.1016/
jimmuni.2017.11.003

59. Winkle M, El-Daly SM, Fabbri M, Calin GA. Noncoding RNA therapeutics -
challenges and potential solutions. Nat Rev Drug Discovery (2021) 20(8):629-51.
doi: 10.1038/s41573-021-00219-z

60. Khan S, Khan SA, Luo X, Fattah FJ, Saltarski J, Gloria-McCutchen Y,
et al. Immune dysregulation in cancer patients developing immune-related
adverse events. Br J Cancer (2019) 120(1):63-8. doi: 10.1038/s41416-018-
0155-1

61. Zamami Y, Niimura T, Okada N, Koyama T, Fukushima K, Izawa-Ishizawa
Y, et al. Factors associated with immune checkpoint inhibitor-related myocarditis.
JAMA Oncol (2019) 5(11):1635-7. doi: 10.1001/jamaoncol.2019.3113

62. Martins F, Sofiya L, Sykiotis GP, Lamine F, Maillard M, Fraga M, et al.
Adverse effects of immune-checkpoint inhibitors: epidemiology, management and
surveillance. Nat Rev Clin Oncol (2019) 16(9):563-80. doi: 10.1038/s41571-019-
0218-0

frontiersin.org


https://doi.org/10.1038/nrc1672
https://doi.org/10.1182/blood-2004-04-1453
https://doi.org/10.4049/jimmunol.178.10.6557
https://doi.org/10.1002/eji.200838990
https://doi.org/10.1136/annrheumdis-2019-215567
https://doi.org/10.3389/fimmu.2016.00099
https://doi.org/10.1182/blood-2007-12-130856
https://doi.org/10.1111/imr.12057
https://doi.org/10.1038/nri.2016.40
https://doi.org/10.1146/annurev-immunol-042617-053402
https://doi.org/10.1016/j.jaut.2018.10.012
https://doi.org/10.1158/0008-5472.CAN-11-3722
https://doi.org/10.1056/NEJMoa1609214
https://doi.org/10.1186/s40425-019-0533-0
https://doi.org/10.1038/nature06175
https://doi.org/10.1038/nri3477
https://doi.org/10.1126/science.1122545
https://doi.org/10.1016/j.ccell.2016.06.003
https://doi.org/10.1016/j.immuni.2016.03.012
https://doi.org/10.1016/j.ccell.2020.05.002
https://doi.org/10.1111/sji.12821
https://doi.org/10.1007/s00262-020-02751-0
https://doi.org/10.3389/fimmu.2019.00093
https://doi.org/10.1002/eji.200535539
https://doi.org/10.1002/eji.200535539
https://doi.org/10.1038/cr.2017.34
https://doi.org/10.1038/ni.1802
https://doi.org/10.1016/j.immuni.2017.11.003
https://doi.org/10.1016/j.immuni.2017.11.003
https://doi.org/10.1038/s41573-021-00219-z
https://doi.org/10.1038/s41416-018-0155-1
https://doi.org/10.1038/s41416-018-0155-1
https://doi.org/10.1001/jamaoncol.2019.3113
https://doi.org/10.1038/s41571-019-0218-0
https://doi.org/10.1038/s41571-019-0218-0
https://doi.org/10.3389/fimmu.2022.1032221
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

	Immunogenomic correlates of immune-related adverse events for anti–programmed cell death 1 therapy
	Introduction
	Materials and methods
	IrAEs risk evaluation
	Molecular and cellular data sources from TCGA
	Objective response rates across cancer types
	Small cell lung cancer and melanoma cohorts
	Statistical analysis

	Results
	Association of established immunogenomic factors with irAEs risk
	Combination of DC, TMB, and CD4+ naive T-cells for irAEs risk prediction
	External validation of DC – TMB – CD4+ naive T-cells model
	Dissection of novel molecular predictors for irAEs risk
	Validation of IRF4 and TCL1A associated with irAEs in ICI-treated melanoma cohort

	Discussion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Supplementary material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


