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Abstract

Purpose: Genetic differences in immunity may contribute to toxicity and outcomes with immune
checkpoint inhibitor (CPI) therapy, but these relationships are poorly understood. We examined the
genetics of immune-related thyroid dysfunction (thyroid irAEs).

Experimental Design: In patients with NSCLC treated with CPIs at MSK and VUMC,

we evaluated thyroid irAEs. We typed germline DNA using genome-wide single nucleotide
polymorphism (SNP) arrays and imputed genotypes. Germline SNP imputation was also
performed in an independent DFCI cohort. We developed and validated polygenic risk scores
(PRS) for hypothyroidism in non-cancer patients using the UK and VUMC BioVU biobanks.
These PRSs were applied to thyroid irAEs and CPI response in NSCLC patients at MSK, VUMC,
and DFCI.

Results: Among 744 patients at MSK and VUMC, thyroid irAEs occurred in 13% and

were associated with improved outcomes (PFS aHR=0.68, 95%CI: 0.52-0.88). The PRS for
hypothyroidism developed from UK Biobank predicted hypothyroidism in the BioVU dataset in
non-cancer patients (OR per standard deviation [SD]=1.33, 95%Cl: 1.29-1.37; AUROC=0.6).
The same PRS also predicted development of thyroid irAEs in both independent cohorts of
patients treated with CPIs (HR per SD=1.34, 95%CIl: 1.08-1.66; AUROC 0.6). The results were
similar in the DFCI cohort. However, PRS for hypothyroidism did not predict CPI benefit.

Conclusions: Thyroid irAEs were associated with response to anti-PD-1 therapy. Genetic risk
for hypothyroidism was associated with risk of developing thyroid irAEs. Additional studies

are needed to determine if other irAEs also have shared genetic risk with known autoimmune
disorders and the association with treatment response.

Keywords

immune checkpoint inhibitors; Immune-related adverse events; polygenic risk scores; spontaneous
autoimmune hypothyroidism; genome wide association studies

Introduction:

Immune checkpoint inhibitor (CPI) based therapy, which targets the adaptive immune
system, is associated with remarkable long-term responses in a subset of many cancers
(1-3). Benefit from CPI therapy is affected by tumor-specific features, such as PD-L1
expression (4,5) or tumor mutational burden (6) and host-specific features associated with
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underlying immunity such as the microbiome (7-9) and, possibly the germline genetics of
the host (10-14).

The dual role of CPIs in promoting T cell activation, but also autoimmunity leads to

a variety of clinically significant systemic autoinflammatory responses (immune related
adverse events, irAEs) in a subset of individuals(15). The presentations of irAEs often
mimic autoimmune conditions that occur spontaneously, but it is unclear if the underlying
mechanism is shared or distinct despite the phenotypic similarity. Furthermore, it is
uncertain whether and which irAEs are associated with CPI benefit. While some studies
show an association between an irAE and improved outcomes(16—19) others do not(20,21),
and some show worse outcomes(22,23). These conflicting findings may be due to factors
such as () survivor bias (patients who respond to therapy and are on therapy longer are
more likely to develop irAEs) and (b) heterogeneous cohorts (combining cancer types,
irAEs with different pathophysiology, ranges of presentation/ severity and different types
of treatment of irAEs). We hypothesized that examining a specific irAE in a single cancer
type that is routinely observed early in the CPI treatment course would yield clarity on the
relationship between irAE development, immunity, and CPI benefit.

Thyroid irAEs occur early in the course of CPI exposure(24,25) and are among the

most common irAE, with a cumulative incidence of approximately 10% of patients on
PD-1 blockade therapy(26,27). Spontaneous autoimmune hypothyroidism is common and
appears to be at least partially heritable(28,29). Genome-wide association studies (GWAS)
have identified many common variants contributing to risk(30). It is unclear whether
hypothyroidism that occurs following PD-1 blockade therapy is genetically similar to
hypothyroidism that occurs in the general population. Additionally, whether this genetic
risk impacts PD-1 blockade benefit is unknown.

To further understand the relationships between underlying autoimmunity, thyroid irAEs,
and immunotherapy outcomes, we examined patients with non-small cell lung cancer
(NSCLC) receiving PD-1 blockade-based therapy in cohorts from 3 academic medical
centers. To investigate the genetics of thyroid irAEs, we first developed a genetic predictor
of spontaneous hypothyroidism in non-cancer patients. We first used the UK Biobank, an
open access resource containing genetic and health related traits from ~500,000 volunteers
in the UK and built a polygenic risk score (31) which is a risk score that integrates the
information from many polymorphisms in the genome. We then validated that score in
non-cancer patients in the Vanderbilt University biobank (BioVVU). Finally, we evaluated
whether genetic risk of sporadic hypothyroidism by GWAS is associated with incident
hypothyroidism following PD-1 blockade and also evaluated the association between genetic
risk and survival.

Materials and Methods:

Patients

This retrospective study was approved by the institutional review board at MSK, VUMC,
and DFCI. All patients at MSK and DFCI provided written informed consent for blood
banking. Patients in this study had advanced NSCLC and received PD-1 blockade-based
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therapy (either PD-1 blockade monotherapy or in combination with CTLA-4 blockade). In
the MSK cohort, 551 patients who received CPls between 2011 — 2018 and had an available
baseline blood sample were included (Table 1). In the VUMC population, 195 individuals
who had received CPls between 2009 — 2019 were identified from BioVU, VUMC’s DNA
biobank linked to de-identified electronic health records(32). At DFCI, 561 patients with
NSCLC who received CPIs between 2013 — 2020 were examined.

For the germline genetic analysis, patients from MSK and VUMC (MSK and VUMC
cohort) were analyzed together as they were both genotyped using the same GWAS array.
Patients from DFCI were analyzed separately as an independent cohort.

Clinical Variables

MSK medical records and pharmacy records were reviewed for age, self-reported
demographics, smoking status, lung cancer histology, past medical history, and CPI
treatment history. These elements were abstracted and entered into a clinical data sheet.
VUMC data were extracted using MedEx or from structured tables within existing de-
identified medical records (29). All treatment dates underwent manual chart review by a
trained thoracic oncology nurse, and data were entered into a REDCap database.

Thyroid irAE event

A thyroid event after the start of CPI therapy was defined as either (1) incident
hypothyroidism or (2) transient incident hyperthyroidism followed by incident
hypothyroidism. Incident hypothyroidism was defined as (a) a TSH of = 10 mU/L or

(b) TSH of = 5 mU/L with a new prescription of levothyroxine = 50 mcg. Incident
hyperthyroidism was defined as TSH < 0.05 mU/L. Incident hyperthyroidism without
subsequent hypothyroidism (n=2) was excluded from the analysis due to testing shortly
before patients transitioned to hospice with no additional follow up thereafter. A baseline
history of hypothyroidism or hyperthyroidism was defined as documentation of a thyroid
condition prior to the start of CPI therapy. We excluded these patients from the analysis due
to the challenge in defining whether a thyroid irAE occurred.

In the MSK cohort, medical records were manually reviewed to identify cases of thyroid
events. Extracted laboratory and medication data were used to identify thyroid events in the
VUMC population, with manual chart review confirmation. In the DFCI cohort, extracted
laboratory and medication data were similarly used to identify thyroid events.

Response assessment

In the MSK cohort, best overall response (BOR) was assessed by investigator-assessed
Response Evaluation Criteria in Solid Tumors (RECIST) v1.1 from the start of CPI therapy
to the date of tumor progression or death due to any cause. Progression-free survival (PFS)
and overall survival (OS) was assessed from the date of start of CPI therapy.

In the DFCI cohort, overall survival (OS) was assessed from the date of start of CPI therapy,
with linkage to the National Death Index (NDI) up to 12/2019. Patients treated after the NDI
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check were censored at last contact at DFCI. The VUMC and DFCI cohorts did not have
response assessment available.

Genotyping of MSK and VUMC samples

Blood DNA from MSK and VUMC were genotyped on the Affymetrix Axiom Precision
Medicine Diversity Array. Imputation was performed on the Michigan Imputation Server
using the 1000 Genomes phase 3 v5 reference panel. Standard quality control measures were
implemented to remove poorly genotyped samples (call rate < 95%), SNPs (genotyping

rate < 95%), and rare variants (minor allele frequency < 0.005) prior to imputation. After
dropping samples with missing genotypes or low quality genotypes we had a total of N=729
(N=536 from MSKCC and N=193) in the genetics dataset.

Genotype imputation of DFCI samples from tumor sequencing

Samples from DFCI had tumor panel sequencing as part of routine clinical care from which
germline variants were imputed using off-target reads. OncoPanel, a custom targeted hybrid
capture sequencing platform, was used to assay genomic variation from tumor biopsies.
Germline variant imputation was performed across all samples from raw sequence reads
using the STITCH imputation software, which leverages ultra-low coverage read data
together with the 1000 Genomes phase 3 v5 reference panel to infer probabilistic germline
calls for the autosomal chromosomes. Quality control was performed to remove poorly
imputed variants (INFO < 0.4) and rare variants (minor allele frequency < 0.01).

Polygenic Risk Assessment

Summary statistics were obtained from previous genome-wide association studies of 2
thyroid-related phenotypic outcomes in the UK Biobank - self-reported hypothyroidism
(22,500 individuals, 436,818 controls)(33), and thyroid medication use (HO3A medication
category; 24,835 individuals, 280,750 controls)(34). Polygenic risk scores (PRS) were
constructed using LDpred, which estimates posterior mean effect sizes using Bayesian priors
and linkage disequilibrium information(35). PRS weights are available at http://doi.org/
10.5281/zen0do.5034793.

Quality control of PRS in DFCI samples

A partially overlapping set of 833 patients with a variety of solid tumors seen at the

DFCI had both OncoPanel next generation sequencing (as part of the same clinical cohort)
and direct germline genotyping (as part of an orthogonal biobank) were used to validate

the tumor imputed PRS. DNA samples were processed from whole blood and genotyped

on the Illumina Multi-Ethnic Genotyping Array (MEGA), the Expanded Multi-Ethnic
Genotyping Array (MEGA EX) array, and the Multi-Ethnic Global (MEG) BeadChip;
imputed to the Haplotype Reference Consortium reference panel; and then restricted to ~1.1
million HapMap3 variants that typically exhibit high imputation accuracy across genotyping
platforms. PRSs were inferred using the imputed variants that passed quality control in each
respective study (i.e. no harmonization across the two platforms was imposed).
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External Validation of Polygenic Risk Score

External validation of the PRS was performed in a population of 51,070 individuals of
European descent with no cancer diagnosis in BioVU. European ancestry was determined
using principal components analysis (PCA). Individuals in this cohort were genotyped on
the Illumina Expanded Multi-Ethnic Genotyping Array and subjected to standard quality
control. Imputation was performed with the Haplotype Reference Consortium reference
panel on the Michigan Imputation Server(36). PRS were calculated using the previously
derived weights from LDpred and the score function in PLINK 1.9(37,38). Spontaneous
hypothyroidism cases and controls were defined using phecodes, which aggregate similar
ICD-9-CM and ICD-10-CM. Individuals must have at least 2 ICD codes for hypothyroidism
to be assigned a phecode, and individuals with other thyroid diseases were excluded from
the control set.

Ancestry analysis

We determined genetic ancestry using PCA in PLINK. PCA was conducted in each
genotype data separately: BioVU dataset without cancer and CPI (MEGA array), the MSK
and VUMC cohorts (Affymetrix PMDA array) and DFCI dataset which included imputed
SNPs from low coverage sequencing.

Statistical Analyses

De-identified data on duration of treatment and vital status at the time of the database lock
on October 1, 2020 for the MSK cohort was used for the survival analysis. Patients who did
not experience the event of interest at the database lock were censored at the time of the

last follow up date. Survival analyses for PFS and OS were performed using Kaplan-Meier
time-to-event estimates. We also determined the association between incident thyroid events
and PFS and OS using multivariate Cox regression. We ran the Cox regression encoding
thyroid events as a dichotomous variable counting any thyroid event during therapy. In
addition, to account for potential survival bias, we also conducted analyses in which thyroid
events were tested as time-dependent covariates. As a sensitivity analysis, landmark analysis
in patients with OS of at least 90 days was performed in the MSK cohort. Ninety days was
chosen as it includes more than half of patients with a thyroid irAE event (n=37/65, 57%).
All models included age, sex, and concurrent use of anti-CTLA-4 therapy as covariates.

To test the association between prevalent hypothyroidism and PRS in BioVU (non-cancer
patients), we used logistic regression models and adjusted for age at last visit, sex, and the
first 10 principal components to account for genetic ancestry.

The association of PRS with incident hypothyroidism in the context of CPI therapy was
tested using multivariate Cox regression with covariates for age, sex, and the first 10
principal components, and Hazard Ratios (HRs) were computed per standard deviation of
the PRS. In the DFCI cohort, additional technical covariates were included for sequencing
panel version, whether the patient was sequenced after the start of therapy, and number of
prior therapy lines.
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Receiver operating characteristic (ROC) curves were used to visualize how well the PRS
model discriminated hypothyroidism events and area under the ROC curve (AUROC) was
estimated to quantify the overall prediction accuracy of the PRS. All p-values were two-
sided. Statistical analysis and data visualization was performed using R v4.0.3 (R foundation
for Statistical Computing, Vienna, Austria) with RStudio v1.3.1093.

A summary of the methods is illustrated in Supplementary Figure 1.

Individual Variant Testing

Results:

To better understand the shared biology between thyroid irAEs and spontaneous
hypothyroidism, we analyzed the association with individual SNPs and thyroid irAEs. We
focused on 16,751 SNPs that were noted to be genome wide significant (p<5x10~8) from the
UK Biobank dataset in the GWAS for self-reported hypothyroidism since the UK Biobank
is so well-powered. Of these, we filtered on minor allele frequency >0.01 and imputation
quality R2>0.5 in the MSKCC and VUMC GWAS dataset, leaving 16,132 SNPs. We tested
the association of these SNPs with thyroid irAEs using Cox models, adjusted for age, sex,
and ancestry as estimated by principal components (Supplementary Table 1). To determine
the appropriate level for multiple hypothesis testing correction, we used the LD clump
feature in PLINK and used a threshold of R2>0.5 to identify the number of effectively
independent regions tested, with a result of n=1,057. Therefore, we used a multiple
hypothesis testing correction of 0.05/1057 or 4.73 x 107> to account for multiple testing. All
p-values were two-sided. To characterize potential function of a variant we used an online
resource which includes distance from transcriptional start site, expression quantitative trait
locus (eQTL) data and promoter Hi-C results (https://genetics.opentargets.org/)(39) and the
GTEX consortium data (https://www.gtexportal.org/home/)(40).

Study population for analysis

We identified 3 cohorts of patients with NSCLC who received CPI for our analysis: 551
individuals from MSK (MSK cohort), 193 individuals from VUMC (VUMC cohort), as well
as 561 individuals from DFCI (DFCI cohort). The median follow up time was 18.7 months
(IQR: 7.5-44.4 months) for the MSK cohort, 11.1 months (IQR: 4.1-31.8 months) for the
VUMC cohort, and 12.0 months (IQR: 4.3-26.2 months) for the DFCI cohort. Thyroid
dysfunction, as defined by either hypothyroidism or hyperthyroidism with progression to
hypothyroidism, occurred in 12% (n=65/551) of patients in the MSK cohort and was found
to be an early event after CPI start, occurring within a median of 2.4 months (IQR: 1.4-4.2
months). Thyroid dysfunction occurred in 16% (n= 30/193, median of 4.1 months, IQR:
1.6-7.9 months) and 7% (n=42/561, median of 5.8 months, IQR: 4.8-13.1 months) of the
patients in the VUMC and DFCI cohorts, respectively.

Age (median, interquartile range [IQR]: 67, 59-73 MSK; 63, 57-69 VUMC; 67, 60-74
DFCI), race and ethnicity, and smoking status (former or current: 86% MSK, 88% VUMC,
86% DFCI of patients where information is available) was similar across sites (Table 1).
There were slight differences in gender (Female: 53% MSK, 38% VUMC, 56% DFCI).
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Adenocarcinoma was the most common histology (78% MSK, 62% VUMC, 74% DFCI)

at the three sites, and most patients received anti-PD-(L)1 monotherapy (87% MSK, 93%
VUMC, 94% DFCI). A small fraction of patients (13% at MSK, 7% at VUMC, 6% at DFCI)
received anti-PD-(L)1 and anti-CTLA-4 combination therapy.

Thyroid irAEs are an early event and associated with longer survival

We first examined the association between thyroid irAEs and response in the MSK (BOR,
PFS, and OS) and VUMC (PFS) cohorts, as these cohorts had manually abstracted outcomes
data. We did this by comparing patients with thyroid irAEs and those who neither had a
history of hypothyroidism nor thyroid irAEs.

Compared to those without a thyroid event, individuals with thyroid irAEs had a higher
objective response rate (MSK cohort: 38/65, 58% vs 110/486, 23%, p<0.0001 Fisher’s
exact) longer PFS (Combined MSK+VUMC cohort: 54% vs 19% progression-free at 1
year, 13% vs 3% progression-free at 3 years) and OS (MSK cohort: 85% vs 56% alive

at 1 year, 35% vs 14% alive at 3 years) (Figure 1). The adjusted hazard ratios for PFS

for thyroid irAEs in the combined cohort were 0.42 (95% CI: 0.33-0.54) and 0.68 (95%
Cl: 0.52-0.88) in our standard Cox and time-dependent analysis, respectively (Table 2).

As a sensitivity analysis, this result did not change when including the two patients with
hyperthyroidism without subsequent hypothyroidism 0.68 (95% CI: 0.52-0.88). We found
that 57% (n=37/65) of thyroid dysfunction events occurred within 90 days of CPI start in
the MSK cohort. As a sensitivity analysis, we examined whether the same relationship held
by only examining the patients who had OS longer than 90 days in the MSK cohort (86%,
475/551). Thyroid irAEs remained significantly associated with PFS (49% vs 20% at 1 year,
14% vs 4% at 3 years, HR: 0.50, 95% CI: 0.33-0.74) and OS (73% vs 62% alive at 1

year, 30% vs 15% alive at 3 years, HR: 0.59, 95% CI: 0.38-0.94) (Supplementary Figure
2). In individuals with available PD-L1 expression data (n = 320), thyroid irAEs remained
significantly associated with PFS (HR: 0.39, 95% CI: 0.26-0.58) and OS (HR: 0.36, 95%
Cl: 0.22-0.58) when adjusting for PD-L1 expression.

Given this highly significant relationship between development of thyroid irAEs and
multiple objective measures of response demonstrating clinical benefit of CPls, we evaluated
whether a hereditary predisposition to development of hypothyroidism could predict thyroid
irAEs as well as CPI benefit.

Polygenic risk score for thyroid disorders is associated with developing thyroid irAEs

We next asked whether predisposition to a baseline thyroid condition is associated with
developing thyroid irAEs. We developed a polygenic risk score (PRS) for thyroid disorders
using the UK Biobank. We used two different phenotypic proxies for thyroid disease:
self-reported hypothyroidism and thyroid medication use and calculated the PRS for each
of these using LDpred. The SNP weights for these PRSs were highly correlated (Pearson
correlation = 0.9 for each pair of PRS). We validated these PRSs using participants who
were not included in our VUMC lung cancer and immunotherapy cohort but had genotypes
available in the VUMC BioVU population (non-cancer patients). Since UK Biobank is
predominantly of European ancestry, we restricted the VUMC BioVU to those who were
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of European ancestry. Overall, there was a strong association of each individual PRS with
hypothyroidism (AUROC = 0.6 for both) (Supplementary Figure 3A) with an odds ratio/
standard deviation of 1.33 (95% CI 1.29-1.37) for the PRS for self-reported hypothyroidism
and an increased relative risk by decile (Supplementary Figure 3B). We then applied these
PRSs to our discovery cohort. Since the effect sizes for these 2 PRSs were highly correlated,
we focused primarily on the PRS for self-reported hypothyroidism (hypothyroidism PRS)
from the UK Biobank.

The hypothyroidism PRS was significantly associated with development of thyroid irAEs in
the MSK+VUMC cohort (Figure 2A), and it had similar performance for predicting thyroid
irAEs (AUROC = 0.6) in comparison with its performance in the VUMC BioVU cohort
(spontaneous hypothyroidism). The thyroid medication PRS from UK Biobank had similar
performance (Supplementary Figure 4). In a Cox regression model adjusted for age, sex,
and the first ten principal components, the HR per standard deviation for the hypothyroidism
PRS was 1.34 (95% Cl: 1.08-1.66; p = 8.73x1073), with similar effect sizes seen for the
other PRS (Table 3). The hypothyroidism PRS results remained significant after removing
individuals who received combination CPI therapy (HR: 1.34, 95% CI: 1.07-1.69, p = 0.01)
and only including individuals of European ancestry (HR: 1.27, 95% CI: 1.02-1.59, p =
0.03). Additionally, when examining the PRS by tertile, individuals in the highest tertile PRS
scores had higher rates of hypothyroidism events than the first and second tertile (Figure 2A,
Supplementary Figure 4).

We sought to replicate these PRS associations in the DFCI cohort. First, we confirmed
that the PRS was imputed accurately from tumors using a separate set of 833 benchmark
individuals with both tumor sequencing and germline SNP array data available (see
Methods): the correlation between the tumor imputed PRS and the germline ground truth
PRS was >0.87 for all PRSs evaluated, with no visible outliers (Supplementary Figure 5).
Next, we tested each PRS for association with the time to thyroid irAE: both PRSs were
significantly associated, with the PRS for self-reported hypothyroidism yielding an HR of
1.39 (95% CI 1.07-1.82; p=0.01 by Cox regression) (AUROC=0.64) with similar effect
sizes seen for the other PRS (Figure 2B, Supplementary Figure 6).

Analysis of individual loci associated with thyroid irAEs

As an exploratory analysis, we evaluated whether any of the genome-wide significant
associations identified in the UK Biobank for self-reported hypothyroidism are also
individually associated with thyroid irAEs. After filtering on minor allele frequency and
imputation quality, we tested each of 16,132 significant UK Biobank SNPs for association
with hypothyroidism irAEs in the MSK+VUMC cohort (Supplementary Table 1). Of these,
1,502 of were nominally associated (p<0.05) with thyroid irAEs and exhibited significant
sign consistency (1,143/1,502 were associated in the same direction) underscoring the
shared genetic effect observed through the PRS. One SNP, rs9268543 (p=7.5%107"),
surpassed stringent Bonferroni correction, even though the MSK+VUMC cohort was orders
of magnitude smaller than the UK Biobank and thus underpowered for individual variant
discovery. This SNP falls within the HLA locus and has been associated with numerous
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other autoimmune traits(41,42). This variant is also an expression quantitative trait locus
(eQTL) for several genes at this locus, most strongly for HLA-DQA2 (40).

PRS for hypothyroidism is not associated with PFS or OS

Lastly, we assessed whether PFS for hypothyroidism was associated with CPI response.
Despite the association between both PRSs and thyroid irAEs, neither PRS was significantly
associated with PFS or OS in the MSK cohort (Supplementary Table 2, Supplementary
Figure 7A). Likewise, in the DFCI cohort no significant association between PRS and OS
was observed (Supplementary Figure 7B).

Discussion:

We examined the associations between hereditary predisposition for spontaneous
hypothyroidism, thyroid irAEs, and benefit from CPI treatment with the goal of inferring
whether there may be shared biology. Thyroid irAEs occurred early during treatment, and
those who developed this irAE were more likely to have a beneficial initial response and to
achieve a longer duration of response to CPI therapy compared to those who did not. We
developed a PRS for hypothyroidism that performed similarly in predicting development of
spontaneous hypothyroidism in the general population and thyroid irAEs in multiple patient
cohorts. However, the PRS did not predict benefit from immunotherapy.

We saw a rapid onset of thyroid irAEs in the MSK and VUMC datasets. In the DFCI
dataset, thyroid events occurred on average later, but this could have been due to the later
and less frequent TSH measurements in this cohort and despite this the PRS performed
similarly in the DFCI cohort. The rapid onset of thyroid irAEs in the MSK dataset and
VUMC datasets in a genetically predisposed population and our previous work on finding
shared auto-antibodies(24), suggests that the checkpoint inhibitors unmasked a pre-existing
subclinical autoimmune condition suppressed by immune checkpoints.

A potential limitation of our study is survivor bias, or time from CPI start to development

of thyroid irAEs. However, this irAE consistently occurred early after CPI start and survivor
bias was adjusted for in time-dependent and landmark analyses. We found thyroid irAEs
significantly associated with multiple markers of response: BOR, PFS, and OS. Additionally
there is plausibility that tipping immunologic homeostasis of immune tolerance with CPI
therapy not only leads to indirect cancer cell cytotoxicity but also potentiates (or drives)
development of anti-thyroid antibodies leading to thyroid irAEs. Therefore, we infer there
exists a shared immunologic mechanism that drives both thyroid irAEs and CPI benefit
leading to improved survival. Furthermore, there are other cancer therapy settings in which
development of thyroid dysfunction is associated with response to treatment (e.g. 1L-2)(43).

Another limitation of our analyses is that our PRS was developed in UK Biobank which
includes participants who are predominantly of European ancestry. The cohorts of CPI-
treated patients we tested were also predominantly of European ancestry. Since PRS may not
generalize well across different ancestry populations(37) the PRS we tested may not work

to predict irAEs in non-European ancestry populations. Larger studies of patients on CPI
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in non-European ancestry populations are needed to understand the genetics of treatment
benefit and irAEs in these populations.

The underlying factor leading to thyroid irAEs and CPI benefit may have a hereditary origin,
an environmental origin, or may be a combination of multiple factors. Our PRS developed
for spontaneous hypothyroidism, a diagnosis that generally has an autoimmune etiology,
was able to perform similarly well in predicting thyroid irAEs. This supports a shared
biological mechanism encapsulated by the PRS driving autoimmune hypothyroidism and
thyroid irAEs. In short, this suggests there exists genetic polymorphism-based hereditary
factors that contribute to developing thyroid irAEs. Our results suggest that other irAEs may
be predictable using analogous PRS for similar clinical phenotypes.

Our analyses may also be useful to help understand the mechanisms that underlie thyroid
irAEs. To examine shared loci, we focused on the large, well-powered UK Biobank as the
discovery GWAS, and investigated which SNPs replicated in our MSK+VUMC cohort. We
found that one loci was associated with thyroid irAEs after stringent multiple test correction.
Among these, was the HLA locus with the top variant (rs9268543) previously associated
with many autoimmune diseases, including rheumatoid arthritis (41), inflammatory bowel
disease (42), and with hypothyroidism and type 1 diabetes in the UK Biobank. The overlap
between HLA genetic variants for spontaneous hypothyroidism and thyroid irAEs suggests
that at least some of the antigens underlying the disorder overlap. This variant is an
attractive target for downstream experimental analysis to understand the mechanisms of
irAEs. Future studies with larger sample sizes may help to identify additional shared loci
between spontaneous hypothyroidism and thyroid irAEs and possibly to identify new loci at
which the genetics do not overlap.

Our hypothyroidism PRS did not distinguish between those benefiting and not benefiting
from CPlIs. This suggests that in contrast to inherited factors, metabolic, epigenetic or
environmental factors (e.g. shared exogenous exposures among those who benefit/ do not
benefit from CPI that shape the adaptome over time) play a larger role in driving the
mechanism behind thyroid irAEs and CPI benefit. Additionally, the present analysis may be
underpowered to detect the difference. Since the PRS for hypothyroidism had an AUROC
of ~0.6, larger cohort sizes may be needed to overcome the heterogeneity of environmental
factors. The association between thyroid irAEs and treatment response could also be due
to inherited genetic factors that are not captured by the PRS. The PRS developed from UK
Biobank was developed exclusively from common genetic variants and does not capture
the effect of rare genetic variants. Since rare variants may contribute a large fraction of
heritability for some complex traits(38,39) future studies using whole genome sequencing
data may reveal a relationship between heritable genetic variation for thyroid irAEs and
CPI benefit. An alternative explanation may be that, the genetic contribution captured

by the PRS may solely reflect a “branch” off target effect of CPI therapy (e.g. cross
presentation of shared antigens that are not associated with CPI benefit) decoupled from
the adaptive immune mechanisms of CPI therapy that lead to improved outcomes. If the
latter explanation is correct, it would suggest that the genetic component of an individual’s
cancer-immune set point may not be the same factors that confer autoimmune thyroid
disease risk.
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Individual irAEs have distinct disease kinetics that differentially affect survival bias and
varied severity ranging from subclinical to life-threatening(15) - unsurprisingly, not all are
consistently associated with CP1 benefit(20,44,45). Our finding that development of thyroid
irAEs secondary to PD-1 blockade-based therapy is associated with CPI benefit is similar to
what has been seen in the literature(46). Thyroid irAEs occur early, are common, and can be
treated with thyroid hormone supplementation, making it an early clinical signal suggestive
of long-term benefit from CPI therapy.

Genetic predisposition to irAEs has previously been examined in studies associating irAE
risk with human leukocyte antigen (HLA) genes(47-50) and/or individual SNPs(51). Only
one other study has examined these associations using PRSs, which is more reflective of
underlying susceptibility to autoimmune disease(52,53). Our findings differ from this study
of genetics of autoimmune skin conditions and survival(54). Khan et al. developed a PRS
of autoimmune dermatologic conditions and applied the PRSs to a clinical trial of PD-1
blockade in bladder cancer. Similar to our results, they found an association between the
autoimmune PRSs and irAE. In contrast to our findings where hypothyroid PRSs were
not associated with CPI benefit, dermatologic PRSs were associated with overall survival
in patients receiving CPI therapy. This suggests predisposition for specific autoimmune
diseases differentially impacts immunotherapy benefit.

In summary, in this study of patients from three academic centers, we found that
developing thyroid irAEs was robustly associated with benefit from CPI therapy. Genetic
predisposition measured by PRSs for spontaneous - immune-mediated - hypothyroidism
was associated with the irAE but did not predict CPI benefit, suggesting distinct immune
pathways driving underlying genetic risk for hypothyroidism and benefit from CPI.

Large scale and mechanistic studies are needed to elucidate underlying pathways linking
genetic risk, specific irAEs, and therapeutic response. Understanding the relationships and
biological underpinnings of these processes are critical for both advancement of precision
immunotherapy and development of new therapies for our patients.
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Translational relevance

Understanding and predicting who experiences durable benefit from immune checkpoint
inhibitor (CPI) therapy is key to advancing precision immuno-oncology and developing
new immunotherapies. We observed immune-mediated thyroid dysfunction is a common,
early, low-grade event in those receiving PD-1 blockade-based therapy. Building

upon this observation we asked whether genetic risk for autoimmune (spontaneous)
hypothyroidism is associated with thyroid irAEs. We developed and validated a polygenic
risk score for spontaneous hypothyroidism. The PRS associated with thyroid irAEs

but did not associate with CPI benefit. Mechanisms mediating immunotherapy benefit
may be distinct from autoimmune genetic predisposition to thyroid dysfunction. These
findings have implications in clarifying the genetic factors predisposing individuals to
CPI benefit.
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thyroid irAE to those who did not have a thyroid irAE. The x-axis reflects time from start of

CPI therapy.
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Table 1:

Baseline patient characteristics and treatment details

Characteristic
Median age [IQR] - yr
Biological sex - no. (%)
Female
Male
Race, self-reported - no./total no. (%)
White
Black
Asian
Other
Unknown
Ethnicity, self-reported. - no./total no. (%)
Hispanic or Latino
Non-Hispanic or Latino
Unknown
Cigarette smoking status - no. (%)
Former or current
Never
Unknown
Histology - no. (%)
Adenocarcinoma
Non-adenocarcinoma
Treatment - no. (%)
Anti-PD-(L)1 monotherapy
Anti-PD-(L)1+CTLA-4 combination

MSKCC
(n=551)
67 [59-73]

291 (53%)
260 (47%)

458/533 (86%)
39/533 (7%)
34/533 (6%)

*

2/553 (<1%)
18

18/545 (3%)

527/545 (96%)

6

472 (86%)
79 (14%)
0

427 (78%)
124 (22%)

480 (87%)
71 (13%)

VUMC
(n=193)
63 [57-69]

74 (38%)
119 (62%)

176/191 (92%)
11/191 (6%)
2/191 (1%)
2/191 (1%)
2

2/186 (1%)
184/186 (99%)
7

166/188 (88%)
22/188 (12%)
5
5
120 (62%)
73 (38%)

179 (93%)
14 (7%)

DFCI
(n=561)
67 [60-74]

313 (56%)
248 (44%)

506/551 (92%)
22/551 (4%)
17/551 (3%)
6/551 (1%)

10

10 (2%)
551 (98%)
0

363/421 (86%)
58/421 (14%)
140
140
416 (74%)
145 (26%)

527 (94%)
34 (6%)

*
Percentages may not add up to 100 due to rounding.

N
hyperthyroidism (n=2), thyroid cancer or metastasis (n=4);
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IQR = interquartile range, PD-(L)1 = programmed cell death protein (ligand) 1, TPS = tumor proportion score, CTLA-4 = cytotoxic T-lymphocyte-

associated protein 4
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Table 2:
HRs of the effect of thyroid irAEson PFSand OSin the combined M SK+VUM C cohort.

Models were adjusted for age, sex, and combined anti-PD-(L)1 + anti-CTLA-4 therapy. aHR = adjusted
hazard ratio

PFS

Analysis | aHR 95% ClI p-value

Standard Cox regression analysis | 0.42 | 0.33-0.54 | 6x10-12

1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny
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Time-dependent analysis

0.68

0.52-0.88

4x10-3
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Table 3:
PRSasa predictor of CPI-induced thyroid irAEsin the M SK+VUMC cohort.

HRs of the effect of PRS as a predictor of thyroid irAEs in the combined MSK+VUMC cohort. Cox regression
model was adjusted for age, sex, and the first ten principal components

PRS Phenotype | aHR | 95% CI p-value

Hypothyroidism | 1.34 | 1.08-1.66 | 8.73x10-3

Thyroid medications | 1.32 | 1.07-1.63 | 9.98x10-3
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