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Immune checkpointinhibitors (ICIs) have yielded remarkable responses
but often lead toimmune-related adverse events (irAEs). Although
germline causes for irAEs have been hypothesized, no individual variant
associated with developing irAEs has been identified. We carried out a
genome-wide association study of 1,751 patients on ICls across 12 cancer
types. We investigated two irAE phenotypes: (1) high-grade (3-5) and (2)
all-grade events. We identified 3 genome-wide significant associations
(P<5x107%) inthe discovery cohort associated with all-grade irAEs:
rs16906115 near IL7 (combined P=3.6 x 107%; hazard ratio (HR) =2.1);
rs75824728 near IL22RA1 (combined P=3.5x10"%;HR =1.8); and
rs113861051 on 4p15 (combined P=1.2 x 1078, HR = 2.0); rs16906115
wasreplicated in 3 independent studies. The association near /L7
colocalized with the gain of a new cryptic exon for /L7, a critical regulator
of lymphocyte homeostasis. Patients carrying the /L7 germline variant
exhibited significantly increased lymphocyte stability after ICl initiation,
which was itself predictive of downstream irAEs and improved survival.

Cancerimmunotherapy hasrevolutionized cancer care by harness-
ing the patient’s own immune system against tumors'. However,
because immune checkpoint inhibitors (ICIs) block the body’s
natural safeguards that preventimmune overactivation, treatment
can also affect nonmalignant tissues and cause autoimmune-like
side effects®. Thus, patients on ICls commonly experience
immune-related adverse events (irAEs)**”. High-grade irAEs can lead
to hospitalization and treatment cessation in 15-30% of patients’,
emphasizing the urgent need to understand the mechanisms and
predictors of irAEs. Recent studies have also shown that irAEs

correlate with positive anticancer responses®, highlighting their
relevance to broader therapy outcomes.

One hypothesis for the heterogeneity in irAE onset and severity
is the impact of germline genetic determinants of immune activity®.
Recent work has shown that polygenic germline risk for autoimmune
conditions is correlated with the onset of cutaneous and thyroid
irAEs”™'°, Previous studies of response to ICIs have also highlighted
bothindividual germline human leukocyte antigen alleles" and major
histocompatibility complex diversity'? as predictors of overall survival.
However, to our knowledge no individual genetic variants associated
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with irAEs or response have so far been established. In this work, we
hypothesized thatindividual germline variants may influence the broad
spectrum of irAEs by modulating the general excitability of theimmune
system, asrecently observed for somatic alterations™'*. We carried out
agenome-wide association study (GWAS) of irAEs for patients on ICls
atasingleinstitution, followed by replicationin patients treated at an
independentinstitution and on clinical trials.

Results

GWAS of irAEs

We carried out a GWAS for two irAE phenotypes in 1,751 patients of
European ancestry across 12 cancer types treated with ICls at a single
tertiary institution (Dana-Farber Cancer Institute (DFCI) cohort; Table
land Supplementary Fig.1). Two irAE outcomes were defined for each
patient after treatment initiation: (1) ‘high-grade’ irAEs (259 cases,
1,375 controls) determined by manual curation of records according
to the National Cancer Institute (NCI) Common Terminology Criteria
for Adverse Events v.5 guidelines for grade 3-5 events, with attribu-
tion of AEsas beingimmune-related determined based on the clinical
consensus of the patient’s care team; (2) ‘all-grade’ irAEs (339 cases,
1,412 controls) algorithmically identified based on autoimmune-like
electronic health record (EHR) diagnosis codes (Supplementary
Tablel) andincluding any high-grade irAEs, followed by manual review
to exclude any events that were definitively linked to other causes.
Detailed chart review in a subset of 44 random patients found 85% of
all-gradeirAEstobe consistent with grade 2 or higher events (Methods
and Supplementary Table 2). We saw no effect of sex (P = 0.84; Supple-
mentary Fig. 2) and a significant effect of age (hazard ratio (HR) =1.8
(1.3-2.6), P=4 x107*; Supplementary Fig. 2) on all-grade irAEs. Patients
on CTLA4 or acombination of programmed cell death protein1(PD-1)/
programmed death-ligand 1 (PD-L1) and CTLA4 monoclonal antibodies
experienced a significantly higher rate of irAEs, as previously found®”
(Extended DataFig.1). Power analyses (Supplementary Fig. 3) showed
that this sample was sufficient toidentify large effect variants, whichwe
hypothesized to exist for treatment response outcomes given previous
pharmacogenetic studies™®.

We identified three genome-wide significant loci (P<5 x1078)
associated with all-grade irAEs: 1 near interleukin 7 (/L7) at chr8q21, 1
near the interleukin 22 receptor subunit alpha 1 (/L22RA1I) at chrlp36
andthethird association at chr4p15 (Fig.1and Supplementary Fig. 4).
No genome-wide significant associations were identified for high-grade
irAEs. We tested each single-nucleotide polymorphism (SNP) for asso-
ciation with individual irAE subtypes and found that all three SNPs
were nominally significantacross multipleirAE subtypes with no clear
outliers (Supplementary Fig. 5a and Supplementary Table 3) and were
significantin the 80% of patients on PD-11Cls (with insufficient power
to test differences by drug class such as CTLA-4 versus PD-1IClIs; Sup-
plementary Fig. 6a). Neither variant was associated with overall survival
nor with death without irAEs, even though all all-grade irAEs were
associated with longer overall survival in a time-dependent analysis
(HR=0.78 (0.65-0.94), P=8.6x107%; Supplementary Table 4), which
is consistent with previous findings.

Thelead 821 SNP was rs16906115,acommon variantinanintron
of IL7,withan HR =2.0 (1.6-2.5) (P=3.8 x 10, HR corrected for impu-
tation error; Methods, Fig. 2a,d and Supplementary Fig. 7). Within
individual cancer types, a consistent sign was observed in 9 out of 11
cancer types (P=2.7 x 10 by a one-sided binomial test) with nominal
significance (P < 0.05) in non-small-cell lung cancer, melanoma, renal
cellcancer, bladder cancer, cancer of unknown primary, as well as the
collection of ‘other’ less common cancer types (Fig.2a). The lead 1p36
SNPwasrs75824728,acommonvariantinanintron of /L22RA1, with an
HR=1.9 (1.5-2.4) (P=8.4 x107°; Extended Data Fig. 2a). This SNP was
also nominally significantly associated with high-grade irAEs with a
comparable effect size (HR =1.5 (1.1-2.0), P=1.5 x 107%; Supplemen-
tary Fig. 8a). Motivated by this nominal effect on high-grade irAEs, we

incorporated an additional 734 patients with germline and irAE data,
which further increased the significance of this association (HR=1.4
(1.1-1.8), P=4.1x107%; Supplementary Fig. 8b). Within individual cancer
types, the association was nominally significantin non-small-cell lung
cancer, melanoma, breast cancer, as well as the collection of ‘other’
less common cancer types (Extended Data Fig.2a). The lead 4p15 SNP
was rs113861051 with an HR=2.0 (1.6-2.6) (P=1.1x107%) (Extended
DataFig.2b).

We evaluated potential modifiers orinteractions of the discovered
associations. First, sex and age did not significantly interact with any
ofthe genome-wide significant associations with all-grade irAEs (Sup-
plementary Table 5). Second, using anormative cohort of >23,000 pan-
cancer patients not on ICls at DFCI, no significant associationbetween
any of the three SNPs and the time from sequencing to the first toxicity
(using the same International Classification of Diseases (ICD) codes as
for all-grade irAEs) was observed (Supplementary Fig.10), indicating
that the SNP effects were specific to the ICI setting. Likewise, none of
the three lead SNPs were significantly associated with previous auto-
immune disease defined based onICD codes, nor with a polygenic risk
score (PRS) for autoimmune disease” eitherinthe cohortonIClsorin
patients not on ICls (Methods and Supplementary Fig. 9), suggesting
that these were not generic autoimmune disease variants. Fourth, we
carried out a broad scan for germline, clinical and somatic features
(including tumor mutational burden) associated with irAEs or interact-
ing with the identified SNPs but observed no significant associations
after multiple test correction (Supplementary Table 6), underscoring
the contribution of our germline findings to irAEs. Finally, we investi-
gated various adjustments for the competing risk of death, immortal
time bias and inclusion/exclusion of individuals withimmune-related
diagnoses at the start of treatment and observed no significantimpact
on these associations (Methods and Supplementary Fig. 11).

Independent replication of the IL7 variant

We evaluated the three discovery SNPs in two independent cohorts
for replication (see Methods for cohort details). The rs16906115 vari-
ant near /L7 replicated significantly (HR =2.5 (1.4-4.5), P=1.9 x107)
in an independent cohort of 265 patients on ICIs treated at
Massachusetts General Hospital (MGH cohort; Methods) with severe
irAEsrequiring hospitalization and confirmed by chartreview (Fig.2b,e
and Extended DataFig.3).rs16906115also replicated nominally (HR =1.2
(1.0-1.5),P=0.05) inasecond cohort of 2,275 patients on clinical trials
(CT cohort) for ICIs with grade 2-5 irAEs recorded as part of the trial
(Fig. 2¢,f). Although no significant outliers were observed, a test for
heterogeneity of effect sizes across trials was nominally significant
(P=0.02), primarily driven by the IMpassion130 triple-negative breast
cancer study. Further stratifying by responders and nonresponders
(Supplementary Table 7), the /L7 SNP association became more sig-
nificant in responders (HR=1.38, P=0.033) and less significant in
nonresponders (HR =1.21, P= 0.30), although the difference was not
statistically significant. Subanalyses did not show significant associa-
tions with any other event grade (Supplementary Figs. 12-14) or irAE
subtype (Supplementary Figs. 12 and 15). The other two associations,
rs75824728 near IL22RA1 and rs113861051 at 4p15, did not replicate in
eitherindependent cohorts, although all three associations were signif-
icantin ameta-analysis with the MGH cohort. (Due to data constraints,
we could not performagenome-wide meta-analysis withthe CT cohort.)
Since the CT cohort had detailed response data, we tested for adirect
associationbetween each of the three irAE SNPs and progression-free
survival or overall survival, and none were significant. Lastly, while this
manuscript wasin preparation, the variant near /L7wasindependently
replicatedinathird cohort of 214 melanoma patients onICls in the UK
with severe (grade 3 or above) irAEs requiring corticosteroids, which
was further molecularly characterized in parallel work™. Thus, the
IL7-associated variantreplicated inatotal of three independent cohorts
(Supplementary Table 8).
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Table 1| Cohort description of the discovery and validation cohort at the MGH

Profile cohort (discovery)

MGH cohort (replication)

Overall (n=1,751)

Overall (n=265)

All-grade irAEs

Yes

339 (19.4%)

No

1,412 (80.6%)

High-gradeirAEs

High-gradeirAEs

Yes 259 (14.8%) Yes 51(19.2%)
No 1,375 (78.5%) No 214 (80.8%)
Not curated 117 (6.7%)

Cancer type Cancer type

Non-small-cell lung cancer 539 (30.8%) Gastrointestinal cancer 34 (12.8%)
Melanoma 241 (13.8%) Genitourinary cancer 30 (11.3%)
Other 236 (13.5%) Lung cancer 62 (23.4%)
Glioma 112 (6.4%) Other 66 (24.9%)
Breast carcinoma 111 (6.3%) Skin cancer 73 (27.5%)
Esophagogastric carcinoma 111 (6.3%)

Renal cell carcinoma 109 (6.2%)

Bladder cancer 94 (5.4%)

Head and neck carcinoma 90 (5.1%)

Ovarian cancer 40 (2.3%)

Cancer of unknown primary origin 34 (1.9%)

Colorectal cancer 34 (1.9%)

Sex Sex

Female 814 (46.5%) Female 119 (44.9%)
Male 937 (53.5%) Male 146 (55.1%)
Age Age

Mean (SD) 63.0 (12.4) Mean (SD) 62.3(13.8)

Median (min-max)

63.9 (19.6-102.00)

Median (min-max)

64.0 (22.3-90.2)

Type of treatment Type of treatment

CTLA4 49 (2.8%) CTLA4 24 (91%)
Combination therapy 154 (8.8%) Combination therapy 27 (10.2%)
PD-1/PD-L1 1,548 (88.4%) PD-1/PD-L1 214 (80.8%)

Sequencing

Before ICl initiation

1,363 (77.8%)

After ICl initiation 388 (22.2%)
Startyear

Before 2016 357 (20.4%)
2016 416 (23.8%)
2017 557 (31.8%)
2018 305 (17.4%)
After 2018 116 (6.6%)

Colocalization of IL7 GWAS variant withanew IL7 cryptic exon

We sought to identify a putative mechanism for the /L7 locus by inte-
grating our GWAS with molecular data. In tissue-specific expression
quantitative trait loci (QTLs) mapped by the GTEx consortium®, the lead
irAE SNP was significantly associated with /L7exon junction usageinthe
testis for the chr8:78,740,082-78,749,524 (hg38, Supplementary Fig.16)
junction (whichwe called /L7,,,.) and had an R*0f 0.98 to the lead /L7,
QTL (rs7816685), which was alsoin the irAE GWAS credible set (Supple-
mentary Table 9 and Supplementary Fig.17). By inspection of the raw

RNA sequencing (RNA-seq) coverage and junction plots, we observed
that carriers of therisk allele exhibited splicing and activation of anew
70-base pair (bp) cryptic exon (spanning chr8:78,746,601-78,746,671,
which we called /L7, for ‘cryptic exon’), whereas new junction reads
were entirely absent from all homozygous noncarriers (Fig. 3a). The
SNP had a stronger effect on /L7, and explained the association with
IL7,,. in a conditional analysis, consistent with /L7 being the causal
mediator (Fig. 3b and Supplementary Fig.16). rs7816685 was the most
significant QTL and the only variant located in the splice region of
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Fig.1|Manhattan plot of irAE GWAS associations. Associations in the DFCI discovery cohort for all-grade irAEs. Each dot represents an associated SNP, with position
ofthe SNP (xaxis) and Pvalue of the association (y axis, —log;, scale). We found three genome-wide significant associations, indicated by associations exceeding the
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Fig.2|Discovery associations and replicationin MGH and CT cohorts. a-c,
Forrest plot of genome-wide significant association (reference dosage for allele
G) withall-grade irAEs at 8q21in the Profile cohort (glioma did not converge due
to the low number of events and was therefore excluded) (a), MGH cohort (b)
and CT cohort (c). The error bars correspond to the 95% confidence interval (CI)

around the mean effect size. Significance was obtained from a two-sided Wald
test. d-f, Nonparametric Aalen-Johansen estimator (Methods) for the cumulative
incidence of adverse events after ICl initiation stratified on SNP dosage in the
DFCl discovery cohort (d), MGH replication cohort (e) and using a Kaplan-Meier
estimator in the CT cohort (f). The shaded areas correspond to the 95% Cls.

IL7.. and was predicted to be -1bp from an acceptor gain region for
IL7 by both SpliceAl*° and Pangolin®. Using a method for de novo iso-
formreconstruction (Methods) identified a new transcript spanning
chr8:78,732,772-78,746,671, whichinitiated at rs7816685 and was sig-
nificantly associated with the SNP: detected in 20 out of 54 carriers and
0 out of 54 noncarriers (odds ratio =10, P=1.5 x 10™*; Supplementary
Table10 and Extended DataFig. 4). rs7816685 was thus consistent with
initiatinganewIL7 transcript, although other correlated SNPs cannot
be fully ruled out without experimental validation.

Considering /L7, as the putative functional mechanism, we next
quantifiedits activity in abroader set of tissues and cell types. Across
the GTEx tissues, /L7, expression was low for most tissues except for
testis and lymphoblastoid cell lines (LCLs) exhibiting high outlier
expression (Supplementary Fig. 18a), the latter consistent with the
role of IL7 in lymphoid cell development. LCLs uniquely exhibited
significant correlation between /L7, and total IL7 expression (Fig. 3¢)
as well as significantly higher IL7:IL7R coexpression in the presence

of IL7.. (P=3.4 x107%; Supplementary Fig. 18b), suggesting that /L7,
may stabilize /L7 expression or increase /L7R binding in lymphocytes.
To better understand the precise cell type of action, we mapped /L7,
in publicly available RNA-seq from sorted immune-related cells from
patients withautoimmune diseases: /L7 . was highly expressedin B cells
and moderately expressedin CD4 T cells, with no observable expression
inthe otherimmune cell types (Supplementary Fig.19). In parallel work,
the B cell-specific effect of rs16906115 on /L7 was confirmed in patients
with melanomareceiving ICIs and itsinfluence on T cell development
was further functionally characterized’.

Association of IL7 variant with response in patients not on ICIs
from The Cancer Genome Atlas

As noted above, the IL7 SNP was not associated with overall survival
in any of our cohorts on ICIs and we further investigated this effect
in treated patients from the The Cancer Genome Atlas (TCGA). We
focused on 433 patients with cutaneous melanoma (SKCM), which
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Fig. 3 |IL7 SNP effect cryptic exon activity in GTEx data. a, Sashimi plot of
alternative splicing of /L7 stratified on the lead splice QTL, with the putative
causal variant shown below and the cryptic exon highlighted (/L7..). b, Cryptic
exon activity stratified by lead splice QTL genotype (n =322). ¢, Significance
of coexpression of /L7 and IL7. across GTEx tissues (Pearson correlation).

Significance was obtained from linear regression (two-sided ¢-test). For the
box plot, the bounds of the boxes are the 25th and 75th percentiles around

the median; the minima and maxima of the whiskers correspond to 1.5 the
interquartile range (IQR), additional points further from the median are shown
asoutliers.

Nature Medicine | Volume 28 | December 2022 | 2584-2591

2588


http://www.nature.com/naturemedicine

Article

https://doi.org/10.1038/s41591-022-02094-6

[
(1]

80 rs16906115 Alternative rs16906115 Reference

Paired Wilcoxon test, P=2.6 x10®

Paired Wilcoxon test, P = 0.69
60 -

40

Relative lymphocyte count (%)
Difference in lymphocyte count (%)

40 4

20+

204

Q.

Wilcoxon, P=0.008

bey

T
Alternative

Wilcoxon, P =0.04

501

Difference in lymphocyte count (%)

T T T
Alternative Reference Reference

Before ICI start After ICI start Before ICI start After ICl start
Time point rs16906115 rs16906115
80 4 rs16906115 Alternative 1s16906115 Reference rAE: difference of relative lymphooyte count before and after G start
. Cancer type HR P n 95% CI
S -small- - —— _
< Paired Wilcoxon test, P = 0.95 Paired Wilcoxon test, P =3.8 x 107" Non-small-cell lung cancer 0.83 5:5x107 378 (0.72-1.20)
€ 60 Other 1.20 3.9x10 178 L m— (0.8-1.8)
3 n Melanoma 1.20 2.3x107 157 — (0.9-15)
o i Esophagogastric carcinoma 1.20 6.1x10” n —_— (0.63,2.20)
% . A Breast carcinoma 1.30 2.0ex107 m —_—— 1-1.7)
S 40 1 f Renal cell carcinoma 1.30 22x107 99 ———— (0.83-2.20)
S ( an A Glioma 3.00 52x1072 98 —_—————————————  (0.99-920)
_E / Bladder cancer 110 7.7x107 89 —_— (0.6-2.0)
0 /b N\ 3 \ Head and neck carcinoma 0.66 42x107" 60 —_— (0.25-1.80)
2 20 4 St . e AN Ovarian cancer 0.86 86x10" 38 (0.17-4.40)
3 g - N —— = . Colorectal cancer 0.79 7.7x107" 29 (0.16-3.80)
& | = ) Cancer of unknown primary origin ~ 5.50 7.9x107? 21 —f————————————  (0.82-36.00)
od N 7 N Ey
‘ : : : Fixed-effects model 12 1.8ex1072 1,375 —_ (1.0-1.3)
r T T T T T 1
Before ICl start After ICl start Before ICl start After ICl start o 05 10 15 20 25 30
Time point HR
100 | rs16906115 Alternative rs16906115 Reference
Paired Wilcoxon test, P= 1 Paired Wilcoxon test, P = 0.0041 1 Overall survival without irAE: Difference of relative Lymphocyte count before and after ICI start
® | | Cancer type HR P n 95% Cl
2 75 | Non-small-cell lung cancer 0.87 7.3x102 378 — (0.76-1.00)
3 [} Other 1.00 7.7x107 178 H———— (0.83-1.30)
o [ Melanoma 073 8.3x107 157 —_— (0.51-1.00)
5 | Esophagogastric carcinoma 0.65 6.1x107° n7 mm— (0.48-0.88)
S 504 | | Breast carcinoma 0.89 2.9x107 m R — (0.72-110)
S A Renal cell carcinoma 0.80 35x10" 99 —_— (0.5-1.30)
3 /1 H 3 Glioma 0.95 7.0x107 98 —_— (0.71-1.30)
o VAR TN / i N S Bladder cancer 0.77 1.8x10” 89 ——— (0.52-1.10)
2 254 / 1 N\ \ — \\ Head and neck carcinoma 0.87 5.6x107 60 —_—— (0.54-1.40)
b —— = | — Ovarian cancer 073 55x10" 38 (0.26-2.10)
= . | = = = / Colorectal cancer 1.20 6.6x107 29 —_— (0.57-2.40)
o 1 1 = Cancer of unknown primary 120 7.2x107 21 (0.41-3.60)
T T T T 3
- o . L Fixed-effects model 0.87 1.6 %10 1,375 —_— 0.8-0.95;
Before first irAE After first irAE Before first irAE After first irAE Pecretiects mode ( )

Time point

Fig. 4 |IL7 SNP effect on lymphocyte homeostasis in patients onICls. a-e,
Lymphocyte counts (percentage of total number of circulating leukocytes)

up to 30 d before and after ICl initiation for cases and controls. Two-sided

paired Wilcoxon test between time points in carriers and noncarriersin the
DFCI(n=1,375) (a) and MGH (n = 251) (b) cohort. Two-sided Wilcoxon test of

the difference inlymphocyte counts before versus after ICl initiation between
carriers and noncarriers in the Profile (n =1,375) (¢) and MGH cohort (n = 251) (d).
Two-sided paired Wilcoxon test between before and after firstirAE in carriers

0.5 1.0

HR

15

and noncarriers in the DFCI cohort (n = 337) (e). For the box plots, the bounds of
the boxes are the 25th and 75th percentiles around the median; the minima and
maxima of the whiskers correspond to 1.5x the IQR; additional points further
from the median are shown as outliers. f,g, Association between difference in
lymphocyte counts before and after ICl initiation and developing irAE (f) as well
asdeath without anirAE (g). The error bars correspond to the 95% Cl around the
mean effect size. Significance was obtained with a two-sided Wald test.

included both primary and metastatic patients, in contrast to other
TCGA cancers. Strikingly, we observed a significant association
betweentheIL7 germline SNP and favorable progression-free survival
(HR=0.47 perirAE-increasing allele after adjusting for age and stage,
P=1.7 x107%, Supplementary Table 11), with consistent and significant
effects for overall survival and other end points (Extended Data Figure
5), indicating that the irAE-increasing allele can also exhibit an anti-
tumor influence outside of the ICI setting. We attempted to quantify
IL7 . activity in the RNA-seq data but, in contrast to the newer GTEx
datawhich usedlonger reads and higher mean depth, coverage of this
region in the TCGA was low; therefore, no junction-spanning reads
were observed. The IL7 SNP was nominally associated withraw /L7,
coverage (P=4.5x107) and became more significant as an interac-
tion with deconvoluted B cell proportions® (P=1.5 x107; Methods),
consistent with B cell specificity (Supplementary Fig. 20), although we
cautionthatboth /L7, coverage and cell type deconvolution are proba-
bilistic estimates with uncertainty. Overall, we found clear evidence

of agermline effect on antitumor response in this independent and
conventionally treated population.

Association of IL7 variant with lymphocyte homeostasis

Due to the knownrole of /L7 in lymphocyte homeostasis®*, we explored
whether the influence of rs16906115 onirAEs was reflected in the periph-
eral blood lymphocyte count from clinical laboratory data. As a sur-
rogate for lymphocyte expansion/homeostasis, we defined the change
inrelative lymphocyte count (percentage of circulating white blood
cell count) using measurements 30 d before/after ICl initiation for
patients in the DFCl and MGH cohorts (we refer to this as 6/%). In the
DFCl cohort, carriers of therisk allele exhibited no significant change
inlymphocytes (median 6= 0.20 (-0.80 to 1.2], P= 0.69) whereas
noncarriers had significantly reduced 6’ (median 6,=-0.90 (-1.3to
0.50), P=2.3 x10°® by paired Wilcoxon test), which was replicated in
the MGH cohort (median 6/¢=-4.9 (-6.4t03.5), P=3.8 10" for non-
carriers and median 6¢=-0.125 (-3.4 t0 3.35), P= 0.95 for carriers).

Nature Medicine | Volume 28 | December 2022 | 2584-2591

2589


http://www.nature.com/naturemedicine

Article

https://doi.org/10.1038/s41591-022-02094-6

The differencein 5‘LCC' between carriers and noncarriers was significant
inboth the DFCI (difference inmean 6,'=-1.1(-2t0 0), P= 0.040) and
MGH cohorts (6,=-4.8(-8.5t0-1.3), P=0.0080;Fig.4),aswellasan
independent cohort of patients with melanoma'. Similarly, &/2F
defined 30 d before versus after irAEs was stable for carriers (P = 0.49)
but not for noncarriers (P =2.2 x 107%), although this association may
be complicated by steroid use (Supplementary Fig. 21, Supplementary
Table 13). Thus, the /L7 variant had a consistent stabilizing effect on
lymphocyte counts at the initiation of ICI therapy and at the onset of
irAE. Results were similar when using absolute lymphocyte count.
Lastly, we investigated whether this phenomenon pointed to broader
lymphocyte dynamicsirrespective of genotype status. Indeed, higher
6‘LCC' was nominally associated with increased irAE incidence (HR =1.2
per s.d., P=0.018) and a concomitant increase in overall survival for
those patients not experiencing any irAE (HR=0.87, P=1.6 x107) in
the DFCI cohort (Supplementary Table 12), although we note that 6,
islikely anoisy surrogate for the underlying dynamicimmune process
and not adirect biomarker itself.

Discussion

We conducted a GWAS of irAEsin an observational pancancer setting,
identifying three new genome-wide significant associations, with rep-
lication of avariantnear /L7 in three independent cohorts. This variant
appearedtoinitiate anew crypticisoform of /L7, was predictive of [lym-
phocyte stability in patients on ICIs and improved prognosis in TCGA
melanoma, which is predominantly a cohort not onICls. Although we
focused this work on the mechanistic follow-up of IL7 due to its consist-
ent replication, the independent associations near IL22RA1 and 4p15
may pinpoint additional mechanisms.

Although the putative /L7 mechanism identified in this work has
not previously been linked to irAEs, /L7 has been extensively studied
foritsinvolvementinimmune response and autoimmune disease. /L7
has acritical role in the development and maturation of T cells, limits
organtoxicity during antiviralimmune response and supports aberrant
immune activity in autoimmune disease”. There is evidence that /L7
expression blocks PD-1, leading to type 1 diabetes®, as well as involve-
mentinthe development of chronic colitis®, functioning like anatural
checkpointinhibitor”. The administration of IL7in patients with cancer
results in increased lymphocyte counts (particularly CD4" and CD8"
T cell counts) and reduced regulatory T cell counts®. Therefore, it is
plausible that the /L7 risk variant results in a more facilitatory milieu
for autoimmune/autoreactive immune responses in patients on IClIs,
explaining its association with irAEs. Several studies have shown that
IL7 receptor blockade can reverse the autoimmune response”, offer-
ing a potential therapeutic avenue for managing /L 7-mediated irAEs.

Our work highlights a complex relationship between irAEs and
clinical response. In the cohorts on ICls, the /L7 SNP was associated
withincreased irAEs but was not associated with clinical responses or
survival. In the TCGA cohort with melanoma, largely not treated with
IClIs, the /L7 SNP was associated withimproved survival. Taken together,
the IL7 SNP may thus inform treatment, with carriers exhibiting bet-
ter clinical outcomes off ICIs but more irAEs on ICls. We additionally
observed /L7 SNP carriers to exhibit increased lymphocyte stability,
whereas lymphocyte stability itself, as a pharmacodynamic biomarker,
was associated with both increased irAEs and improved overall sur-
vival. Thus, we hypothesize that lymphocyte stability may capture
multiple immunological processes: in carriers of the germline SNP, a
host autoimmune response to ICIs that leads to irAEs; in noncarriers,
abroader antitumor response that can lead to improved survival and
irAEs (Extended Data Fig. 6). While our study has uncovered a genetic
instrument, detailed response and treatment history datain a large,
genotyped cohort will enable further dissection of these processes.

Our study has several limitations. First, the heterogeneity of irAE
presentation and severity led us to define two partially overlapping
outcomes. Inthe discovery GWAS, irAEs were manually abstracted from

clinical notes and algorithmically inferred using EHR data (followed by
manual quality control) and may have thus included some events with
ambiguous causes, especially for irAEs that were observed well after the
treatment was administered”. Second, while our study was sufficiently
large to discover replicating associations, the power toidentify moder-
ate effect sizes was still low and additional associations with irAEs may
yet be discovered (particularly within individual cancer types). The
substantial differences in power between the all-grade and high-grade
outcomes also made characterization of grade-specific effects challeng-
ing. Third, the observational nature® of the DFCI/MGH cohorts likely
resulted inaheterogeneous patient population. Although we attempted
to control for common covariates, most patients had a complex treat-
ment history that could not be modeled. We expect this heterogeneity
to primarily influence power and generalizability since germline genetic
variation cannot be caused by unmodeled confounders. Fourth, we
restricted our study to individuals of European ancestry to mitigate
possible populationstratification® but further studiesinindividuals of
non-European ancestry are warranted to understand the generalizability
ofthese associations. Inparticular, the associated variant rs7816685 near
IL7has anallele frequency of 31% in East Asian populations (compared to
6.5% in Europeans) and may thus explainmore varianceinirAEsin Asian
patients. Fifth, the use of imputation fromtumor-only panel sequencing
forthe discovery GWAS produced imputed variants with more noise than
direct genotyping and likely excluded some difficult-to-impute or rare
polymorphisms. This limitation also offers an opportunity for further
analysis of this variant in existing panel sequencing datasets™.

The identification of genetic variants associated with irAEs is
consistent with a hypothesized patient-specificimmunological set
point and opens avenues for future analysis to inform the genetic
architecture ofirAEs including: genetic correlation with other complex
traits®*; PRS for patient stratification®*; and Mendelian randomization
to estimate the causal influence of irAEs on other cancer outcomes™.
Larger studies will enable polygenic analyses to uncover the cell types,
gene sets and pathways that drive these outcomes. Ultimately, the util-
ity of these associations toidentify high-risk patients for monitoring or
treatment modifications must be evaluated in prospective, randomized
trials in conjunction with their influence on antitumor response.
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Methods

Cohort definition, consent and genotyping

This research complies with all relevant ethical regulations. Analyses
were carried out across three cohorts with genotyping and clinical
information.

DFCI cohort. Atotal of 1,751 patients of European ancestry (toavoid any
confounding from population stratification) were treated with ICIs at
the DFCIfrom 2013 t0 2020 (Table 1), across 12 cancer types. Approxi-
mately 90% of patients were treated with PD-1/PD-L1 inhibitors and
approximately 10% with combinationimmunotherapy, defined as both
CTLA4 and PD-1/PD-L1 (Supplementary Table 14). Patients were biop-
sied and sequenced on the OncoPanel tumor sequencing platform®
targeting 275-447 cancer genes and germline SNPs were imputed using
ultra-low-coverage off-target reads®” with imputation accuracy evalu-
ated using a partially overlapping set of directly genotyped individu-
als (Supplementary Fig. 1). For normative comparisons, a pancancer
control cohort of 23,763 individuals treated with non-ICI therapies
at the DFCl was similarly sequenced and imputed through the same
pipeline. DFCl samples were selected and sequenced from patients
who were consented under institutional review board (IRB)-approved
protocol 11-104 and 17-000 from the Dana-Farber/Partners Cancer
Care Office for the Protection of Research Subjects. Writteninformed
consent was obtained from participants beforeinclusionin this study.
Secondary analyses of previously collected data were performed with
approval from the Dana-Farber IRB: DFCI IRB protocol 19-033 and
19-025. Waiver of Health Insurance Portability and Accountability Act
authorization was approved for both protocols.

MGH cohort. This was an independent pancancer cohort of 265
patients on ICls at the MGH with direct germline genotyping on the
lllumina Multi-Ethnic Genotyping Array (MEGA) (Table 1). Occurrence
of high-gradeirAEs (33 cases, 163 controls) was obtained through the
Severe Immunotherapy Complications Program at MGH for inpatient
management of high-gradeirAEs. Each high-grade irAE was clinically
confirmed by an oncology team with expertise in diagnosing and
managing irAEs and secondarily verified by organ-specific clinical
irAE experts at the corresponding disease center. Cancer types with
fewer than 30 patients were combined into ‘other’ cancers (Supple-
mentary Table 15). This study was approved by the Massachusetts
General Brigham IRB (protocol no. 2020P002307), which waived
the informed consent requirement because only deidentified data
were used. The authors acknowledge that data reporting was con-
sistent with the IRB-approved protocol for deidentified reporting
of patient data.

CT replication cohort. A second replication analysis of individual
associations was carried out in 2,275 patients who were treated with
atezolizumab (anti-PD-L1) and were of European ancestry and met
sample and genetic data quality control from 12 previously published
clinicaltrials sponsored by F. Hoffmann-La Roche/Genentech (Supple-
mentary Table 16). Studies included trials of atezolizumab in renal cell
carcinoma (IMmotion), lung cancer (IMpower), triple-negative breast
cancer (IMpassion), urothelial cancer (IMvigor) and advanced cancers
(indoleamine 2,3-dioxygenase; majority lung, breast or ovarian). All
patients provided informed consent for the respective main study. A
subset of patients signed an optional Research Biosample Repository
(RBR) Informed Consent Form (ICF) to provide whole-blood samples
for future research, including study of inherited and noninherited
genetic variation from these whole-blood samples. Ethics committees
and IRBs at each study site for each clinical trial approved the clinical
trial protocol, the main study ICF and the RBR ICF (Supplementary
Table 20). Whole-genome sequencing data were collected from whole
blood (as described previously*®) and used to compute individual vari-
antassociation statistics.

TCGA SKCM cohort. Data from 433 patients with melanoma (SKCM)
inthe TCGA were accessed through the Genomic Data Commons Data
Portal. Germline datawere called from normal/blood on an Affymetrix
SNP 6.0 SNP array using Birdsuite v1.5.5 and then imputed using the
Michigan Imputation Server. Outcomes and clinical covariates for the

TCGA datawere accessed from the Clinical Data Resource®.

Statistical analysis

The GWAS was carried out across all variants in the DFCI and MGH
cohortsforassociation with time toirAE separately for eachirAE defini-
tion.Inall cohorts, individuals were restricted to Europeanancestry. Due
tothe competingrisk of death while ontreatment, a cause-specificHR
was computed for every SNP using a mixed-effects model*’, equivalent
to censoring on death or loss to follow-up. In each cohort, covariates
were included for ancestry, age, sex and line/type of treatment (see
below). Statistical fine-mapping of genome-wide significant lociwas car-
ried out using the SuSIE software v.0.9.57 (ref. *'). irAE probabilities and
cumulative incidence were quantified using the Aalen-Johansen esti-
mator, anonparametric estimator that accounts for competing risks*.
Associations betweenirAEs and overall survival were evaluated using a
time-dependent covariate coded as O for controls and as 1 starting from
the time of the first irAE. For the TCGA SKCM survival analyses, tests
were performed using Cox proportional-hazards regression (with age,
sex and stage as covariates) and visualized using Kaplan-Meier curves.

Analysis of molecular data

Associations were functionally characterized using publicly available
gene expression and splicing data from multiple resources. Variants
were connected to putative target genes using gene expression and
splicing QTLs across 44 tissues from the GTEx consortium*’, RNA-seq
BAM files were downloaded from the GTEX repository, splice junc-
tion usage was analyzed using ggsashimi v1.1.5 (ref. **), de novo tran-
script reconstruction was conducted using Cufflinks v.2.2.1 (ref. *°)
and candidate coding regions were inferred using TransDecoder
v5.5.0. Cell sorted data across siximmune cell subsets from individu-
alswith autoimmune diseases and healthy controls were accessed from
Collado-Torres et al.** and the Gene Expression Omnibus (SRP045500).
Pancancer RNA-seq BAM files from the TCGA were used to quantify
expression across tumor sites*” and correlated against previously
defined immune populations and signals*®. Analyses of read-level
activity and cryptic splicing were carried out using the recount2 frame-
work®. Clinical laboratory measurements were extracted from EHR
datavia the Oncology Data Retrieval System*® framework for the DFCI
cohort and the Research Patient Data Registry*' for the MGH cohort.

Sample collection, genotype imputation and quality control
DFCI cohort. The DFCI cohort was sequenced as part of the Profile
project, a prospective clinical sequencing effort for consented patients
undergoing routine treatment at the DFCI and affiliated hospitals. A
custom targeted hybrid capture sequencing platform (OncoPanel)
was used to assay genomic variation fromtumor biopsies. Eachsample
was sequenced on1of3 panel versions targeting the exons of 275,300
and 447 genes, respectively. Samples meet a minimum of 30X cov-
erage for 80% of targets for analysis. Somatic variation (including
single-nucleotide variants, insertions/deletions and copy number
variation) was called by the Profile clinical bioinformatics pipeline
and signed out by a pathologist at Brigham & Women'’s Hospital after
technical review, as described previously*. Off-target and on-target
reads from the sequenced BAMs were imputed using the STITCH impu-
tation software v1.6.6 (ref.*>?). Imputed variants were restricted to a
minor allele frequency (MAF) > 1% and imputation INFO score >0.4.
Genetic ancestry was inferred using principal component projection
with the SNPWEIGHTS software v2.1. Continental components were
used to excludeindividuals of non-European ancestry; within-Europe
components were included as covariates.
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A partly overlapping cohort of 833 individuals (126 overlapping
patients on ICIs) with both OncoPanel tumor sequencing and direct
germline SNP array genotyping (on the lllumina MEGA) was used to
benchmarkimputationaccuracy. Pearson correlation for each SNP was
computed between the tumor-imputed and germline-genotyped indi-
viduals. Mean imputed SNP correlation was 0.86 after variant quality
control and highly uniformacross the genome (Supplementary Fig.1).
Any remaining noise was only expected to make the HRs of associations
inthe GWAS usingimputed SNPs more conservative. Detailed analysis
of variantimputationaccuracy havebeen described separately and the
imputation workflow is publicly available”. For visualizations where
imputed patients were stratified by variant carrier/noncarrier status,
the decision boundary was determined using logistic regression of
carrier status on imputed dosage in the samples with both tumor
sequencing and SNP array data.

MGH cohort. Blood samples were collected from MGH patients and
genotyped onthe lllumina MEGA array. Datawere imputed to the 1000
Genomes reference panel using the Haplotype Reference Consortium
imputation server, followed by quality control removing variants with
anMAF <1%and INFO score < 0.9. Genetic ancestry was inferred using
in-sample principal components and restricted to individuals with
European ancestry.

CT cohort. A subset of patients signed an optional RBRICF to provide
whole-blood samples for future research, including study of inherited
and noninherited genetic variation from these whole-blood samples.
Whole-genome sequencing data were collected from whole blood as
described previously. Genetic ancestry wasinferred using ADMIXTURE
and restricted to individuals with European ancestry (ancestry > 0.7).
In-sample principal components were also computed to account for
any remaining population structure.

Outcome definitions in the DFCI cohort

Mortality was collected using linkage to the National Death Index
through 2019. For patients who died after 2019, a clinical death index
fromthe EHR was used, which captured 86% of occurred deaths when
evaluated for patients before 31 December 2019.

Theall-grade event definition was obtained by algorithmic abstrac-
tion using EHR diagnosis codes. A list of predefined relevant diagnosis
codes was used to filter all available codes for potential AEs after the
start of treatment and up to 60 d after receiving the last ICI dose. Diag-
nosis codes presentinthe EHR of therespective patient before the start
of treatment were excluded. Evident false positives were excluded by
inspection of the diagnosis code and manual review of the patient chart
at the event date to exclude events that did not occur or were clearly
linked to non-ICl causes. The search terms used and manual exclusion
list of search terms are shown in Supplementary Table 1.

Previous autoimmune disease and PRS

Weinvestigated therelationships between theidentified risk variants
and previous autoimmune disease and autoimmune disease risk. We
defined patients with previous autoimmune disease based on the
occurrence of anautoimmune-related ICD 10th revision codes before
the start of ICI treatment. Each irAE lead SNP was then tested for asso-
ciation with previous autoimmune disease, while adjusting for age,
sex, treatment year, panel version of the sequencing panel, treatment
type, line of treatment and cancer type. As an alternative measure of
autoimmune disease risk, we also inferred a PRS for any autoimmune
disease from a recent UK Biobank GWAS study (see Data availability
section). We confirmed that the PRS was significantly associated with
the previous ICD-based autoimmune disease definitionin the cohorton
ICIs (P=8.8 x10™*). EachirAE lead SNP was again tested for association
withthe PRS, adjusting for cancer type, age, sex, panel version and the
first two principal components to control for ancestry.

Termination of treatment and steroid administration

For a subset of 44 patients, who were selected based on the highest
dosage of the lead /L7 SNP, information on continuation of treatment
afterirAE and steroid administration was manually annotated through
manual chartreview.

Survival analysis

GWAS discovery. In the DFCl discovery and MGH cohorts, discovery
of GWAS variants associated with the risk of irAEs was performed
using a multivariate, multistate survival framework modeling with
irAE as the primary outcome and death as a competing risk. Direct
modeling of competing risks isimportant forincidence computation
to account for potential survivor bias®, where individuals who live
longer may develop more irAEs by chance. Due to computational con-
straints, the mixed-effects survival GWAS methodology did not allow
for stratified covariates and flexible truncation. Thus, we reestimated
the top associations (P < 5 x 107®) by fixed-effect meta-analysis over
the cancer types with stratification of any covariates that exhibited
a proportional-hazards violation. Lastly, to account for error in the
imputation, we rescaled the HR based on the imputed/genotyped
relationship, although we note this is a linear rescaling that does not
impact the significance of the association.

Additionally, to account for immortal time bias, 422 patients
who were sequenced after the start of ICI treatment were left trun-
cated until sequencing. Left truncation and excluding patients with
allograft surgery or immunosuppressants at the start of treatment
did not influence any of the genome-wide significant associations
(Supplementary Fig. 11).

Inthereplication cohort (CT cohort), cause-specific HRsand Pvalues
were estimated by conventional survival analysis with censoring on
death orlossto follow-up. This cause-specific hazard computation (our
primary measure of effect size) is equivalent to that estimated from
the multistate model, which effectively censors on death and loss to
follow-up but gains abit of statistical power modeling with similar HRs
for death and irAE outcome when estimating the technical covariates.

Multistate modeling of competing risks. We employed atime-to-event
analysis with irAEs as the event of interest. However, since death pre-
cludesfromexperiencing anirAE, death events were addressed through
anillness-death model, aspecial case of the class of multistate survival
models. Inthis model, patientsinthe ‘treatment’ state can either experi-
enceatransitionto ‘irAE’ or ‘death’ without having experienced anirAE.
Furthermore, patients who have experienced anirAE canalso transition
tothe death state. For any transition in the multistate survival model,
censoring due to loss to follow-up and left truncation due to delayed
sequencing were employed.

Inthe setting of multistate survival models, there are two possible
HRs one mightbeinterested in: the cause-specific hazard and the subdis-
tribution hazard. While the subdistribution hazard quantifies the risk for
theincidence of the eventinthe population, the cause-specific hazard
quantifies the inherent risk of a patient experiencing an event condi-
tioned on that patient being event-free. Therefore, the cause-specific
HR corresponds to theinfinitesimal generator of transitions inaMarkov
jump process with added censoring. Since we are interested in the
biological mechanism of experiencing an irAE, the primary quantity
of interest is the cause-specific HR (see further discussion in Austin &
Fine*). The subdistribution hazard, which takesintoaccount therisk of
the competing death event given from the same covariate, is of second-
aryinterest primarily from an epidemiological perspective.

To address the challenge of estimating the cumulative
population-level incidence/probability of an irAE in the multistate
setting, we employed the Aalen-Johansen estimator*'. We treated
irAEs as a transient state to obtain the probability over time to have
experienced an irAE but be alive and irAEs as an absorbing state to
obtain the cumulative incidence of irAEs over time.
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Computational constraints. When running a time-to-event GWAS,
we sought to use methods that satisfied multiple requirements: (1)
amixed-model survival model to adjust for latent relatedness struc-
ture in the genetic data; (2) left truncation at sequencing time to
alleviate immortal time bias; (3) proper adjustment for meaningful
covariates, in the sense that we did not just want the best fit but to
adjust such thatthe HR of the tested SNP is unbiased. This necessitates
stratifying over covariates that do not satisfy the proportional-hazards
assumption. Tools that cando all three thingsin finite time are, to the
best of our knowledge, not available. Therefore, we ran a GWAS with
coxmeg v.1.0.11, a fast tool that does not incorporate left truncation
and adjustments for proportional-hazards violations, and thenreran
the top associations using the full multistate approach (manually
implementedin R using the mstate v.0.2.11 package), in total needing
2-3donacluster.

Power analysis

We conducted a power analysis using the sample size calculator of the
San Francisco Clinical and Statistical Science Institute. Using the HRs
in the DFCl discovery cohort, we quantified how many events would
be needed to discover the association at 80% power (Supplementary
Table 17). Using the number of events we observed for all-grade and
high-gradeirAEs, we quantified the relationship between the underly-
ing HR and statistical power to discover an association at genome-wide
significance (P< 5 x107®) (Supplementary Fig. 3).

Covariate adjustment

In the DFCI discovery cohort, covariates were included for: two
within-Europe ancestry components (after restricting to individu-
alswith European ancestry; see above); age at the start of treatment;
self-identified sex; line of treatment as determined from the EHR
medicationrecords; start year of treatment; type of treatment (PD-1/
PD-L1or CTLA4 monotherapy or combination); concurrent alternate
treatment (chemotherapy, targeted therapy); and two technical
covariates adjusting for the version of the targeted panel and an
indicator for sequencing after the start of treatment. Patients were
groupedinto cancer types with >30 individuals and the analyses were
stratified or meta-analyzed over cancer types (as indicated). In the
MGH cohort, covariates were included for cancer type, type of ICI,
age at the start of treatment, sex and genetic ancestry. Cancer type
was included as a covariate rather than a stratifying variable due to
therelatively small sample size of each type and the assumption that
common covariate effects could be better learned across all samples.
In the CT cohort, covariates were included for five genetic ancestry
components and stratified on treatment arms (which also capture
cancer types).

Reporting summary
Furtherinformation onresearch designisavailablein the Nature Port-
folio Reporting Summary linked to this article.

Data availability

Full summary association statistics for the discovery cohort are avail-
able at Zenodo https://zenodo.org/record/6800429. The deidenti-
fied clinical outcomes and three main associations are available in
Supplementary Table 18 for all-grade and Supplementary Table 19
for high-grade irAEs. The UK Biobank association statistics for auto-
immune disease were previously computed by BOLT-LMM v.2.3 and
used to estimate the autoimmune disease PRS (https://data.broadin-
stitute.org/alkesgroup/UKBB/UKBB_409K/). The RNA-seq data from
the GTExand TCGA was accessed through the ReCount2interface and
API (https://jhubiostatistics.shinyapps.io/recount/). Cell-sorted data
across six immune cell subsets from individuals with autoimmune
diseases and healthy controls were accessed from Chowell et al." and
the GEO (SRP045500).

Code availability

We used the R programming language v.3.5.1and the survival v.2.44-1.1,
mstatev.0.2.11and coxmeg for GWAS v.1.0.11 packages. SuSIE v.0.9.57
was used for fine-mapping. Analysis scripts can be found at https://
github.com/stefangroha/GWAS _IL7.
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Extended Data Fig. 2| Discovery associations of locus near IL22RA1 and 4p15. Discovery associations with rs75824728 (a) and rs113861051 (b) stratified by cancer
type. The error bars correspond to the 95% confidence interval around the mean effect size. Significance was obtained from a two-sided Wald test.
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|:| For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes
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Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

Our web collection on statistics for biologists contains articles on many of the points above.

Software and code

Policy information about availability of computer code

Data collection  The data is collected and curated by the OncDRS team at DFCI, SQL requests were used to access the data. Some curation was done using
EPIC HYPERSPACE November 21st version.

Data analysis We used the R programming language (v3.5.1) and the survival R package (v2.44-1.1) as well as the mstate package (v0.2.11) and coxmeg
package for GWAS (v1.0.11). susieR (v0.9.57) was used for finemapping. Analysis scripts can be found at https://github.com/stefangroha/
GWAS_IL7

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Portfolio guidelines for submitting code & software for further information.

Data

Policy information about availability of data
All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:

- Accession codes, unique identifiers, or web links for publicly available datasets
- A description of any restrictions on data availability

- For clinical datasets or third party data, please ensure that the statement adheres to our policy

Full summary association statistics for the discovery cohort are available at https://zenodo.org/record/6800429. The de-identified clinical outcomes and three main
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associations are available in Table S18 for all-grade and S19 for high-grade irAEs.

UK Biobank association statistics for autoimmune disease were previously computed by BOLT- LMM v2.3 and used to estimate the autoimmune disease PRS
(accessed from: https://data.broadinstitute.org/alkesgroup/UKBB/UKBB_409K/). RNA-seq data from GTEx and

TCGA was accessed through the Receount? interface and API (https://jhubiostatistics.shinyapps.io/recount/).

Cell sorted data across 6 immune cell subsets from individuals with autoimmune diseases and healthy controls were accessed from GEO (SRP045500).

Human research participants

Policy information about studies involving human research participants and Sex and Gender in Research.

Reporting on sex and gender We had only information on self-identified sex assigned at birth. All patients on matching treatments were included
regardless of sex, sex was included as a covariate and in post-hoc analyses based on self-report; Individual level data by sex is
reported in Supp Table S18. The study design was not sufficient to conduct sex specific analyses, post-hoc sex interaction
analyses were conducted and showed no significant sex specificity.

Population characteristics The main discovery cohort consisted of 1751 patients on immune checkpoint inhibitors with an average age of 63. Aroun d
47% percent of patients were female, 53% male. We analysed the discovery cohort using two within-Europe ancestry
components (after restricting to European population defined by a cut-off on germline principal components); age at
treatment start; gender; line of treatment as determined from the EHR medication records; start year of treatment; type of
treatment (PD1/PD-L1 or CTLA4 monotherapy, combination); concurrent alternate treatment (chemotherapy, targeted
therapy); as well as two technical covariates adjusting for the version of the targeted panel and an indicator for sequencing
after treatment start.

Recruitment This is a retrospective analysis of routinely treated patients at Dana-Farber, patient selection was blind to germline genotype
or outcome.
Ethics oversight DFCl samples were selected and sequenced from patients who were consented under institutional review board (IRB)-

approved protocol 11-104 and 17-000 from the Dana-Farber/Partners Cancer Care Office for the Protection of Research
Subjects. Written informed consent was obtained from participants prior to inclusion in this study. Secondary analyses of
previously collected data were performed with approval from the Dana-Farber IRB: DFCI IRB protocol 19-033 and 19-025;
waiver of Health Insurance Portability and Accountability Act (HIPAA) authorization approved for both protocols.

This study was approved by the Mass General Brigham Institutional Review Board (Protocol 2020P002307), which waived the
informed consent requirement because only deidentified data were used. The authors acknowledge that data reporting was
consistent with the IRB-approved protocol for deidentified reporting of patient data.

For the clinical trials data, patients signed an optional Research Biosample Repository (RBR) Informed Consent Form (ICF) to
provide whole blood samples for future research. By signing the optional RBR ICF, patients provided informed consent for
study of inherited and non-inherited genetic variation from these whole blood samples. Ethics Committees (EC) and
Institutional Review Boards (IRB) at each study site for each clinical trial approved the clinical trial protocol, the main study
ICF, and the RBR ICF.

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Field-specific reporting

Please select the one below that is the best fit for your research. If you are not sure, read the appropriate sections before making your selection.

Life sciences |:| Behavioural & social sciences |:| Ecological, evolutionary & environmental sciences

For a reference copy of the document with all sections, see nature.com/documents/nr-reporting-summary-flat.pdf

Life sciences study design

All studies must disclose on these points even when the disclosure is negative.

Sample size Sample size was given by the number of patients consenting to the research protocol with a cut-off date when the data was obtained.

Data exclusions  No data was excluded from the analysis or the restriction is described in the article.

Replication The findings for the genome-wide significant locus near IL-7 were successfully replicated in two independent cohorts in this article and
additionally in the co-submitted manuscript with further functional replications. No other attempts were made for this locus. The other two

genome wide significant loci did not replicate in two independent replications and no other attempts for replication were made.

Randomization  The cohort is observational and not randomized. We controlled for cancer type, age, sex, line of treatment, treatment type, genetic ancestry,
start year and some technical covariates.
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Blinding This is an observational genetic study, not a clinical trial. The patients were assigned to treatments based on clinical decisions and to their
respective germline SNP based on genetic heritability.

Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.
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Materials & experimental systems Methods
Involved in the study n/a | Involved in the study
Antibodies |:| ChiIP-seq
Eukaryotic cell lines |Z |:| Flow cytometry
Palaeontology and archaeology |:| MRI-based neuroimaging

Animals and other organisms
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