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Abstract

Background: Predictive biomarkers could allow more precise use of immune checkpoint
inhibitors (ICI) in treating advanced cancers. Given the central role of HLA molecules in
immunity, variation at the HLA loci may differentially impact response to ICI. The aim of this
epidemiological study was to determine the effect of HLA-A*03 as a biomarker for predicting
response to immunotherapy.

Corresponding author: Mary Carrington, Basic Science Program, Frederick National Laboratory for Cancer Research in the
Laboratory of Integrative Cancer Immunology, National Cancer Institute, Bethesda, MD 20892.

Drs. Naranbhai and Viard contributed equally to this article.
Contributors
VN and MC conceived the study. VN, MV, MD, SG, DAB, DG, CL, SAS, PS, XJM, PR and AG curated data and conducted
data analyses. VN and MC wrote the first draft of the manuscript. YY performed HLA typing. MC, WR, KC, AG, TKC and JLG
supervised the analyses. MC, JLG, TKC were responsible for funding acquisition. PBR and XJM performed analyses of the JAVELIN
Renal 101 randomised control trial for which TKC was the Principal Investigator. MWR supervised analyses of the CheckMate suite
of studies. All authors reviewed and edited the final manuscript. The underlying data was accessed and verified by the following
authors: VN, MV, DAB, SG, AG (academic authors) and XJM, PR, MWR, PS (industry authors).
Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review
of the resulting proof before it is published in its final form. Please note that during the production process errors may be discovered
which could affect the content, and all legal disclaimers that apply to the journal pertain.
Data sharing statement: Data (deidentified) are available to bona fide researchers via the original reports from which data was
accessed, or from the authors subject to the restrictions relevant to each cohort. Code used is available by writing to the corresponding
author.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Naranbhai et al. Page 2

Methods: We studied clinical outcomes (overall survival, progression free survival or objective
response) of treatment for advanced cancer in eight cohorts, including 3,339 patients treated
with various ICI agents and 10,867 treated with alternative therapies. We initially modelled the
association of HLA amino acid variation, followed by detailed analysis of HLA-A*03 on clinical
outcomes, with replication in additional cohorts.

Findings: HLA-A*03 associated in an additive manner with reduced survival after immune
checkpoint inhibition (ICI) treatment in a discovery cohort (hazard ratio, 1-54 per HLA-A*03
allele; 95% confidence interval [CI] 1-20-1-96, p<0-001), validation cohort (hazard ratio, 1-22
per HLA-A*03 allele; 95% CI 1-05-1-42, p=0-009) and clinical trial for bladder cancer (hazard
ratio, 1-36 per HLA-A*03 allele; Cl 1.005-1-851, p=0.-05). The HLA-A*03 effect was observed
across ICI agents and tumor types, but not in patients treated with alternative therapies. HLA-
A*03+ patients had shorter progression-free survival in three clinical trials of nivolumab for
renal cell cancer (RCC, hazard ratio, 1-31; 95% CI 1.0-1.71, p=0-04), but not in the control

arm. Objective responses were observed in 0% (0/8) of HLA-A*03 homozygotes in the ICI arm.
HLA-A*03 associated with shorter progression-free survival in patients receiving ICI in another
randomized clinical trial for RCC (avelumab/axitinib; hazard ratio, 1-59 per HLA-A*03 allele;
95%Cl 1.16-2-16, p=0-004), but not those receiving control therapy. Objective responses rate
was 12-5% (1/8) among HLA-A*03 homozygotes in the ICI arm. HLA-A*03 associated with
impaired outcome in meta-analysis of all 3,339 ICI treated patients at genome-wide significance
(p=2-01x1078, 12=0%, 95% CI 0%-0-76%).

Interpretation: HLA-A*03 carriage should be considered in decisions regarding cancer therapy
involving ICI.

Funding: NIH, Merck KGaA, Darmstadt, Germany and Pfizer.

Introduction

Despite the success of PD-1, PD-L1, and CTLA-4 inhibitors in eliciting measurable
shrinkage of tumors (objective response), slowing cancer progression, and/or improving
overall survival in many cancer types, most patients who receive ICIs do not benefit.
Identifying clinical or molecular features that selectively predict response to ICIs could
improve patient outcomes through precision application of ICl, rationalize pathobiological
targets to enhance efficacy, and help reduce inequality in ICI access through improved
selection of patients who may benefit.

Identification and validation of clinically useful predictive biomarkers has remained elusive,
though burgeoning understanding of tumor-immune interactions has fueled discovery of
correlative biomarkers that provide important insights into biological mechanisms in vivo(1):
(2). PD-L1 expression and tumor mutational burden(3) are examples of widely studied
biomarkers that associate with response to ICI in some tumor types, yet remain complex to
assay, and have considerable overlap between patients who do and do not respond to ICl,
limiting clinical utility(4).

Variation of Human Leukocyte Antigens (HLA) has been a major focus of biomarker
discovery efforts. The degree of heterozygosity at the locus was associated with improved
survival in melanoma and non-small cell lung cancer (NSCLC) patients treated with ICI,
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but with inconsistent validation(5) (6)(7). Carriage of the HLA-B62 and -B44 supertypes
were found to be associated with worse and improved survival, respectively, in patients
treated with ICI in a discovery cohort, but HLA-B62 did not replicate in a second cohort
(5). The association of the HLA-B44 supertype with survival was constrained to a subset
of HLA-B44 supertype alleles applied to a specific subset of melanoma patients (5) and
has not been observed in patients with NSCLC(6):(8). Disruption of antigen presentation
through somatic loss of heterozygosity at HLA, or factors that diminish HLA expression
are associated with reduced responses to ICI (9). Importantly, these effects concur with the
central role of antigen presentation in the context of HLA for T-cell recognition of tumor
cells and ICI response.

We hypothesized that responses to immune checkpoint inhibition (ICI) are modified by
variation in HLA-I alleles, the functional unit of which is amino-acid level variation.

Patient cohorts and clinical endpoints

We studied three observational cohorts and five clinical trials comprising, in total, 3,339
patients with multiple tumor types treated with various ICI agents and 10,867 patients not
treated with ICI, for overall survival, progression-free survival or objective response rate as
clinical endpoints (Figure 1 and appendix page 5).

The discovery analysis was a test for potential effects of individual HLA class | amino acids
on overall survival following ICI in the MSK-IMPACT cohort, consisting of 1166 patients
with a range of five main tumor types and 25 smaller subgroups treated with various ICI
agents (obtained from ‘cohort 2’ of supplementary data(5)). The initial validation cohort
(DFCI Profile) was chosen with particular focus on a comparable study design to the
discovery MSK-IMPACT cohort; namely, an observational cohort of patients in clinical care
with overall survival as the outcome measure. The DFCI Profile cohort used here consisted
of 1326 patients with advanced bladder cancer, high grade glioblastoma, stage 3 or 4
melanoma, NSCLC, or stage 3 or 4 RCC treated with ICI at the Dana Farber Cancer Institute
(DFCI) between 2016 and 2019 (DFCI Profile, IRB number 11-104, 17-000, and 19-025).
Patients were treated with therapies at their physician’s discretion. An additional validation
cohort of 169 participants in the phase 1 clinical trial of avelumab for treatment of bladder
cancer (JAVELIN Solid Tumor urothelial carcinoma cohort(10), ClinicalTrials.gov number,
NCTO01772004) was included. The primary endpoint in the discovery and validation cohorts
was overall survival defined as the time from treatment start until death. Prospectively
assessed progression-free survival outcomes were not available in these clinical cohorts.
Data from The Cancer Genome Atlas (TCGA) were used to examine the prognostic effect of
HLA variation on overall survival in non-ICI treated patients.

Data from four clinical trials of ICI in RCC were included as additional validation and

to extend the interpretation of findings through comparison of effects of HLA-A*03 on
progression-free survival (defined by RECIST v1-1) in patients randomized to receive ICI
containing regimens vs. non-ICI containing regimens. In CheckMate-009(11) and -010(12),
single-agent nivolumab was evaluated for treatment of clear cell RCC in patients previously
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treated with anti-angiogenic therapy, and compared with everolimus (an mTOR inhibitor)
in CheckMate-025(13) (ClinicalTrials.gov NCT01358721, NCT01354431, NCT01668784).
Biomarker analyses based on exome sequence analysis of participants in all three trials
combined have been previously presented (15); and to gain power, we also analyzed the
unified trial datasets. In JAVELIN Renal 101, patients with newly diagnosed advanced
RCC were randomized to receive avelumab and axitinib (an anti-angiogenic agent targeting
vascular endothelial growth factor [VEGF]), or sunitinib alone (an alternate anti-VEGF
agent) as previously described (ClinicalTrials.gov number, NCT02684006)(13,14). For the
CheckMate and JAVELIN Renal 101 RCC trials, biomarker analyses have been previously
reported for a subset of patients(14,15), which are used herein. Investigator-assessed
objective response rates (ORR) were available for analyses in all four trials.

HLA typing in MSK-IMPACT was obtained from prior reports(5). HLA typing in DFCI
Profile was performed by HLA-imputation using SNP2HLA(16) with variants imputed

with STITCH(17) from low-coverage sequence reads derived from targeted sequence of
recurrently mutated genes in cancer. The accuracy of imputation at HLA-A from low-
coverage tumor-sequencing was verified in 881 individuals and was 91-6+-8-8% at four-
digit resolution as measured by correlation with imputed dosages from germline genome-
wide genotyping, which is known to have very high accuracy. We note that the slightly
lower imputation accuracy in this cohort may result in less precision in the estimates in
these settings and hence bias towards the null. HLA typing in the JAVELIN Solid Tumor
urothelial carcinoma cohort was performed using targeted next generation sequencing of
DNA extracted from buffy coats or peripheral blood mononuclear cells (appendix page 1).
For CheckMate-009, -010 and -025, and for JAVELIN Renal 101, HLA typing was obtained
from tumor exomes(14,15). HLA amino acid frequency, and coding of expression levels and
haplotypes is detailed in the appendix (page 1)

Statistical analysis

Analyses were performed in R v4-0-2 using the survival, survminer, meta, and foresttable
packages. Survival analyses were performed to study the association between HLA derived
measures and overall survival or progression-free survival as the outcome using cox
proportional hazard models (coxph() function). Kaplan-Meier curves were drawn using the
survfit() function and medians annotated on figures are derived from the surv_median()
function.

Individuals with missing data were removed from analyses. Relevant variables available for
each cohort, namely age, gender, tumor mutational burden (z-score transformed) and HLA-
A expression were first tested in univariate analyses and used as covariates in multivariate
analyses of HLA-A*03 and the outcome if significant. Analyses combining two or more
tumor types were performed including tumor type as a stratifying variable in the cox
proportional hazards model, which is more appropriate than treating tumor types as a
covariate in the model because of the expected differences in hazard functions for each
tumor type resulting in violation of the proportional hazards assumption if included as a
covariate.
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We explicitly initiated analyses in the discovery cohort and added analyses of validation
cohorts in the order they are presented and did not have an a priori sample size. For analysis
of an effect of HLA amino acid variation on overall survival in the MSK-IMPACT discovery
cohort, each position of the two allotypes present in each subject was coded as 0 if the amino
acid was not the most common or as 1 if the amino acid was the most common, and a score
at each site was computed as the sum (0,1, or 2) for the two HLA-A allotypes, the two
HLA-B allotypes, or the two HLA-C allotypes. We tested for an effect on overall survival
adjusting for tumor mutation burden. A Bonferroni correction was applied to adjust for the
total number of HLA-A, -B and -C residues tested. Conditional analyses were performed by
adjusting for variation at HLA-A position 161.

An effect of HLA-A*03 on survival in MSK-IMPACT and DFCI Profile was tested by
coding the number of HLA-A*03 alleles present as 0,1 or 2. Subgroup analyses of the
effect of HLA-A*03 on overall survival were performed for the major tumor types in MSK-
IMPACT having sufficient size (n=75), and adjusting for covariates that were nominally
associated with outcomes in each specific tumor type. We performed interaction analysis
according to the checkpoint target of the 1CI agent for each patient. Individual alleles of the
HLA-AS3 supertype (coded as 0,1,2), and the A3 supertype excluding HLA-A*03 (coded as
presence or absence) were tested in the two cohorts for association with overall survival.
Neither HLA-B44 supertype (defined in full, without exclusion of alleles) nor HLA-B62
associated with outcomes consistently in melanoma or any other disease in this study.
Adjustment for z-score transformed tumor mutation burden, and/or HLA-A expression was
performed where mentioned. Age in the MSK-IMPACT cohort was only available in the
form of five ranges which were encoded as 1,2,3,4 and 5 (from the lowest range to the
highest range), and tested as such in the models. In DFCI Profile, imputed HLA allelic
dosages on the continuous scale were converted to allele count probabilities (0,1, or 2) by
rounding the imputed dosage estimate. Ancestry was adjusted for using the top two principal
components estimated from genome-wide genotyping data and scaled to allow comparison
with 1000 Genomes populations. Additional covariates included were age, gender, line of
therapy and whether concurrent chemotherapy was given. Outcome measures for the RCC
randomized control trials (RCTs) included progression-free survival, overall survival and
objective response. Comparisons of ORR between groups in the CheckMate and JAVELIN
Renal 101 studies were performed using the chi-squared test. In the CheckMate RCC
studies, MSKCC risk score was explored as a confounder. All p-values shown are two-
sided. Additional analyses in JAVELIN Renal 101 of other immune factors that may be
associated with HLA-A*03 were performed using supplementary data available in prior
publications (14). Fixed effects meta-analyses were performed using the metagen() function
implementing inverse-variance pooling of standardized effects sizes and standard errors.

Role of the funding sources

The funding sources had no involvement in the study design, data collection, analysis,
interpretation, nor the decision to submit the paper for publication.
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Previous studies have indicated the importance of variation at the HLA class I locus in
response to ICI(5,14). We identified 71, 76 and 69 polymorphic amino acid sites among
HLA-A, -B and -C alleles, respectively, prevalent in the MSK-IMPACT discovery cohort.
Testing each variant for an effect on overall survival in the 30 tumor types combined
showed that variation at position 161 of HLA-A, where glutamic acid is the most common
variant across all HLA-A allotypes, was the most strongly associated (HR 1.47 for each
non-glutamic acid residue at HLA-A position 161, 95% CI 1-20-1-81, nominal p=2x1074,
Bonferroni corrected p=0-04, Figure 2A). Furthermore, after conditioning on variation

at position 161 no other HLA-A residues associated with overall survival (Figure 2B).
Variation at HLA-A position 161 distinguishes alleles of the HLA-A*03 lineage from all
other lineages, as all known HLA-A*03 alleles encode aspartic acid (D) at position 161
whilst others encode glutamic acid (E) (or rarely another amino acid). Position 161 of
HLA-A is part of the alpha helix adjacent to, but not within a pocket of the peptide binding
groove.

Carriage of one or two HLA-A*03 alleles associated with significantly shorter overall
survival, stratifying for tumor type in MSK-IMPACT (hazard ratio, 1-54; 95% CI 1-20-1-96,
p<0-001). Notably, this association is additive (Figure 3A; hazard ratio, 1-48 per HLA-A*03
allele; 95% CI 1-20-1-82, p<0-001), where individuals homozygous or heterozygous for
HLA-A*03 have a 2-31-times (95%CI 1.23-4-33) or 1-47-times (95% 1:14-1.90) greater
hazard of death, respectively, relative to non-carriers. HLA-A*03 associated with impaired
overall survival in each of the five major tumor types in the MSK IMPACT cohort (bladder
cancer, glioma, melanoma [adjusting for tumor mutational burden], NSCLC [adjusting for
HLA-A expression] and RCC [adjusting for tumor mutational burden]), and in the remaining
minor tumor types collectively (Figure 3B and appendix page 7). Larger cohorts of these
minor tumor types are required to definitively demonstrate an effect in each of them. There
was no evidence of variation in the effect of HLA-A*03 on overall survival for patients
treated with ICI targeted against PD-1/PD-L1 or the combination of PD-1 and CTLA-4,
demonstrating that the observed association of HLA-A*03 with outcome to ICl is, at least in
this limited analysis, independent of target or ICI agent. The effect of HLA-A*03 on overall
survival was independent of HLA-A zygosity (hazard ratio adjusting for HLA-A zygosity,
1.47 per HLA-A*03 allele; 95% CI 1.20-1-81, p<0-001, appendix page 3).

Additional analyses ruled out the possibility that the HLA-A*03 association was confounded
by several plausible characteristics intrinsic to HLA-A or the tumor itself. HLA-A alleles
vary in expression level in a lineage-dependent manner(18), and HLA-A*03 has the

lowest expression amongst common HLA-A alleles, but controlling for predicted HLA-A
expression levels based on HLA-A genotypes did not weaken the effect of HLA-A*03

on overall survival (adjusted hazard ratio, 1-75; 95% CI 1-34-2-29 p<0:001). Spurious

HLA allelic associations can arise from confounding by an allele with strong opposing
effects at the locus; however, controlling for the two more common HLA-A lineages
(HLA-A*01 allele frequency, 13-5%; HLA-A*02 allele frequency, 24-7%) did not ablate

the HLA-A*03 effect on overall survival (adjusted hazard ratio, 1:47; 95% CI 1-19-1-83
p<0-001). HLA alleles can be grouped into supertypes according to their binding preferences
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for certain amino acid residues within anchor pockets of the groove, such that alleles of

a given supertype bind overlapping peptide repertoires. However, other HLA-A alleles of
the HLA-AS3 supertype (HLA-A*11:01, -A*31:01, -A*33:01, -A*66:01, -A*68:01), all of
which encode Eat position 161, did not individually or collectively associate with overall
survival, nor did the HLA-A1, HLA-A2, or HLA-A24 supertypes. Finally, HLA-A*03 was
not associated with mutation counts in the MSK-IMPACT cohort (tumor mutational Z-score
-3.1x107 per A*03 allele; standard error 0-06, p=1.0); accordingly, adjusting for mutational
burden did not attenuate the association between HLA-A*03 and shorter overall survival
(adjusted hazard ratio, 1-38; 95% CI 1.20-1-82, p<0-001).

The HLA-A*03 effect on overall survival replicated in a second large observational cohort,
the DFCI Profile cohort, consisting of 1326 patients treated with ICI for one of the five main
cancer types also studied in the discovery cohort, namely bladder cancer, glioma, melanoma,
NSCLC, or RCC. HLA-A*03 was significantly associated with impaired overall survival in
the entire cohort (hazard ratio stratified by tumor type, 1-22 per HLA-A*03 allele; 95%ClI
1.05-1-42, p=0-009), and for each tumor type, the effect estimate was comparable to that in
MSK-IMPACT (Figure 3B). As in the MSK-IMPACT cohort, the effect of HLA-A*03 on
overall survival did not differ by the target of the ICI agent (interaction p>0.1). Adjusting
for somatic mutations that may have prognostic importance in specific tumor types (STK11
and KEAP1 amplification for NSCLC(19), and PBRM1 for RCC(15,20)) did not alter

the effect of HLA-A*03 in these tumor types. A key consideration in genetic studies

is confounding by ancestry/population structure. The frequency of individuals of Asian,
African and European descent in this cohort was 4.5%, 4.5% and 91%, respectively, and

the allele frequency of HLA-A*03 was 4.2%, 8.4% and 13.0%, respectively, consistent

with expectations(21). In a multivariate model incorporating age, gender, line of therapy,
concurrent chemotherapy, and the top two principal components reflecting ancestry, HLA-
A*03 remains associated with survival (HR 1.21 95% CI 1-04-1.-41, p=0.01).

Evaluation of 169 bladder cancer patients treated with avelumab in the phase 1 JAVELIN
Solid Tumor clinical trial urothelial carcinoma cohort (10,22) also replicated the deleterious
effect of HLA-A*03 on overall survival (hazard ratio, 1-36 per HLA-A*03 allele; Cl
1.005-1-851, p=0-05).

HLA-A*03 was not associated with survival in patients treated with non-1ClI therapies

in The Cancer Genome Atlas (TCGA) overall or for any of the five main tumor types
included in the subgroup analyses (appendix page 8). Taken together, these data suggest that
HLA-A*03 may be a predictive biomarker of impaired survival outcomes in patients treated
with ICls irrespective of indication or agent, even though it is not in patients treated with
alternative therapies in TCGA.

A substantial effect of HLA-A*03 on overall survival in MSK-IMPACT was observed in
RCC patients treated with ICI (Figure 3B and 4A). No effect of HLA-A*03 on overall
survival was observed in patients with RCC in TCGA (Figure 4B), highlighting the
predictive nature of HLA-A*03 in the context of ICI specifically. We focused subsequent
analyses of HLA-A*03 on randomized trials of ICI in RCC where comparison of the
association in ICI and non-ICI treated patients ameliorates selection bias and permits
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simulation of biomarker performance at a potentially relevant decision branchpoint(13,23).
We studied 543 participants (324 received nivolumab, 219 received everolimus) who had
exome sequencing data available from CheckMate-009, -010, and -025 trials(11,13,24):
(15). The treatment effect of nivolumab relative to everolimus interacted significantly with
HLA-A*03 allele carriage in predicting progression-free survival (interaction p-value 0-04).
Presence of one or more HLA-A*03 alleles was associated with shorter progression-free
survival in patients treated with nivolumab in the three trials combined (hazard ratio,

1-31; 95% CI 1:01-1-71 p=0-04, Figure 4C). In contrast, there was no association between
HLA-A*03 and progression-free survival in the everolimus arm of CheckMate-025 (hazard
ratio, 0-89; 95% CI 0-64 - 1.23 p=0-47, Figure 4D). HLA-A*03 was not associated with
MSKCC risk score(25), which predicts overall survival in patients with metastatic RCC,
and adjusting for MSKCC risk score did not alter the association of HLA-A*03 and
progression-free survival in the ICI arm. HLA-A*03 was not significantly associated with
overall survival in nivolumab treated patients (hazard ratio, 1-22; 95% CI 0-91-1-62, p=0-18)
nor those treated with everolimus (hazard ratio, 0-89; 95% CI 0-64-1.22, p=0-47). Objective
response rates in patients who received single agent nivolumab in CheckMate-009, -010, and
-025 were 25-3% (59/233) among HLA-A*03 non-carriers, 15-7% (13/83) in HLA-A*03
heterozygotes, and 0% (0/8) in HLA-A*03 homozygotes (Figure 4E, chi-squared p=0-06).
Although 62:5% (5/8) HLA-A*03 homozygotes treated with nivolumab achieved stable
disease, 80% (4/5) experienced disease progression within 6 months.

Amongst patients with objective response (i.e. complete or partial response) to nivolumab,
progression-free survival was similar for HLA-A*03 non-carriers and heterozygotes. These
data support HLA-A*03 as a potential predictive biomarker in ICI-treated patients with
RCC, where HLA-A*03 homozygosity may predict absence of response to ICI and
heterozygosity may predict reduced response (but similar durability of response amongst
responders).

Current guidelines support use of ICI in combination with anti-angiogenic therapy as
first-line therapy in metastatic RCC. In JAVELIN Renal 101, a phase 3 randomized
controlled trial(23), avelumab with axitinib was associated with improved progression-free
survival compared to sunitinib alone for first-line treatment of advanced RCC. Extensive
biomarker discovery efforts suggested that HLA-A*03:01 carriage was associated with
shorter progression-free survival in patients treated with avelumab plus axitinib, but not
amongst patients treated with sunitinib(14). We re-examined trial outcomes with attention
to HLA-A*03 allele count. The treatment effect of avelumab plus axitinib relative to
sunitinib interacts significantly with HLA-A*03 allele count in predicting progression-free
survival (interaction p-value 0-05). HLA-A*03 was associated in an additive manner with
shorter progression-free survival amongst 354 patients randomized to avelumab plus axitinib
(hazard ratio, 1-59 per HLA-A*03 allele; 95% CI 1.62-2-16, p=0-004), but not amongst
the 370 patients treated with sunitinib (hazard ratio, 1.03 per HLA-A*03 allele; 95%

Cl1 0-77-1-38, p=0-87) (Figure 5A, B). The effect was independent of PDL1 status. The
magnitude of the effect was such that progression free survival benefit of ICI over standard
therapy seen in HLA-A*03 non-carriers, was diminished in HLA-A*03 heterozygotes and
reversed in HLA-A*03 homozygotes (appendix page 4). HLA-A*03 was also associated
with lower objective response rates in Javelin Renal 101 (Figure 5C, chi-square p=0-01) of
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63-8% (162/254) in HLA-A*03 non-carriers, 55:6% (40/72) in HLA-A*03 heterozygotes,
and 12:5% (1/8) in HLA-A*03 homozygotes. These data support HLA-A*03 allele count as
a predictive biomarker in this setting.

In a fixed effects meta-analysis including all 3,339 patients treated with ICI in the discovery
and validation analyses, HLA-A*03 was associated with poor outcomes at a genome-wide
significant level (p=2:01x1078, Table 1) and there was no evidence of heterogeneity in effect
(12=0%, 95% confidence interval 0%-0-76%).

Discussion

Identifying biomarkers of ICI response could allow greater precision in therapy selection
and management of patients with cancer. We found that HLA-A*03 allele count associates
with poor overall survival and progression free survival in multiple tumor types. HLA-A*03
interacts with therapy arm in two large RCT’s of RCC and predicts progression free survival
after immunotherapy but not alternative therapies. The magnitude of effect is such that
HLA-A*03 homozygotes may have potential harm from ICI therapy.

The mechanism for the effect of HLA-A*03 is unclear. HLA-A alleles are expressed on
normal and most neoplastic cells, and present antigens to T-cells. Since the mechanism

by which ICI appears to work is through enhancing priming and effector T-cell function
resulting in induction of largely novel T-cell responses, we speculate that HLA-A*03
specifically impairs this process. It is, however, notable that HLA-A*03 binds several
inhibitory innate immune receptors including KIR3DL2, LILRB1 and LILRB2, which
could impact efficacy of the innate response to tumor cells. Although HLA-A*03 is the
lowest expressed HLA-A lineage, HLA-A expression level did not explain the effect of
HLA-A*03 on overall survival, and even if there exists a threshold of expression level
beneath which antigen presentation becomes biologically impaired, the presence of other
class I alleles should serve to mitigate the effect of HLA-A*03. In addition, the specificity
of the association to HLA-A*03 and not to other members of the HLA-A3 supertype, the
consistency across tumor types, and the magnitude of effects in HLA-A*03 homozygous
individuals suggest an active HLA-A*03-specific mechanism(s). HLA-A*03 is not known
to associate with any common disease, and we did not identify any association between
HLA-A*03 and intratumor lymphocyte profiles, gene expression in tumor tissue, or somatic
mutation landscape prior to immunotherapy from available data(14). However, since HLA-
A*03 appears to be predictive of ICI response (but is not prognostic), study of tumor
biopsies following immunotherapy may be illuminating. Interestingly, in HIV infection,
HLA-A*03 restricted CD8+ T-cells were more susceptible to regulatory T-cell mediated
inhibition than other evaluated HLA-A alleles(26). Enhanced regulatory T-cell function has
been linked to hyper-progression(27) after ICI, and ICI is known to have complex effects
on these cells(28). Further elucidation of the mechanism behind HLA-A*03 predicting
poor response is necessary and is likely to be complex, as HLA-A*03 may mediate

effects through allotype-specific characteristics such as peptide specificity, expression level,
differential affinity for innate immune receptors, and other factors.
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The allele frequency of HLA-A*03 varies widely amongst global populations: ~13-16%

in individuals of European, Indian, Native American, or Middle-Eastern descent, ~7% in
those of Hispanic descent, ~5% in those of African descent, and 0-2% in those of Chinese,
Philippino, Japanese, Korean, Vietnamese or other South-East Asian descent(21). This study
had limited power to definitively determine whether the HLA-A*03 effect may vary by
checkpoint target because most patients received anti-PD-1 therapies in conjunction with
CTLA-4. This study was also limited in being able to probe the effects of HLA-A*03 in
randomized settings outside of RCC. Whilst we find that HLA-A*03 is associated with

poor outcomes in ICI treated patients across many cancer types with similar effect sizes,
additional validation is desirable for cancer types not well represented in the observational
cohorts. Similarly, additional validation of the potential for harm from ICI in HLA-A*03
homozygotes may be required through meta-analysis across multiple studies, as robust
subgroup analyses of HLA-A*03 homozygotes are generally not feasible in any single study.
Given the frequency distributions of HLA-A*03, our findings may have relevance to a
substantial population of patients treated globally with ICI for a variety of indications, but
further validation, ideally in trial settings in different populations with different tumor types
and varying therapies, is needed.

HLA-A*03 has several properties desirable of a predictive biomarker. HLA-A*03 allele
count is significantly and independently predictive of clinically relevant outcomes of

ICI treatment. HLA genotyping is feasible, reproducible, and standardized in clinical
laboratories. Use of HLA alleles as predictive biomarkers has become standard clinical
practice in other settings; for example, prior to abacavir(29) or carbamazepine(30) therapy.
Interpretation of the potential effect of HLA-A*03 is aided by its univariate association

in most tumor types (melanoma and NSCLC being the exception, where adjusting for
confounding factors was necessary). Given the common frequency of HLA-A*03 carriage
(20-30% in the cohort or trial populations studied here), the magnitude of effect (such that
even heterozygotes have markedly poorer responses to ICI) and the rare objective responses
accrued by HLA-A*03 homozygotes, formal HLA-A*03 testing may be advisable to inform
treatment decisions in patients eligible for ICI.

Supplementary Material
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Research in context
Evidence before this study

Although immune checkpoint inhibition (ICI) is used to treat many cancers, for most
cancer types fewer than 50% of patients respond to therapy. We performed a systematic
search of MEDLINE for relevant articles published between 2010 and December 2020,
not restricted to the English language using the following search terms: “cancer”,
“immunotherapy”, “immune checkpoint inhibitor (ICI)”, “HLA”, “MHC”, “biomarker”,
“predictive”. We reviewed search results by title and abstract to identify relevant studies,
and hand searched the reference list of these and two recent reviews on biomarkers of
cancer immunotherapy outcomes by Keenan et al. in Nature Medicine 2019, and Van
Ellen and Choueiri in Nature Reviews Clinical Oncology 2020. Existing evidence is
limited to association studies in retrospective cohorts of HLA zygosity or other features.
There are no robust data on the association of specific HLA alleles and lack of response
to immunotherapy.

Added value of this study

This study is the largest epidemiological analysis of variation at HLA class | alleles
and outcomes of immunotherapy in patients with cancer. By studying patients receiving
immunotherapy or other therapies in clinical and trial settings for distinct cancers,

we systematically show that HLA-A*03 associates with poor clinical outcomes. These
findings support HLA-A*03 as a biomarker for predicting response to immunotherapy.

Implications of all the available evidence

HLA-A*03 is associated with impaired outcomes in patients with different types of
cancer treated with immunotherapy. Caution in treating patients who are HLA-A*03
carriers with ICI should be considered when alternative therapeutic options exist. Clinical
trials that stratify responses to HLA-A*03 genotype are necessary. Patients with renal cell
cancer who are HLA-A*03 homozygotes may not benefit from ICI, and potentially do
worse than if they were treated with other therapies.
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Figure 1:

Schematic of discovery and validation of HLA-A*03 as a predictive biomarker in 3,339
patients treated with various ICI agents and 10,867 non-ICl treated patients with various
cancers.
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Figure 2:

amino acid position

Amino acid variation at HLA-A position 161 and association with overall survival after

ICI initiation in the discovery cohort (MSK-IMPACT n=1166). Panel A shows the —log1g
p-value (unadjusted) for association at each amino acid site in HLA-A (red circles), HLA-B
(green circles) and HLA-C (blue circles). HLA-A position 161 is marked. Panel B shows
the —log1g p-value for association at HLA-A residues after conditioning on HLA-A position

161.
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Figure 3:

Effect of HLA-A*03 on overall survival in MSK-IMPACT across all tumor types, with
statistical estimates stratified for tumor type (Panel A). Forest plot of HLA-A*03 effects

on overall survival in MSK-IMPACT, DFCI Profile, and JAVELIN Solid Tumor urothelial
carcinoma cohort for all tumor types combined (HR shown is stratified for tumor type), and
for each tumor type subgroup individually (Panel B). Statistics in Panel B are adjusted for
other covariables that impact the specific tumor type (appendix page 7): tumor mutational
burden (RCC and Melanoma) and HLA-A expression (NSCLC). * denotes analysis was
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stratified for 30 tumor types; ** denotes analysis was stratified for 5 tumor types.
HR=Hazard ratio per HLA-A*03 allele. Cl=Confidence Interval.
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Figure 4:

Effect of HLA-A*03 presence on outcomes of ICI therapy in renal cell cancer (RCC). The
effect of HLA-A*03 presence on overall survival in RCC is shown for ICl-treated patients in
MSK-IMPACT (Panel A) or patients treated with historical therapies in The Cancer Genome
Atlas (TCGA) (Panel B). The effect on progression-free survival in the CheckMate-009,
-010, and -025 randomized clinical trial is shown for the Nivolumab arm (Panel C) or
Everolimus arm (Panel D). Panel E shows the humbers and percentage of patients treated
with Nivolumab in CheckMate-009, -010, and -025 according to the best overall response
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they achieved (chi-squared p=0.06). A total of 11 HLA-A*03 non-carriers, 7 HLA-A*03
heterozygotes, and 1 HLA-A*03 homozygote had missing responses.
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Figure 5:

Effect of HLA-A*03 allele count on progression free survival in JAVELIN Renal 101
randomized controlled clinical trial in the avelumab and axitinib arm (Panel A), or the
sunitinib arm (Panel B). Panel C shows the numbers and percentage of patients according to
the best overall response they achieved (chi-squared p=0-01); a subset of 14 individuals had
missing responses.

Lancet Oncol. Author manuscript; available in PMC 2023 January 01.



Page 21

Naranbhai et al.

aJ9|]e auo 1ses| 1e buiAireds uonendod Jo uoniodold
¥

(96920-%0 10%56) %0=Ausuaboiaiay ;|
¢-0Txz=d :sisA[eue-elaw s108}J3 Paxi4

[eAIAINS unod aj3)e (DD¥) wie glunixe+gewn|ane

9TZ 9T'T 65T ¥GE/LGT - | eau-uoissaiboid €0«V-VH | (vSerz8) wzez | (802/06) %Lt “TOT [eUSY NITIAVE

[eAIAINS SN1elS Jaliied (00¥) wiue gewn|oAIN

1.7 10T 16T v2ei9Le - | oau-uoissaiboid €0xV-VIH | (v2erme) %18z | (8v9/66) %6€-GT ‘520'0T0'600-21BINYI3UD

(ferjayroin)

UN0J 33|18 110402 BWIOUIYIRD [el1[3yloin

G8T 10T 9T 697/82T - | remang jjessno €0xV-VIH | (69T/9€) %eTZ | (8EE/Ew) %L2T Jowny p1jos NITIAVE
sadAy Jown) unoa aj3||e (9z€1/682) (z9z/11E)

T 50T A ozeT/es, | G doypeynens | feainng jreisno £0xV-VTH %8'TZ %881 (,4eauea-ued) 8j401d 1940

sadA Jowny 1unoo afa||e (99TT/%52) (zeez/eLe) d)
28T 0z'T 81 99TT/0vE | 0€ Joy paynens | ealnns jreseno £0xV-VTH %8 TZ %L TT (, seoueo-ued) LOVAINI-HSIN
punoq punoq (%0)

Jaddn jeasaqul | Jamol [easalul sjuaired Aouanbaiy | (94) Aouanbauy
30UBPIU0D 20UapYUOD oney 10 "0U/SIUBAS a|qelten J911e LRI

%56 %56 pJezeH jo-ou Sa]eLIRA0D awonNQ aansodx3 €0V-V1H €0xV-V1H uoyod

'sisA[eue-e1aW S)08))3-paxiy

woJy Al1suaboualay pue aouedlyiubis Jo a1ewisa pue ‘uoyod 01 Buipioaae syusired pareal) |D| Ul 193448 pue Aouanball £0xV-V 1H J0 Alewwng

Author Manuscript

‘T al1qeL

Author Manuscript

Author Manuscript

Author Manuscript

Lancet Oncol. Author manuscript; available in PMC 2023 January 01.



	Abstract
	Introduction
	Methods
	Patient cohorts and clinical endpoints
	HLA typing
	Statistical analysis
	Role of the funding sources

	Results
	Discussion
	References
	Figure 1:
	Figure 2:
	Figure 3:
	Figure 4:
	Figure 5:
	Table 1:

