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Abstract

Background: Whereas human leukocyte antigen (HLA) class | mutation-associated neoantigen
burden has been linked with response to immune checkpoint blockade (ICB), the role of HLA
class Il-restricted neoantigens in clinical responses to ICB is less studied. We used computational
approaches to assess HLA class Il immunogenic mutation (IMM) burden in patients with
melanoma and lung cancer treated with ICB.

Patients and methods: We analyzed whole-exome sequence data from four cohorts of ICB-
treated patients with melanoma (/7= 110) and non-small-cell lung cancer (NSCLC) (n=123).
MHCnuggets, a neural network-based model, was applied to estimate HLA class Il IMM burdens
and cellular fractions of IMMs were calculated to assess mutation clonality. We evaluated the
combined impact of HLA class 11 germline genetic variation and class 11 IMM burden on clinical
outcomes. Correlations between HLA class Il IMM burden and density of tumor-infiltrating
lymphocytes were computed from expression data.
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Results: Responding tumors harbored a significantly higher HLA class 11 IMM burden for
both melanoma and NSCLC (P< 9.6e—3). HLA class Il IMM burden was correlated with
longer survival, particularly in the NSCLC cohort and in the context of low intratumoral IMM
heterogeneity (£< 0.001). HLA class | and Il IMM landscapes were largely distinct suggesting
a complementary role for class Il IMMs in tumor rejection. A higher HLA class Il IMM

burden was associated with CD4+ T-cell infiltration and programmed death-ligand 1 expression.
Transcriptomic analyses revealed an inflamed tumor microenvironment for tumors harboring a
high HLA class Il IMM burden.

Conclusions: HLA class Il IMM burden identified patients with NSCLC and melanoma that
attained longer survival after ICB treatment. Our findings suggest that HLA class 1| IMMs may
impact responses to ICB in a manner that is distinct and complementary to HLA class I-mediated
responses.

Keywords

immunogenic mutations; HLA class Il neoantigens; immune checkpoint blockade; clinical
outcome

INTRODUCTION

Tumor mutational burden (TMB) has emerged as a biomarker for cancer treatments,
particularly immune checkpoint blockade (ICB) treatments in solid tumors, but it remains
an imperfect biomarker of response.! Nuanced approaches that focus on the quality rather
than the quantity of mutations harbored in coding regions of the tumor genome are
therefore needed to enhance the predictive value of TMB.2-7 Historically, antitumor immune
responses have been considered to be driven by human leukocyte antigen (HLA) class
I-restricted cytotoxic CD8+ T-cell responses, whereas the role of HLA class Il-restricted
CD4+ T cells remains less understood, especially in the context of ICB.8 To this end, HLA
class I immunogenic mutation (IMM) burden has been reported to be strongly associated
with increased tumor-infiltrating CD8+ T-cell density and longer overall survival (OS)

for patients with a variety of solid tumors.”-9-10 In the immunotherapy setting, previous
efforts have focused on investigating the value of HLA class | neoepitope burden in
predicting clinical outcomes with 1CB.11-13 Preclinical studies have shown that CD4+
T-cell neoepitope vaccination induced complete tumor rejection, tumor microenvironment
(TME) re-shaping and antigen spread.14 Furthermore, tumor rejection in the context of
immunotherapy has been shown to require the activity of both antigen-specific CD8+ and
CDA4+ T cells, suggesting the non-overlapping but complementary role of HLA class |

and class Il-restricted neoantigens.13 Despite the strong biological rationale, the value of
HLA class Il mutation and neoantigen burden in predicting response to ICB has not been
previously systematically assessed across cancer types.

More recently, several HLA class lI-restricted neoantigen computational prediction tools
have been developed, leveraging peptides identified by mass spectrometry (MS) and
enabling high-throughput systematic evaluation of patients’ HLA class Il neoantigen
landscapes.16:17 Despite the advantages of MS-based approaches that capture biological
processes including protein cleavage, gene expression, and protein transport, MS data do
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not typically resolve one-to-one peptide-HLA allele relationships. To alleviate this issue,
MS data deconvolution can be combined by /n vitro HLA allele-specific binding affinity
assessments to computationally derive HLA class Il-restricted neoantigen predictions.18 We
have developed MHCnuggets, an open-source HLA class | and Il neoantigen predictor that
uses transfer learning to combine MS and HLA binding affinity data.” Here, we extended
the MHCnuggets framework by implementing an HLA affinity ranking system and applied
this approach to evaluate the role of HLA class Il IMM burden in four independent

cohorts of patients with non-small-cell lung cancer (NSCLC) and melanoma treated with
immunotherapy. We further integrated HLA class 11 IMMs with HLA germline variation,
tumor clonal architecture and investigated the TME composition of tumors harboring a high
class Il IMM burden.

METHODS

Cohort data compilation

We analyzed whole exome sequence data of 233 patients with NSCLC and melanoma
treated with ICB from four published cohorts: the Anagnostou NSCLC cohort consisted
of 89 patients with NSCLC treated with single agent or combination ICB!; the
Rizvi_NSCLC cohort consisted of 34 patients with NSCLC treated with pembrolizumabl?;
the Anagnostou_Melanoma cohort consisted of 46 patients with melanoma treated

with nivolumab or combination nivolumab/ipilimumab as part of the CheckMate 038
clinical trial 20 and the Snyder Melanoma cohort consisted of 64 patients treated

with ipilimumab.2! Demographics were extracted from the original publications. For

the NSCLC cohorts, programmed death-ligand 1 (PD-L1) expression values and

smoking status (former smoker, current smoker, and never smoker) were retrieved from
the original publications (Supplementary Methods, available at https://doi.org/10.1016/
j.annonc.2022.03.013). Clinical responses to ICB treatment were classified as durable
clinical benefit (DCB) or non durable benefit (NDB). For all four cohorts, DCB was defined
as radiographic complete response, partial response, or stable disease for a duration longer
than 6 months.

Assessment of IMM

Whole exome sequencing data were analyzed with the Strelka mutation calling pipeline

22 (Supplementary Methods, available at https://doi.Org/10.1016/j.annonc.2022.03.013). All
missense mutations identified in each cohort were considered as potential IMMs. Mutant
and wild-type peptide sequences surrounding the affected amino acid were extracted,
filtering out silent and nonsense mutations with “varcode’.23 Windowing around the affected
amino acid, all possible 12—20mer24-26 mutant/reference peptide pairs were selected as
potential HLA class 11 neoepitopes. HLA class | candidate neoepitopes were extracted for
all possible 8-12mer mutant/reference peptide pairs.26-28 HLA class | were called with
OptiType2® and HLA class 11 genotypes were called with SOAP-HLA30 and x-HLA3!
(Supplementary Methods, available at https://doi.org/10.1016/j.annonc.2022.03.013).

To compute IMM burdens, we used MHCnuggets,” and converted predicted HLA binding
affinities for each peptide into a rank-based score {Supplementary Methods, available at
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https://doi.Org/10.1016/j.annonc.2022.03.013). Predicted neoepitopes were selected using
affinity rank thresholds of <0.01, <0.001, and <0.0001. A threshold of 0.001 was used as

an estimate of the actual presentation rate in the TME (Supplementary Methods, available

at https://doi.org/10.1016/j-annonc.2022.03.013). IMMs were defined as missense mutations
with at least one predicted mutation-association neoantigen (MANA) with an HLA affinity
ranking at the 0.001 percentile for a given HLA haplotype. We computed IMM burden
values for each tumor by counting IMMs, defined as mutations that produce at least one
predicted MANA with affinity ranking as described above.

Intratumoral IMM heterogeneity analyses

Intratumoral HLA class I or 11 IMM heterogeneity was assessed by determining the fraction
of subclonal IMMs as follows:

Number of Subclonal IMMs in Tumor Sample
Total Number of IMMs in Tumor Sample

IMM Heterogeneity =

(Supplementary Methaods, available at https://doi.org/10.1016/j.annonc.2022.03.013}.
Samples with no IMMs were excluded from downstream analyses and IMM heterogeneity
thresholds of 0.05 and 0.1 were considered. This approach is similar to that of McGranahan
etal 32

Tumor-infiltrating immune cell subsets and T-cell receptor differential abundance analyses

RNA and T-cell receptor (TCR) sequencing data from the Anagnostou_Melanoma cohort
were retrieved from the original publication and used to assess the TME composition
before—and during—ICB treatment2? (Supplementary Methods, available at https://doi.Org/
10.1016/j.annonc.2022.03.013). Normalized expression data were inputted in CIBERSORT
v1.06 (https://cibersort.stanford.edu/)33 to deconvolute 22 immune cell types’ absolute
composition. Absolute composition values of all 22 immune cell types were analyzed

for differential comparison between high and low HLA class |1 IMM burden tumors.

TCR clonotypic productive frequencies for the Anagnostou_Melanoma cohort were
retrieved from the original publication.2? The number of total productive TCR clones

and TCR repertoire clonality were utilized for differential abundance analyses between

high and low HLA class Il IMM burden tumors. Gene set enrichment analysis was

carried out as described in the Supplementary Methods, available at https://doi.org/10.1016/
j.annonc.2022.03.013.

Statistical analysis

The two-sided Mann—Whitney Utest (MW) was used to evaluate differences in IMM
burden and TMB with respect to DCB and NDB groups across all cohorts. For survival
analysis, high IMM burden tumors were ranked in the fourth quartile (top 25%) of their
cohort and low IMM burden individuals ranked in the first three quartiles (bottom 75%).
NSCLC and melanoma cohorts were grouped by cancer type and analyzed with Bayesian
survival models3* to confirm the absence of cohort effects (Supplementary Methods

and Supplementary Table S1, available at https://doi.org/10.1016/j.annonc.2022.03.013).
Downstream survival analyses were done with cohorts of the same cancer types grouped
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together to increase statistical power. Kaplan—Meier curves were used to visualize
differences in survival for patients with high and low IMM burden tumors. Survival
differences between groups were compared with a two-sided log-rank test and hazard ratios
(HRs) were calculated by univariate Cox regressions. Multivariate Cox regression was used
to evaluate the impact of established factors on patient survival. Hazard ratios and Pvalues
from the Wald test were reported. A Pvalue threshold of 0.05 was used as the indication

for statistical significance, and Benjamini-Hochberg false discovery rate (FDR) correction
was applied. For correlation analyses, we used pairwise Spearman correlations, and P values
were reported with Benjamini-Hochberg FDR corrections.

HLA class Il IMM burden is linked with clinical benefit from ICB

A total of 5639 HLA class Il IMMs were identified in tumor samples from 233 individuals
across all four NSCLC and melanoma cohorts. In NSCLC, average (£ standard error)

HLA class Il IMM burden was 8.6 + 0.95 (Anagnostou NSCLC) and 10.94 + 2.65
(Rizvi_NSCLC), whereas in melanoma, average HLA class Il IMM burden was 41.48

+ 8.25 (Anagnostou_Melanoma) and 40.39 + 5.96 (Snyder_Melanoma) (Supplementary
Tables S2 and S3, available at https://doi.Org/10.1016/j.annonc.2022.03.013). We did not
detect a difference in HLA class Il IMM burden distributions between cohorts within tumor
types (NSCLC cohorts MW P=0.19; melanoma cohorts MW P = 0.50; Supplementary
Figure S1A, available at https://doi.org/10.1016/j.annonc.2022.03.013). HLA class Il IMM
burdens in the NSCLC (median = 6 mutations) and melanoma cohorts (median = 25
mutations) were an order of magnitude smaller than TMB in NSCLC (median = 97
mutations) and melanoma (median = 283 mutations). Additionally, HLA class Il IMM
burdens were smaller than HLA class | IMM burdens in NSCLC (median = 13 mutations)
and melanoma (median = 43 mutations) (Supplementary Table S2 and Supplementary
Figure SIB, available at https://doi.org/10.1016/j.annonc.2022.03.013). In all four cohorts,
the HLA class Il IMM burden of tumors responding to therapy was consistently higher
than that of non-responding tumors (Anagnostou NSCLC MW P=0.00032; Rizvi_
NSCLC MW P=0.0096; Anagnostou_Melanoma MW P = 0.001; Snyder Melanoma
MW P=0.0011; Figure 1A-D). HLA class Il IMM burdens were highly correlated with
TMB (Pearson’s r=0.96, £< 0.0001), as well as with HLA class | IMM burdens
(Pearson’s r=0.95, < 0.0001) and with HLA class | MANA burdens (Pearson’s

r=0.94, £<0.0001; Supplementary Figure S1B, available at https://doi.org/10.1016/
j.annonc.2022.03.013). Less than one-third of HLA class Il IMMs (1653 out of 5639, 29%)
overlapped with HLA class | IMMs (Supplementary Figure S1C, available at https://doi.Org/
10.1016/j.annonc.2022.03.013).

For survival analysis, given the similar HLA class Il IMM burden distributions, we grouped
the cohorts by cancer type to increase statistical power. First, patients were stratified into
high burden (top 25%) and low burden groups (bottom 75%) in their respective tumor types;
no cohort bias towards HLA class Il IMM-high or -low burden was seen in either tumor type
(Fisher’s exact test £=0.8235 for NSCLC, A= 1.0 for melanoma; Supplementary Figure
S1D, available at https://doi.Org/10.1016/j.annonc.2022.03.013). Higher HLA class Il IMM
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burden was associated with longer progression-free survival (PFS) in the NSCLC cohorts
[log rank A= 0.0002, HR = 0.37, 95% confidence interval (Cl) 0.21-0.64; Figure IE] while a
trend towards longer OS was noted in the melanoma cohorts (log rank 2= 0.095, HR = 0.53,
95% CI 0.25-1.13; Figure 1F). High TMB was significantly associated with longer PFS in
the NSCLC cohorts (log rank 2= 0.0033, HR = 0.46, 95% CI 0.27-0.78; Figure 1G), but not
in the melanoma cohorts (log rank £=0.67, HR = 0.87, 95% CI 0.44-1.70; Figure 1H).The
improved prognostic value of HLA class 1l IMMs in the melanoma cohorts can be explained
by re-categorization of five responding tumors from the TMB-low group into the HLA

class Il IMM-high group (Supplementary Figure S1E, available at https://doi.org/10.1016/
j.annonc.2022.03.013). Notably, there was an increased survival benefit of patients with
HLA class Il IMM burdens in the top quartile (top 25%) compared with the lowest quartile
(bottom 25%) in the melanoma cohorts (log rank £=0.01, HR = 0.35, 95% CI 0.15-0.82;
Supplementary Figure S1F, available at https://doi.Org/10.1016/j.annonc.2022.03.013).

We next evaluated the impact of clonal HLA class Il IMMs on clinical outcomes by
computing the intratumor IMM heterogeneity (IMMy,g) for each tumor (Methods). Using
estimated mutation cancer ceil fractions and excluding samples with low purity (<20%),

we assessed HLA class Il IMM clonalities for 193 tumor samples (Supplementary

Methods, available at https://doi.Org/10.1016/j.annonc.2022.03.013), and found that 84.6%
of identified IMMs were clonal {Supplementary Tables S2 and S3, and Supplementary
Figure S2A and 8, available at https://doi.org/10.1016/j.annonc.2022.03.013). IMMpgt,
defined as the fraction of subclonal HLA class I IMMs, was similar in the melanoma
(6.3%) and NSCLC (5.8%) cohorts. Whereas NSCLC tumors harboring high numbers of
clonal IMMs (top25%) had iower levels of IMMhet (MW P=0.059, Supplementary Figure
S2C, available at https://doi.org/10.1016/j.annonc.2022.03.013), this observation was not
apparent for the melanoma tumors analyzed (MW P =0.32, Supplementary Figure S2D,
available at https://doi.org/10.1016/j.annonc.2022.03.013). Patients with NSCLC tumors
with high clonal HLA class I IMM burden (top 25%) had a significantly longer PFS (log
rank £=0.0001, HR = 0.3 CI 0.16-0.58; Figure 2A). In considering different IMM},¢; levels,
patients with tumors harboring low IMMpe; and high clonal HLA class 11 IMM burden (top
25%) had longer PFS in the NSCLC cohorts (IMMpet <0.05: log rank A= 0.0041, HR =
0.25, 95% CI 0.09-0.7; IMMp¢ <0.1: log rank £=0.0009, HR = 0.32, 95% CI 0.16-0.65;
Figure 2B and C). These findings did not reach statistical significance in the melanoma
cohorts (clonal HLA class Il IMM burden without IMMpt: log rank £=0.4, HR = 0.72,
95% CI 0.32-1.64; with IMMpgt <0.05: log rank A= 0.27, HR = 0.56, 95% CI 0,2-1.57;
with IMMhet <0.1: log rank A= 0.49, HR = 0.74, 95% CI 0.31-1.76; Figure 2D-F). IMMg¢
alone was not correlated with PFS in the NSCLC cohorts (IMMp,t =0.05, log rank £=0.83,
HR = 1.05, 95% CI 0.65-1.71; IMMpgt 0.1, log rank £P=0.22, HR = 0.73, 95% CI 0.44—
1.22; Supplementary Figure S2E, available at https://doi.Org/10.1016/j.annonc.2022.03.013)
or OS in the melanoma cohorts (IMMhet <0.05, log rank £=0.84, HR = 0.93, 95% CI
0.49-1.79; IMMpet <0.1, log rank P=0.66, HR = 0.84, 95% CI 0.4-1.78; Supplementary
Figure S2F, available at https://doi.org/10.1016/j.annonc.2022.03.013).
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Impact of germline HLA class Il variation in combination with HLA class Il IMM burden on
clinical outcomes

We first considered the impact of patients” HLA class Il germiine variation combined with
HLA class Il IMM burden on survival. Whereas we found no correlation between HLA class
I1 IMM burden and the number of HLA class Il heterozygous alleles for the HLA-DPA1,
DPBI1, DQA1, DQOBI, or DRBI1 genes (NSCLC cohorts: Spearman’s rho = -0.03, P=
0.71; melanoma cohorts: Spearman’s rho = 0.08, £=0.39), the majority of cases analyzed
harbored maximal HLA class Il germline heterozygosity, defined as 9 or 10 heterozygous
HLA class Il alleles (NSCLC cohorts: 78 out of 123, 63%; melanoma cohorts 80 out

of 110, 72%). Maximal HLA class Il germline heterozygosity, when combined with high
HLA class 1l IMM burden (top 25%), conferred longer PFS in the NSCLC (log rank P
=0.0002, HR = 0.24, 95% CI 0.11-0.54; Figure 3A), with a trend towards longer OS

in the melanoma cohorts (log rank £#=0.12, HR = 0.47, 95% CI 0.8-1.26; Figure 3B,
Supplementary Table S2 and Supplementary Results, available at https://doi.Org/10.1016/
j.annonc.2022.03.013). Next, we controlled for either HLA class Il IMM burden or HLA
class Il allele counts to evaluate their contributions to survival benefit. Within the patient
group with maximal HLA class Il heterozygosity, those with tumors harboring high HLA
class Il IMM burden had improved PFS in the NSCLC cohorts (log rank £=0.0001,

HR =0.24, 95% CI 0.11-0.52; Figure 3C, Supplementary Figure S3A, available at https://
doi.Org/10.1016/j.annonc.2022.03.013) and OS in melanoma cohorts (log rank A= 0.1,
HR =0.49, 95% CI 0.2-1.19; Figure 3D, Supplementary Figure S3B and Supplementary
Results, available at https://doi.org/10.1016/j.annonc.2022.03.013).

Of the HLA class Il loci studied, heterozygosity at the HLA-OP locus (3 or 4 HLA-DP
alleles) combined with high HLA class Il IMM burden (top 25%) showed an association
with longer PFS in the NSCLC cohorts (log rank 2= 0.0005, HR = 0.26, 95% CI
0.12-0.58; Figure 3C, Supplementary Figure S4A and Supplementary Results, available

at https://doi.Org/10.1016/j.annonc.2022.03.013) and a weak trend for longer OS in the
melanoma cohorts (log rank A= 0.0994, HR = 0,41, 95% CI 014-1.23; Figure 3D,
Supplementary Figure S4A and B, and Supplementary Results, available at https://doi.Org/
10.1016/j.annonc.2022.03.013). When controlled for HLA-DP heterozygosity, we again
noted an improved survival in the HLA class Il IMM-high group compared with the low
group in the NSCLC (log rank £=0.0001, HR = 0.27, 95% CI 0.14-0.55; Figure 3E,
Supplementary Figure S4C and Supplementary Results, available at https://doi.Org/10.1016/
j.annonc.2022.03.013), and melanoma cohorts (log rank A= 0.063, HR = 0.45, 95% ClI
0.19-1.07; Figure 3F, Supplementary Figure S4D and Supplementary Results, available at
https://doi.Org/10.1016/j.annonc.2022.03.013).

Established factors, such as PD-L1 expression and smoking status, have previously been
shown to impact clinical outcomes for patients with NSCLC treated with ICB.3%:36 Here,
we found that NSCLC tumors with a high HLA class Il IMM burden showed positive
PD-L1 expression (Fisher exact test = 0.024; Supplementary Figure S5A, available at
https://doi.org/10.1016/j.annonc.2022.03.013), but the levels of PD-L1 expression did not
monotonically correlate with levels of HLA class 11 IMM burdens (Spearman’s rho = 0.07,
P=0.57). A high HLA class Il IMM burden was also correlated with current or former

Ann Oncol. Author manuscript; available in PMC 2023 November 02.


https://doi.org/10.1016/j.annonc.2022.03.013
https://doi.org/10.1016/j.annonc.2022.03.013
https://doi.org/10.1016/j.annonc.2022.03.013
https://doi.org/10.1016/j.annonc.2022.03.013
https://doi.org/10.1016/j.annonc.2022.03.013
https://doi.org/10.1016/j.annonc.2022.03.013
https://doi.org/10.1016/j.annonc.2022.03.013
https://doi.org/10.1016/j.annonc.2022.03.013
https://doi.org/10.1016/j.annonc.2022.03.013
https://doi.org/10.1016/j.annonc.2022.03.013
https://doi.org/10.1016/j.annonc.2022.03.013
https://doi.org/10.1016/j.annonc.2022.03.013

1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Shao et al.

Page 8

smoking status (Fisher exact test 2= 5.47e—5; Supplementary Figure S5B, available at
https://doi.org/10.1016/j.annonc.2022.03.013), as well as with number of pack-years in a
subset of patients (Spearman’s rho = 0.36, 2= 0.037). We subsequently analyzed the
interactions of HLA class Il IMM burden, patient demographics and PD-L1 expression and
smoking in a multivariate Cox survival model. For the NSCLC cohorts, continuous HLA
class Il IMM burden (Wald Test £=0.01, HR =0.96, 95% CI 0.93-0.99), age (Wald Test
P=0.03, HR = 0.97, 95% CI 0.94-1.0) and PD-L1 expression (Wald Test A= 0.01, HR

= 0.65, 95% CI 0.48-0.89) were independently associated with favorable PFS (Figure 4A).
For the melanoma cohorts, we found a trend towards an independent association between
HLA class Il IMM burden and OS (Wald Test A= 0.06, HR = 0.99, 95% CI 0.98-1.0;
Figure 4B). The number of heterozygous HLA class 1l alleles, as a continuous variable, was
not independently associated with survival in either cohort type (Figure 4). Differences in
treatment did not have significant impact on patient survival (Supplementary Figures S6 and
S7, and Supplementary Results, available at https://doi.org/10.1016/j.annonc.2022.03.013).

High HLA class Il IMM burden is associated with an inflamed TME

In order to better understand the relationship between HLA class 1l IMMSs and composition
of the TME before ICB, we leveraged transcriptomic and TCR sequence data from the
published Anagnostou_Melanoma cohort.20 RNA sequence data deconvolution revealed that
densities of pretreatment activated CD4+ memory T cells and MO macrophages in the TME
were positively correlated with HLA class Il IMM burden (Spearman’s rho = 0.39, £=0.01,
FDR P=0.12 and Spearman’s rho = 0.45, = 0.003, FDR P=0.08, respectively; Figure
5A, Supplementary Table S4, available at https://doi.Org/10.1016/j.annonc.2022.03.013).
Next, immune cell fractions were compared in the TME of tumors with high (top 25%)
versus low HLA class Il IMM burdens (bottom 75%). Activated memory CD4+ T cells and
T follicular helper cells were significantly more abundant in the TME of high HLA class |1
IMM burden tumors before ICB (MW P=0.022 and P= 0.028, respectively; Figure 5B). A
trend towards higher abundance of CD8+ T cells and MI macrophages was also noted in the
TME of high HLA class Il IMM burden tumors (MW P=0.081 and 0.1, respectively; Figure
5B).

To further interrogate inflammatory responses in the TME, we used gene set enrichment
analyses (GSEA) to analyze pathway-level expression differences, using 58 gene sets
related to antigen presentation, tumor immune response, and type 2 immunity.37-50 We
found an overrepresentation of interferon-y response gene sets in the HLA class Il IMM-
high tumors before ICB (FDR P =5.31e—16). Prominent enrichments were also found

in gene sets related to B-cell receptor (BCR)/TCR signaling (FDR P= 2.03e—13 and
1.06e—11, respectively) and antigen presentation (FDR P=1.12e—7), particularly MHC
class Il antigen presentation (FDR P = 2.59e—®6) in pretreatment tumors with a high
HLA class Il IMM burden (Figure 6, Supplementary Table S5, available at https://doi.org/
10.1016/j.annonc.2022.03.013). Notably, ICB induced an up-regulation of gene sets related
to TCR/BCR signaling and IL2_STAT5 TCR activation in the TME of HLA class Il
IMM-high tumors that persisted during treatment (FDR P= 4.91e—4, 4.91e—4, and
P=0.041, respectively; Figure 6, Supplementary Table S6, available at https://doi.org/
10.1016/j.annonc.2022.03.013). These patterns of pre-ICB inflammatory TME phenotype
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and TME reshaping while observed in TMB and HLA class | MANA burden-high

tumors, were less prominent (Supplementary Results, Supplementary Figures S8 and S9,
Supplementary Tables S7-10, available at https://doi.Org/10.1016/j.annonc.2022.03.013).
Further investigation of HLA class I IMM expression found that on average one-third
were expressed at baseline (Supplementary Results, Supplementary Figure S10 and
Supplementary Table S11, available at https://doi.org/10.1016/j.annonc.2022.). Collectively,
our findings suggest an inflamed TME for tumors harboring a high HLA class Il burden
with additional induction of adaptive immunity cascades after treatment with ICB.

DISCUSSION

In this study, we characterized the HLA class Il-restricted IMM and associated neoantigen
landscapes for patients with lung cancer and melanoma receiving ICB therapies. While HLA
class Il IMM burden was, overall, an order of magnitude smaller than TMB, IMM burden
was more strongly associated with clinical response and survival. The majority of HLA class
I1 IMMs did not overlap with HLA class | IMMs, suggesting that the former represent a
distinct subset of IMMSs that may play a critical! role in tumor rejection, complementing
HLA class I-restricted neoepitope induction of CDS+ T-cell cytotoxicity. Additionally,

the impacts of HLA class I IMM’s clonality and HLA class Il heterozygosity were less
conclusive (Supplementary Discussion, available at https://doi.Org/10.1016/j.annonc.2022.).

Whereas HLA class | neoantigens have been historically at the epicenter of neoantigen-
driven tumor rejection, tumor antigen-specific CD4+ T-cell activity in the TME has been
shown to be a prerequisite for spontaneous and immunotherapy-related tumor rejection.1551
The less stringent sequence and length requirements for neopeptide binding to the HLA
class Il proteins compared with HLA class I-restricted epitopes, further supports the notion
that a sizable fraction of HLA class I epitopes may be presented.>2 In murine tumor
models, a large fraction of the immunogenic mutanome has been shown to be recognized

by CD4+ T cells and subsequent vaccination with such epitopes may confer sustained tumor
clearance.1* These observations suggest that HLA class II-restricted IMMs and associated
neoantigens may have key and non-over-lapping—with HLA class | neoepitope—functions
in anti-tumor immune responses. Collectively, our findings suggest a role for immunogenic
HLA class Il-restricted mutations and neoantigens in predicting clinical outcomes with ICB.

Importantly, in studying the TME of tumors with a high content of HLA class 1| IMMs by
RNA sequence data deconvolution, we identified an increased density of CD4+ memory
activated T cells, T follicular helper cells, and MI macrophages, which are critical
components of successful tumor rejection.>3>4 GSEA leveraging transcriptome data before
and during ICB revealed a prominent enrichment in adaptive immunity programs, with
increased representation of interferon-y, HLA class |1 antigen processing and presentation,
and TCR/BCR signaling pathway gene sets. Notably, in the NSCLC cohorts, tumors with
high HLA class Il IMM burden also had higher PD-LI expression and were encountered in
individuals with a smoking history. These findings suggest that HLA class |1 IMM burden
is affecting tumor immune surveillance and potentially reshaping the TME towards a more
inflamed state, ultimately promoting tumor rejection.

Ann Oncol. Author manuscript; available in PMC 2023 November 02.


https://doi.org/10.1016/j.annonc.2022.03.013
https://doi.org/10.1016/j.annonc.2022
https://doi.org/10.1016/j.annonc.2022

1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Shao et al. Page 10

There are several limitations to our study. First, only MANASs derived from missense
mutations were considered, therefore this effort did not evaluate putative neoantigens from
indels, splice variants, and somatic gene fusions that could also generate immunogenic
neoepitopes and drive tumor rejection.5® Furthermore, peptide-HLA binding prediction
methods are biased towards the most studied HLA alleles, for which neoantigen predictions
are more accurate. As new experimental affinity data become available for rare HLA

alleles, we expect that prediction methods will improve for rare HLA-restricted neoantigens.
Notably, we used a stringent HLA class Il affinity rank of <0.001, to limit false-

positive neoantigen selection. The binding affinity for HLA class Il-restricted peptides is
nevertheless less stringent than the affinity for HLA class I-restricted antigens, allowing for
more promiscuous binding.56 Furthermore, driver mutations poorly bound to HLA class 11
molecules can be positively selected during tumorigenesis.>” The larger effective binding
range of MHC class |1 and effect of HLA class Il genotypes in constraining driver mutation
probability suggest that a stringent antigen binding and presentation ranking approach may
underestimate the HLA class 11 actual binding residues. Finally, in this study we considered
all HLA class Il IMMs to be equally contributing to antitumor immune responses; future
studies will evaluate the contribution of dual HLA class | and 11 IMMSs and highly expressed
HLA class Il IMM-derived neoepitopes in driving clinical outcome in the context of
immunotherapy.

In conclusion, our work supports the importance of HLA class Il IMMs in antitumor
immune responses that are reflected in clinical outcomes for patients treated with ICB.
Such efforts may inform selection criteria for the increasing number of patients receiving
cancer immunotherapy. Furthermore, our findings may inform mutation selection for cancer
vaccine approaches, expanding HLA class I-only neoepitope vaccination strategies.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure1l. HLA class |l immunogenic mutation burden isa marker for patient response and
survival.

(A)-(D) HLA class Il IMM burden and TMB both separate responder and non-responder
groups in all four cohorts (Anagnostou NSCLC HLA 1l IMM burden MW P=0.0003,
TMB MW P=0.0018; Rizvi NSCLCHLA 1l IMM burden MW P=0.0096, TMB MW
P=0.00098; Anagnostou melanoma HLA 11 IMM burden MW £=0.001, TMB MW P=
0.0019; Snyder melanoma HLA 1l IMM burden MW P=0.0011, TMB MW P = 0.0045).
HLA class Il IMM burden was an order of magnitude smaller than TMB. (E-H) Patients
were stratified into high (top 25%} and low (bottom 75%) groups based on their HLA
class 1l IMM burden or TMB for survival analyses. Cohorts of the same tumor type were
grouped. (E) High HLA class Il IMM burden was associated with longer progression-free
survival in NSCLC cohorts (log rank £=0.0002, HR = 0.37, 95% CI 0.21-0.64). (F) High
HLA class Il immunogenic mutation burden was trending towards significantly longer OS
in melanoma cohorts (log rank 2= 0.095, HR = 0.53, Cl 0.25-1.13}. (G) TMB-high group
was significantly associated with longer PFS in NSCLC cohorts (log rank £=0.0033, HR
= 0.46, Cl 0.27-0.78}. (H) No survival benefit was observed in the TMB-high group of the
melanoma cohorts (log rank = 0.67, HR = 0.87, CI 0.44-1.70). Pvalues were calculated
based on the log rank test; a P value of 0.05 was used for significance level.

Cl, confidence interval; HLA, human leukocyte antigen; HR, hazard ratio; IMM,
immunogenic mutation; MW, Mann—Whitney Utest; NSCLC, non-small-cell lung cancer;
OS, overall survival; PFS, progression-free survival; TMB, tumor mutational burden.
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Figure 2. Impact of clonality and tumor heterogeneity on patient survival.
Clonality of IMMs was determined using mutation cellular fractions. Samples with low

purity (a threshold of 20%) were excluded from this analysis. Patients were stratified

into high (top 25%) and low (bottom 75%) groups based on their clonal HLA class Il

IMM burden. For the NSCLC cohorts, a total of 99 samples passed the purity threshold;

for melanoma cohorts, a total of 94 samples passed the purity threshold. Intratumoral

IMM heterogeneity (IMMpet) was defined as the fraction of subclonal IMMs. (A) High
clonal class Il IMM burden without IMMpg: thresholds showed significant association

with progression-free survival (PFS) in NSCLC cohorts [log rank £=0.0001, HR =

0.3 confidence interval (Cl) 0.16-0.58]. (B), (C) NSCLC tumors harbored high clonaJ
HLA class Il IMM burden combined with IMMhet thresholds of <0.05 or <0.1 and had
significantly longer PFS: (B) with IMMpg; <0.05 (log rank A= 0.0041, HR = 0.25, Cl 0.09-
0.7), (C) with IMM}¢t < 0.1 (log rank A= 0.0009, HR = 0.32, CI 0.16-0.65). (D)-(F) Clonal
HLA class 1l IMM burden with or without IMMy,; thresholds did not show any association
with overall survival (OS) in melanoma cohorts: (D) without IMMpg; (log rank 2=0.4, HR
=0.72 C1 0.33-1.56), (E) with IMMp; <0.05 (log rank £=0.21, HR = 0.52, Cl 0.18-1.46),
(F) with IMMpet <0.1 (log rank £=0.33, HR = 0.65, CI 0.27-1.56).

HLA, human leukocyte antigen; HR, hazard ratio; NSCLC, non-small-cell lung cancer.
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Figure 3. Impact of HLA class |1 allelesin combination with HLA class || immunogenic
mutation burden on patient outcome.

(A), (B) Patients with the maximum heterozygous HLA class Il alleles (9 or 10) and high
HLA class If immunogenic mutation (IMM) burdens were found to have longer PFS in
NSCLC cohorts (log rank £=0.0002, HR = 0.24, CI 0.11-0.54), but not with OS in
melanoma cohorts (log rank A= 0.12, HR = 0.47, Cl 0.18-1.26). (C), (D) Within samples
with maximum heterozygous HLA class 1l alleles, samples with high HLA class |1 IMM
burdens had improved PFS in NSCLC (log rank £=0.0001, HR = 0.24, Cl 0.11-0.54) and
OS in melanoma cohorts {log rank = 0.1, HR = 0.47, Cl 0.18-1.26). (E), (F) Maximum
heterozygosity in at least one of HLA-DPAL and HLA-DPB1 genes along with high HLA
class 1l IMM was found to improve patient PFS in NSCLC cohorts (log rank 2= 0.0005,
HR =0.26, Cl 0.12-0.58) and resulted in a weak trend to longer OS in melanoma cohorts
(log rank £=0.099, HR = 0.41, CI 0.14-1.23). (G), (H) Within samples with more than 3
HLA-DP alleles, those with high HLA class Il IMM burden had further improvements in
PFS of NSCLC cohorts (log rank = 0.0001, HR = 0.27, CI 0.14-0.55) and OS in melanoma
cohorts (log rank £=0.063, HR = 0.45, Cl 0.19-1.07). Log rank P values are reported.

Cl, confidence interval; HLA, human leukocyte antigen; HR, hazard ratio; NSCLC, non-
small-cell lung cancer; OS, overall survival; PFS, progression-free survival.
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Figure 4. Associations between established factorsand patient survival.
Established factors of age, smoking status, and PD-L1 expression and HLA class Il

immunogenic mutation (IMM) burdens were analyzed through multivariate Cox survival
models to understand their impact on patient survival. Smoking status was categorized into
three groups—never smoker = 0, former smoker = 1, and current smoker = 2. PD-L1
expression levels were assigned into four groups: strong (=50% membranous staining) = 2,
weak (1%-49% membranous staining) = 1, negative (<1% membranous staining) = 0, and
unassessed. Patients with unassessed PD-L1 expression were excluded in this analysis. HLA
class Il IMM burdens, as a continuous variable, indicated the number of IMMSs a sample
had. Germline HLA class Il heterozygosity, as a continuous variable, indicated the numbers
of unique HLA class Il alleles a sample had. (A) HLA class Il IMM burden (Wald test
P=0.01, HR = 0.96, CI 0.93-0.99), age (Wald test #=0.03, HR = 0.97, Cl 0.94-1.0)

and PD-L1 tumor expression (Wald test #=0.01, HR = 0.65, CI 0.48-0.89) were found to
reduce survival hazard in NSCLC cohorts. (B) Only HLA class Il IMM burden had a trend
towards significant effects in reducing survival hazard in melanoma cohorts (Wald test P=
0.06, HR = 0.99, C1 0.98-1.0).
Cl, confidence interval; HLA, human leukocyte antigen; HR, hazard ratio; NSCLC, non-
small-cell lung cancer; PD-L1, programmed death-ligand 1.
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Figure5. Corrélation between HLA class || immunogenic mutation burden and pretreatment
tumor infiltration lymphocytesin melanoma.

(A) Pairwise Spearman correlations between pretreatment immune cell subsets (determined
by RNA sequencing data deconvolution or TCR sequencing) and HLA class 11 IMM load.

A positive correlation was found between HLA class I IMM burden and pretreatment

MO macrophages (Spearman’s rho = 0.45, A= 0.003, FDR P=0.08), and CD4+ memory
activated T cells (Spearman’s rho = 0.39, A= 0.01, FDR P=0.12). (B) Tumor infiltration
lymphocyte levels in high and low HLA class IMM burden groups were compared.
Pretreatment CD4+ memory activated T cells (Mann—Whitney £=0.022) and T follicular

helper cells (Mann—Whitney £= 0.028) were found to have a significantly increased

expression level in the high burden group. CD8+ T cells (Mann—Whitney £=0.081) and
MI macrophages (Mann—Whitney = 0.1) had higher expression levels in high HLA class
I1 IMM burden group trending towards significance. Thin black lines indicate individual
samples in the group of interest. Thick black line indicates the average of the group. Purple
shading indicates the distributions of HLA class Il IMM burden high groups, and the dark
khaki shading indicates the distributions of HLA class EI IMM burden low groups.
FDR, false discovery rate; HLA, human leukocyte antigen; IMM, immunogenic mutation;
NK, natural killer; TCR, T-cell receptor.
*FDR adjusted P< 0.2.

**FDR adjusted P<0.1.
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Figure 6. Gene set enrichment analysesfor HLA class || immunogenic mutation burden-high
and -low group.

A selection of 58 gene sets related to inflammatory response, antigen presentations, and
type 2 immunity were used to assess differences of gene expression in HLA class || IMM
burden-high and -low groups. All the gene sets that were significantly enriched in either
the high or low groups are shown. The number of genes that overlapped with gene sets
overrepresented in the HLA class Il IMM burden high group are shown in red, and the
number of genes that overlapped with gene sets overrepresented in the HLA class 1| [MM
burden-low group are shown in blue. Overall, 21 gene sets were enriched in the HLA class
I1 IMM burden-high group at baseline. Six gene sets continued to be enriched in this group
on treatment. Particularly, strong inflammatory response, antigen presentation, and T-cell
receptor/B-cell receptor signaling gene set enrichments can be seen both at baseline and on
treatment.

HLA, human leukocyte antigen; IMM, immunogenic mutation; NES, normalized enrichment
score; BCR, B-cell receptor; TCR, T-cell receptor; IL, interleukin; JAK, Janus kinase;
STAT, signal transducer and activator of transcription 3; MHC, major histocompatibility
complex; INFy, interferon gamma; DC, dendritic cell; TNF, tumor necrosis factor; MCSF,
macrophage colony-stimulating factor.
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