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ABSTRACT

The association of efficacy of immune checkpoint blockade with
loss of heterozygosity in HLA

Yohan Yang

Department of Biomedical Systems Informatics
The Graduate School, Yonsei University

(Directed by Professor Sangwoo Kim)

Immunotherapy is a next-generation personalized treatment method that
has recently attracted attention as a cancer treatment method. Immunotherapy
is a method in which immune cells recognize neoantigens derived from cancer
cells and increase reactivity with the patient's specific HLA allele to induce
the death of cancer cells. In other study, it is supposed that the loss of
heterozygosity in HLA is related to the case where the treatment effect does
not appear even if the neoantigen known to be associated with
immunotherapy is sufficient. It is assumed that loss of heterozygosity and
allelic copy loss in HLA gene is associated with poor response rates in
immune checkpoint inhibitor treatment. However, the accurate extents or
consistency in cancer types have not been explored. Therefore, a total of 281
whole exome sequencing data from three cohorts of patients who received
immune checkpoint blockade immunotherapy were analyzed, including
Anti-PDL1 treated in metastatic urothelial cancer (N=216), anti-PD1 treated
metastatic melanoma (N=26), and anti-CTLA4 treated metastatic melanoma
(N=39). Although the loss of heterozygosity in HLA was generally expected
to be an inhibitory factor in the immune treatment response by causing T-cell

v



immune evasion, our analysis demonstrates no explicit relationships.

Key words : immune checkpoint blockade, loss of heterozygosity, human leukocyte
antigen



The association of efficacy of immune checkpoint blockade with
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Yohan Yang
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. INTRODUCTION

Cancer is always attempting to evade the immune system. Immune
regulatory cellst, immunosuppressive mediators? 3, and defective antigen
presentation® are some of the factors that cause immune evasion .
Immunotherapy is one of the most widely used cancer treatments.
Immunotherapy is a treatment strategy that improves the immune
environment and elicits an immune response, rather than a previous treatment
method that directly targets®. Immune checkpoint blockade (ICB) is an
immunotherapy drug that blocks inhibitory molecules that suppress cytotoxic
T cells and can lead to an immune evasion mechanism. Programmed death
protein 1 (PD1), Programmed death ligand 1 (PD-L1), and cytotoxic
T-lymphocyte-associated protein 4 (CTLA4) are the main targets of this
treatment®. Because ICB improves the immune system for cancer, this
treatment has the potential for a positive response and a long overall survival’.
However, the number of people who responded to this treatment was small.
Immune phenotype, target gene expression, and tumor mutation burden have
all been associated to this cause®-10.

Understanding the tumor immune microenvironment is important for
1



immunotherapy to be an effective cancer treatment. Among them, HLA-I
(Human Leukocyte Antigen Class I) is associated with a patient's immune
response!l. HLA-A, -B, and -C genes make up the majority of HLA-I genes.
These genes present self-antigen, which can be used to detect pathogens.
These molecules are found on the surface of cells and contain the 8-11mer
peptide known as self-antigen’2. The cytotoxic immune cells that Kkill
pathogens or abnormal cells benefit from this complex. Neoantigens are
non-self-antigens that abnormal cells present, and cytotoxic T cells that
recognize them have a killing ability?3.

There are over 25,000 alleles in the HLA system. Alleles are constantly
being discovered, and the number of them is increasing'. Because HLA has
so many alleles, it has a lot of different structures. Because of this various
structures, the self-antigen displayed on the HLA may differ for each allele.
Furthermore, the expression of neoantigens will appear differently25.16,

The number of neoantigens that can be present will increase if the HLA
allele is diverse. Additionally, the likelihood of the cancer being detected will
increase. As a result, the immune system finds it easier to detect neoantigens
when HLA types diverge in patientst.

Loss of heterozygosity(LOH) in HLA is a representative immune
evasion mechanism®® 1%, As previously mentioned, the immune cells detect
neoantigen presenting on HLA molecules. If HLA is a loss of allele, however,
it has a disadvantage in antigen presentation??. As a result, this condition
promotes immune evasion and immunotherapy has a poor response.

In this study, we examined the clinical response of patients with LOH
in three ICB treatment cohorts to investigate how it relates to the tumor
immune environment. We observed LOH in HLA and used immune profiling
to try to figure out what the tumor microenvironment was like.



Il. MATERIALS AND METHODS
1. Dataset collection for ICB-treated patient cohort and response
evaluation

Datasets from three previous studies on patients who had ICB treatment
were used for the analysis. The three patient cohorts composed of a metastatic
urothelial cancer patient cohort which had anti-PD-L1 treatment
(EGAS00001002556)%, two metastatic melanoma patient cohorts which had
anti-PD1 treatment (GSE78220)%, and anti-CTLA-4 treatment
(phs000452.v2)23, respectively. Data were selected for patients whose
matching normal DNA, tumor DNA, and tumor RNA were available. Based
on the response evaluation criteria in solid tumors (RECIST) version 1.1
guideline?4, we defined complete response (CR) and partial response (PR) as a
responder group, and stable disease (SD) and progressive disease (PD) as a
non-responder group. Patients who were not evaluable (NE) or who have
duplicated sequencing data were excluded were excluded. Finally, data of 216
patients from EGAS00001002556, 26 patients from GSE78220, and 39
patients from phs000452.v2 were enrolled for the analysis.

2. Data processing

We used bwa-mem (v0.7.10) algorithm to align whole-exome DNA
sequence data in FASTQ format to the human reference genome (hg38).
Genome Analysis ToolKit (GATK, v4.0.9.0)25 package was used to mark and
fix duplicate reads in the alignment data.

RNA sequence data were aligned using STAR aligner with 2-pass
method (v2.7.3a)25, to the human reference genome (hg38) and annotated
transcripts in gene transfer format from Ensembl (release 103)7’.

3. Gene expression quantification

Gene expression level was calculated from aligned RNA sequence data,
through RSEM algorithm?8, Transcripts per million (TPM) value was used in
the analysis, and the median value of TPM of each gene was used to divide
expression-high group and expression-low group within the study cohort.

4, Genotyping and LOH status determination of HLA genes
We used Polysolver?? algorithm for the genotyping of HLA genes from
3



aligned normal DNA sequence data, to acquire genotypes of HLA genes in an
8-digit notation for downstream analysis. Genotyping step is then followed by
LOHHLA?? algorithm to assess and determine the LOH status of HLA genes.
Briefly, LOHHLA determines whether the loss of allele-specific copy number
is significantly different between the normal DNA data and the tumor DNA
data. If p-value from the Student’s t-test between two data is less than 0.01,
LOHHLA determines that the HLA allele is lost.

5. Assessment of tumor immune microenvironment

Tumor infiltrating immune cell profiling was carried out using
CIBERSORT algorithm with absolute mode3° in order to identify immune
cells and its proportion inside the tumor microenvironment. Gene expression
data in TPM values from tumor RNA sequencing were used as input.

6. Statistical methods

Fisher's exact test was used to assess the relationship between LOH in
each HLA genes and treatment response within the cohort. P-values less than
0.05 were considered as the difference between two groups is statistically
significant.

Wilcoxon rank-sum test was used to determine whether the difference
of estimated immune cell scores was significant, between allelic copy humber
loss group and allelic copy number intact group. P-values less than 0.05 were
considered as showing statistically significant difference between the two
groups.

Log-rank test was used to calculate the difference in survival rates
between the two groups in terms of the patient's overall survival. P-values less
than 0.05 were considered as showing statistically significant survival
difference between two groups.



. RESULTS
1. Clinical response and evaluation of loss of heterozygosity in HLA
within cohort

We were able to identify alleles of three HLA genes(HLA-A, -B, and
-C) to determine allelic loss from the patients with 1CBs using whole-exome
sequence data(N=281)(Figure 1). Initially, we excluded homozygosity in
HLA-A, -B, and -C genes to identify allelic copy loss in each HLA gene.
Patients with HLA-A heterozygosity are 239, HLA-B heterozygosity is 260 ,
and HLA-C heterozygosity is 244 in 3 cohorts(Figure 2a). Then, we divided
each of the two groups into an allelic copy number loss group and an allelic
intact group. We discovered that LOH in HLA was not associated with
clinical response in melanoma patients treated with ICB (Figure 2b-d).
Furthermore, clinical response to anti-PDL1 in metastatic urothelial cancer
was associated with HLA-A LOH(Fisher's exact test).

This tendency can also be seen in the overall survival rate (Figure 3). In
between HLA-A allelic copy number loss group and intact groups, loss group
had significantly better overall survival rate. Although there was no
correlation between survival and LOH in the two cohorts of metastatic
melanoma, the survival of the allelic copy number loss group in metastatic
urothelial cancer was significantly better
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2. Tumor microenvironment analysis in HLA allelic copy loss
A, Immune-related gene expression with loss of heterozygosity in
HLA

We identified tumor microenvironment in cohorts with ICB treatments
to better understand immune related molecule components when a patient had
LOH in HLA. Clinical response was related to the expression of ICB-targeted
genes. Furthermore, we hypothesized that HLA allelic loss was correlated
with decreased HLA expression. As a result of the significant relationship
between responder and HLA-A LOH, we expected that the expression of the
targeted gene was enriched while the expression of the HLA gene was
decreased. We observed that an ICB-targeted gene is associated with overall
survival in an expression-high group at each cohort without metastatic
melanoma cohort with anti-PD1 treatment (Figure 4). However, there were no
significant differences in the expression of immune-related genes between
HLA allelic loss group and HLA allelic intact group(Figure 5-7).
Extraordinarily, the differences in expression of ICB-targeted gene were
statistically significant in anti-PD1 treatment data with LOH in HLA-B but
that was not related to overall survival with ICB-target gene expression-high
group (Figure 6d).

These findings show that HLA allelic loss in DNA has no effect on
HLA gene expression or immune gene expression.
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Figure 4. Overall survival between HLA allele loss and HLA allele intact
group. Each cohort was (a) Metastatic urothelial cancer with anti-PDL1, (b)
metastatic melanoma with anti-PD1, and (c) metastatic melanoma with
anti-CTLA4
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B. Tumor microenvironment with loss of heterozygosity in HLA

We performed computational immune cell profiling on each patient to
identify the immune cell composition that occurs when a patient has LOH in
HLA. It was confirmed that among the immune cell scores, the cytotoxic
immune cell score was significantly higher in patients with clinical response
in metastatic urothelial cancer (Figure 8). This follows a similar pattern as
previous research findings, and it appears to be beneficial to use ICB
treatment if cytotoxic immune cells are present in large numbers in the cancer.

Next, we confirmed that only NK cells among the cytotoxic immune
cell scores had a higher score in the allelic copy number loss in HLA-A group
when comparing the immune cell score of patients in the allelic copy number
loss group with patients in the allelic copy number intact group (Figure 9-11).
These results show that cytotoxic immune cells do not show any significant
difference in the allelic copy number loss group, but NK cells appearing in the
tumor microenvironment of the patients appear more in the allelic copy
number loss group.
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IV. DISCUSSION

If loss of heterozygosity in HLA does not cause problems in the
immune system, immune cell profiling was used to understand what kind of
immune system it is. The LOH in HLA was expected to have low
immune-mediated impact on NK cells and cytotoxic T cells, which are
directly affected by HLA. As a result, cytotoxic immune cells were found in
higher numbers in the responder group in metastatic urothelial cancer. After
that, we looked at how immune cells correlated with LOH in HLA and
discovered that patients with HLA-A allele loss had more NK cells. From this
perspective, LOH in HLA not only reduces immunotherapy response (ref), but
also causes cancer to evolve in a way that does not present neoantigen as a
result of immune pressure, and also expresses an immune inhibitor. Asa
result, it is thought that when ICB treatment is used on cancer with such a
tumor microenvironment, the immune response will be better because the
immunogenicity environment has already been established.

We expect loss allele expression to be low in cancer cells if HLA allele
copy number loss occurs®?, but it is difficult to indicate that it's always
correlated with expression. Despite the development of a tool for predicting
HLA allele expression32, it is difficult to accurately predict allele-specific
expression due to HLA polymorphism. As a result, it's thought that the precise
allelic imbalance can only be determined once the correlation with
allele-specific expression is established.

LOH in HLA has long been thought to be an important predictor of ICB
treatment response, but this study shows that it is both significant and
unrelated. Instead, in the immunogenic tumor microenvironment, LOH in
HLA acts asan immune evolutionary factor, so some cancer types benefit
from ICB treatment. Because cancer is caused by a complex set of factors,
future research should consider not only immune factors but also other factors
when assessing cancer and determining treatment options.
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V. CONCLUSION

The goal of this study was to investigate if HLA allele loss in patients
receiving ICB treatment was associated with their clinical response. Asa
result, we chose three ICB-treated cohorts to investigate allelic copy number
loss in HLA using whole exome sequencing. Cancer was not removed
because detection of the cytotoxic immune cell was difficult in patients with
loss of heterozygosity in HLA. As a result, even if ICB treatment improves
the tumor microenvironment, clinical response was not thought to be
improved. However, our findings revealed that HLA allele loss did not differ
significantly between responders and non-responders, and that HLA-A allele
loss was more beneficial for clinical response in metastatic urothelial cancer.

To investigate this tendency, we proceeded with computational immune
profiling, and we observed that there was association between the cytotoxic
immune cells and loss of heterozygosity in HLA. It can be an immune evasion
mechanism for cancer with hot immune environment, and it seems that the
ICB response is better because these cytotoxic immune cells are many
cancers.

20



REFERENCES

1.

10.

11.

12.

13.

14,

15.

Yokokawa J, Cereda V, Remondo C, Gulley JL, Arlen PM, Schlom J, et al.
Enhanced functionality of CD4+CD25(high)FoxP3+ regulatory T cells in
the peripheral blood of patients with prostate cancer. Clin Cancer Res.
2008;14(4):1032-40.

Pasche B. Role of transforming growth factor beta in cancer. J Cell
Physiol. 2001;186(2):153-68.

Chen Q, Daniel V, Maher DW, Hersey P. Production of IL-10 by
melanoma cells: examination of its role in immunosuppression mediated
by melanoma. Int J Cancer. 1994;56(5):755-60.

Maeurer MJ, Gollin SM, Martin D, Swaney W, Bryant J, Castelli C, et al.
Tumor escape from immune recognition: lethal recurrent melanoma in a
patient associated with downregulation of the peptide transporter protein
TAP-1 and loss of expression of the immunodominant MART-1/Melan-A
antigen. J Clin Invest. 1996;98(7):1633-41.

Rosenberg SA. 1L-2: the first effective immunotherapy for human cancer.
J Immunol. 2014;192(12):5451-8.

Callahan MK, Postow MA, Wolchok JD. Targeting T Cell Co-receptors
for Cancer Therapy. Immunity. 2016;44(5):1069-78.

Ryu H, Lee HJ. Nivolumab and Ipilimumab in Advanced Melanoma. N
Engl J Med. 2017;377(25):2503.

Gao J, Shi LZ, Zhao H, Chen J, Xiong L, He Q, et a. Loss of
IFN-gamma Pathway Genes in Tumor Cells as a Mechanism of
Resistance to Anti-CTLA-4 Therapy. Cell. 2016;167(2):397-404 €9.
Gaffney SG, Perry EB, Chen PM, Greenstein A, Kaech SM, Townsend JP.
The landscape of novel and complementary targets for immunotherapy:
an analysis of gene expression in the tumor microenvironment.
Oncotarget. 2019;10(44):4532-45.

Zaretsky JM, Garcia-Diaz A, Shin DS, Escuin-Ordinas H, Hugo W,
Hu-Lieskovan S, et al. Mutations Associated with Acquired Resistance to
PD-1 Blockade in Melanoma. N Engl J Med. 2016;375(9):819-29.
Chowell D, Morris LGT, Grigg CM, Weber JK, Samstein RM, Makarov
V, et al. Patient HLA class | genotype influences cancer response to
checkpoint blockade immunotherapy. Science. 2018;359(6375):582-7.
Matsumura M, Fremont DH, Peterson PA, Wilson IA. Emerging
principles for the recognition of peptide antigens by MHC class |
molecules. Science. 1992;257(5072):927-34.

Berke G. The binding and lysis of target cells by cytotoxic lymphocytes:
molecular and cellular aspects. Annu Rev Immunol. 1994;12:735-73.
Robinson J, Barker DJ, Georgiou X, Cooper MA, Flicek P, Marsh SGE.
IPD-IMGT/HLA Database. Nucleic Acids Res. 2020;48(D1):D948-D55.
Hoof |, Peters B, Sidney J, Pedersen LE, Sette A, Lund O, et al.
NetMHCpan, a method for MHC class | binding prediction beyond

21



16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

217.

28.

29.

humans. Immunogenetics. 2009;61(1):1-13.

Marty R, Kaabinejadian S, Rossell D, Slifker MJ, van de Haar J, Engin
HB, et al. MHC-l Genotype Restricts the Oncogenic Mutational
Landscape. Cell. 2017;171(6):1272-83 el5.

Chowell D, Krishna C, Pierini F, Makarov V, Rizvi NA, Kuo F, et al.
Evolutionary divergence of HLA class | genotype impacts efficacy of
cancer immunotherapy. Nat Med. 2019;25(11):1715-20.

Dejima H, Hu X, Chen R, Zhang J, Fujimoto J, Parra ER, et al. Immune
evolution from preneoplasia to invasive lung adenocarcinomas and
underlying molecular features. Nat Commun. 2021;12(1):2722.
McGranahan N, Rosenthal R, Hiley CT, Rowan AJ, Watkins TBK,
Wilson GA, etal. Allele-Specific HLA Loss and Immune Escape in Lung
Cancer Evolution. Cell. 2017;171(6):1259-71 ell.

Rosenthal R, Cadieux EL, Salgado R, Bakir MA, Moore DA, Hiley CT,
et al. Neoantigen-directed immune escape in lung cancer evolution.
Nature. 2019;567(7749):479-85.

Mariathasan S, Turley SJ, Nickles D, Castiglioni A, Yuen K, Wang Y, et
al. TGFbeta attenuates tumour response to PD-L1 blockade by
contributing to exclusion of T cells. Nature. 2018;554(7693):544-8.

Hugo W, Zaretsky JM, Sun L, Song C, Moreno BH, Hu-Lieskovan S, et
al. Genomic and Transcriptomic Features of Response to Anti-PD-1
Therapy in Metastatic Melanoma. Cell. 2017;168(3):542.

Berger MF, Hodis E, Heffernan TP, Deribe YL, Lawrence MS,
Protopopov A, et al. Melanoma genome sequencing reveals frequent
PREX2 mutations. Nature. 2012;485(7399):502-6.

Schwartz LH, Seymour L, Litiere S, Ford R, Gwyther S, Mandrekar S, et
al. RECIST 1.1 - Standardisation and disease-specific adaptations:
Perspectives from the RECIST Working Group. Eur J Cancer.
2016;62:138-45.

McKenna A, Hanna M, Banks E, Sivachenko A, Cibulskis K, Kernytsky
A, et al. The Genome Analysis Toolkit: a MapReduce framework for
analyzing next-generation DNA sequencing data. Genome Res.
2010;20(9):1297-303.

Dobin A, Davis CA, Schlesinger F, Drenkow J, Zaleski C, Jha S, et al.
STAR: ultrafast universal RNA-seq aligner.  Bioinformatics.
2013;29(1):15-21.

Howe KL, Achuthan P, Allen J, Allen J, Alvarez-Jarreta J, Amode MR, et
al. Ensembl 2021. Nucleic Acids Res. 2021;49(D1):D884-D91.

Li B, Dewey CN. RSEM: accurate transcript quantification from
RNA-Seq data with or without a reference genome. BMC Bioinformatics.
2011;12:323.

Shukla SA, Rooney MS, Rajasagi M, Tiao G, Dixon PM, Lawrence MS,
et al. Comprehensive analysis of cancer-associated somatic mutations in
class | HLA genes. Nat Biotechnol. 2015;33(11):1152-8.

22



30.

31.

32.

Chen B, Khodadoust MS, Liu CL, Newman AM, Alizadeh AA. Profiling
Tumor Infiltrating Immune Cells with CIBERSORT. Methods Mol Biol.
2018;1711:243-59.

Shao X, Lv N, Liao J, Long J, Xue R, Ai N, et al. Copy number variation
is highly correlated with differential gene expression: a pan-cancer study.
BMC Med Genet. 2019;20(1):175.

Lee W, Plant K, Humburg P, Knight JC. AltHapAlignR: improved
accuracy of RNA-seq analyses through the use of alternative haplotypes.
Bioinformatics. 2018;34(14):2401-8.

23



A7 MYT FAY oY FF £

ABSTRACT(IN KOREAN)

J,NO
)
B
o}
=
Jjo
ol
o}

o
X
opy
)

B

il

X
B
™

~
fite)

el
o
ﬂo

—_—

<

st 9lth HLA 4]

)
B

oF
gl

()
o

et kA,

T

-

o] 2ALHA

oA
HlF o
= -

KeN
=

, o] IS EFE anti-PD1

2 Aryjel #8x(N=216), anti-PD1

=

E

e

374

ZH(N=26) 18]3 anti-CTLA4Z

24

&



o4~
1

%= 281719

=39) ol A

2N

Z gy

)

ol
B %0

25



