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ABSTRACT

Background Triple-negative breast cancers (TNBCs),
especially those non-immune-inflamed tumors, have a
poor prognosis and limited therapies. Human leukocyte
antigen (HLA)-I not only contributes to antitumor

immune response and the phenotype of the tumor
microenvironment, but also is a negative predictor of
outcomes after immunotherapy. However, the importance
of HLA functional status in TNBCs remains poorly
understood.

Methods Using the largest original multiomics

datasets on TNBCs, we systematically characterized

the HLA-I status of TNBCs from the perspective of HLA-

I homogeneity and loss of heterozygosity (LOH). The
prognostic significance of HLA-I status was measured.

To explain the potential mechanism of prognostic value

in HLA-T status, the mutational signature, copy number
alteration, neoantigen and intratumoral heterogeneity were
measured. Furthermore, the correlation between HLA-I
functional status and the tumor immune microenvironment
was analyzed.

Results LOH and homogeneity in HLA-I accounted for
18% and 21% of TNBCs, respectively. HLA-I LOH instead
of HLA-I homogeneity was an independent prognostic
biomarker in TNBCs. In particular, for patients with non-
immune-inflamed tumors, HLA-I LOH indicated a worse
prognosis than HLA-I non-LOH. Furthermore, integrated
genomic and transcriptomic analysis showed that

HLA-I LOH was accompanied by upregulated scores of
mutational signature 3 and homologous recombination
deficiency scores, which implied the failure of DNA double-
strand break repair. Moreover, HLA-I LOH had higher
mutation and neoantigen loads and more subclones than
HLA-I non-LOH. These results indicated that although
HLA-I LOH tumors with failure of DNA double-strand break
repair were prone to produce neoantigens, their limited
capacity for antigen presentation finally contributed to poor
immune selection pressure.

Conclusion Our study illustrates the genomic landscape
of HLA-I functional status and stresses the prognostic
significance of HLA-I LOH in TNBCs. For “cold” tumors in
TNBCs, HLA-I LOH indicated a worse prognosis than HLA-I
non-LOH.

INTRODUCTION
Triple-negative  breast cancer (TNBC),
which does not express estrogen receptor

"2 Yi Xiao,"? Xi Jin,"? Gen-Hong Di,"? Yi-Zhou Jiang,'?

or progesterone receptor and lacks human
epidermal growth factor receptor 2 ampli-
fication or overexpression, accounts for
15%—-20% of all breast cancers but has the
worst prognosis. "2 Alack ofrecognized molec-
ular targets has become the main challenge
for patients with TNBC.> Previous research
has classified TNBCs into four subtypes,
namely, the luminal androgen receptor
(LAR) subtype, basal-like and
suppressed (BLIS) subtype, mesenchymal-
like (MES) subtype, and immunomodulatory
(IM) subtype.4 The IM subtype (so-called
“hot” tumor or “immune-inflamed” tumor)
is characterized by a high prevalence of both
stromal and intratumoral tumor-infiltrating
lymphocytes and good prognoses.* > In
contrast, “cold” tumors have a poor prognosis
and limited therapies.”°

The human leukocyte antigen (HLA)
class-I gene group (HLA-A, HLA-B, and
HLA-C) is located on chromosome 6p21
and has the highest polymorphism in the
human genome.”® HLA-I gene products are
expressed on all nucleated cells (including
tumor cells) and play a crucial role in the
presentation of tumor neoantigens with other
antigen presentation genes (such as B2M and
TAP1/2) to activate the antitumor immune
response.”™ According to previous studies,
the higher germline homogeneity in HLA-I
molecules contributes to less variation in the
peptide-binding region, which leads to this
region binding to only a selected repertoire
of peptide ligands."' '*'® Consequently, fewer
types of tumor antigens can be presented, and
tumor cells are more difficult to recognize
by T-cells that can trigger a subsequent anti-
tumor immune response.11 Moreover, a loss of
the HLA haplotype may also reduce antigen
presentation.'” Therefore, the dysfunction of
HLA-I might be reflected at the germline and
somatic levels. Previous studies have found
that homozygosity or loss of heterozygosity
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(LOH) in HLA-I is related to patient prognosis.“ 1218-20

However, few studies systemically discuss germline HLA-I
mutation or somatic HLA-I LOH based on multiomics
data, nor do they discuss the correlation between HLA-I
functional status and the tumor microenvironment, espe-
cially in TNBCs.

Here, we questioned the capacity of HLA-I to influence
the molecular characteristics and prognosis of patients
with TNBC. Moreover, we wondered whether HLA-I status
could improve TNBC immune subtypes from the view of
prognosis. With multiomics data for the largest single-
center TNBC cohort, we successfully classified 303 TNBC
samples into different HLA-I statuses at the germline and
somatic levels and explored their biological implications.

METHODS

Tumor and normal samples and datasets

Patients diagnosed with malignant breast cancer who
were willing to participate in this study were retrospec-
tively selected. Detailed sample selection was described
in our previous study.” In this study, we selected samples
qualified to estimate HLA-I germline homogeneity and
LOH. In all, 303 patients were retrospectively enrolled in
this study.

The follow-up within this cohort ended on June 30,
2017, and the median length of follow-up was 44.7 months
(IQR, 34.6-57.4 months). Relapse-free survival (RFS) was
defined as the time from primary treatment to first recur-
rence (local or regional recurrence or distant metastasis)
or death due to any cause. Patients without events during
follow-up were censored.

Procedures involving patients were performed in accor-
dance with the Declaration of Helsinki. All tissue samples
were collected according to the protocols approved by
the independent Ethics Committee/Institutional Review
Board of the Fudan University Shanghai Cancer Center
(FUSCC) Ethical Committee. Each patient provided
written informed consent.

Detailed information on biospecimen collection, gener-
ation of expression profiles, whole exome sequencing
(WES) data and somatic copy number variation (SCNV)
data were described in a previous study.*

Gene set enrichment analysis (GSEA) and single sample gene
set enrichment analysis (sSGSEA)

GSEA was used to explore enriched pathways and inter-
pret RNA-seq data using predefined gene sets from the
Molecular Signatures Database V.7.1.2" All basic and
advanced fields were set to default. Gene sets with a
false discovery rate (FDR)<0.25and nominal (NOM)
p-value <0.05 were classified as significant and visualized
using the Enrichment Map plugin of Cytoscape V.3.7.0.
Detailed information for the top 10 gene sets ranked by
normalized enrichment score (NES) was visualized using
Cleveland plots created with the R package ggplot2. The
compendium of microenvironment genes related to
microenvironment cell subsets was constructed based on

two gene signatures, CIBERSORT** and MCP-Counter.”
ssGSEA (“GSVA” function in R) was used to estimate the
abundance of each microenvironment cell subset for
each patient.**

Calculation of TNBC immune subtype

The calculation of TNBC immune subtype was based
on the constituent pattern of each microenvironment
cell type. To explore the optimal number of stable
TNBC immune subtypes, we performed Nbclust testing
(“NbClust” function in R, index 14 “all”). Afterward,
k-means (“kmeans” function in R) clustering was used
to separate each TNBC immune subtype according to
putative optimal number of microenvironment cluster
provided by Nbclust testing. The detailed calculation of
TNBC immune subtype was described in previous study.”

Determination of HLA-I status

HILA-I status consisted of two aspects of information,
HLA-I germline homogeneity and HLA-I LOH. To eval-
uate HLA-I germline homogeneity, the POLYSOLVER
tool®” was used to identify the four-digit HLA genotype
for each sample by the exome data of paired normal
samples from patients with TNBC (arguments: Asian 1
hgl9 STDFQ 0). Patients whose two alleles had the same
genotype at any one of the HLA-A, HLA-B, and HLA-C
loci were considered to have HLA-I germline homo-
geneity; otherwise, HLA-I germline heterogeneity was
considered. To estimate HLA-I LOH at the somatic level,
we used copy number values (nMajor and nMinor) at the
segment level adjusted by the ASCAT algorithm.*® Tumor
purity has been adjusted when evaluating copy number
values in ASCAT. Patients, whose copy number values of
one of two alleles at any main HLA-I loci (HLA-A, HLA-B,
and HLA-C) equaled zero, were considered HLA-I LOH;
otherwise, HLA-I non-LOH.

Survival analysis

Survival curves were constructed using the Kaplan-Meier
method and compared with the log-rank test. Univariate
and multivariate Cox proportional hazards models were
used to explore independent prognostic variables. Age,
the number of positive lymph nodes, tumor size, homol-
ogous recombination deficiency (HRD) score, PAM50
subtypes, and TNBC immune subtypes were first analyzed
in a univariate Cox proportional hazards model. Then,
a multivariate analysis of all significant variables was
performed using the Cox proportional hazard regression
model.

Calculation of neoantigens

NetMHCpan (V.4.0)*” was used to predict neoantigens
based on the somatic mutation data (.maf) and HLA geno-
type data generated by POLYSOVER tools. According to
variant classification and variant type in the MAF file,
two kinds of neoantigens were predicted separately—
neoantigens derived from small insertions and deletions
(Indel) (Variant_Classification = “Frame_Shift_Ins”,
“Frame_Shift_Del”, “In_Frame_Ins”, “In_Frame_Del”,
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and Variant_Type = “INS”, “DEL”) and protein-coding
single nucleotide variants (SNVs) (Variant_Classifica-
tion = “Missense_Mutation”, and Variant_Type = “SNP”).
Neoantigens were considered to be mutations possessing
predicted peptides with a presumptive binding
affinity <5600 nM. The corresponding gene of those muta-
tions should be expressed as greater than combat value
1 (based on median expression rather than the specific
sample). The construction of this algorithm was based on
pVAC-seq® and modified according to the characteristics
of our data.

Calculation of HRD scores

The HRD score was calculated as the unweighted sum
of the LOH score, telomeric allelic imbalance (TAI)
score, and modified large-scale state transition (LSTm)
score. The LOH score measures the number of subchro-
mosomal LOH regions longer than 15Mb. The LST
score counts the number of chromosomal breaks of at
least 10Mb between adjacent regions after filtering out
regions shorter than 3Mb. To adjust the effect of ploidy,
the LST score was modified using the following formula:
LSTm=LST-15.5P (P refers to ploidy). The TAI score was
defined as the number of regions of allelic imbalance that
extended to one of the subtelomeres but did not cross the
centromere. The detailed calculation of these scores was
described in a previous study.*

Estimation of subclonal cancer cells

We used PyClone 0.13.0 to infer the clonal composition
of each tumor sample.”” The input data included the
number of reads overlapping the locus matching the
reference allele and variant allele and the copy number
of the major allele and minor allele in the malignant
cells. Each patient’s subclone number was summarized
from the “cluster_id” column in PyClone output tables.

Determination of TNBC subtype

Briefly, we performed consensus clustering (“Consen-
susClusterPlus” package in R*) and k-means clustering
(“kmeans” function in R) to determine the optimal
number of TNBC subtypes in RNA sequencing data.
Finally, four subtypes, BLIS, IM, LAR, and MES were iden-
tified. Detailed methods for subtype determination have
been reported previously.*

Mutational signature and SCNV analysis

The package “deconstructSigs™ was used to identify
mutational signatures present in TNBC samples with
SNVs. This approach organized sample information
in the form of the fraction of mutations in each of 96
trinucleotides and determined the weighted combina-
tion of published signatures33 (https://cancer.sanger.ac.
uk/cosmic/signatures) that most closely reconstructed
the mutational profile. Only signatures that have been
observed in human breast cancers were considered
(cosmic signatures 1, 2, 3, 5, 6, 8, 13, 17, 18, 20, 26, and
30) 3435

Pearson’s % test and Fisher’s exact test were used to
evaluate differences in copy number alteration (CNA)
frequency. The FDR method was used to correct p values.

Statistical analysis

In this study, data distributions were characterized by
frequency tabulation and summary statistics. Student’s
t-test, analysis of variance, and Mann-Whitney Wilcoxon
test were used to compare continuous variables, and
Pearson’s y” test and Fisher’s exact test were employed
to compare categorical variables. Before comparison, the
Shapiro-Wilk test was conducted in the normality test of
distribution. All tests were two-sided. A p-value <0.05 was
considered statistically significant, unless otherwise indi-
cated. p-values for multiple comparisons were adjusted to
the false discovery rate using FDR correction. All analyses
were performed using R package V.4.0.2 (https://cran.
r-project.org/).

Data availability

All data can be viewed in The National Omics Data Ency-
clopedia (http://www.biosino.org/node) by pasting
the accession (OEP000155) into the text search box or
through online (http://wwwbiosinoorg/node/project/
detail/OEP000155). The microarray data and sequence
data are also available in the NCBI Gene Expression
Omnibus (OncoScan: GSE118527, HTA 2.0: GSE76250)
and Sequence Read Archive (WES and RNA-seq:
SRP157974).

RESULTS

The landscape of HLA-I status in TNBCs

HLA-I LOH is defined as the monoallelic loss of at least
one HLA-I gene (HLA-A, HLA-B, and HLA-C). Individ-
uals whose HLA genotypes showed two identical alleles
in at least one HLA-I gene (HLA-A, HLA-B, and HLA-C)
were classified as having HLA-I germline homogeneity.
Patients with HLA-I germline homogeneity or HLA-I
LOH were considered to have HLA-I dysfunction and
consequently a limited capacity to present antigens.'' 17
Using POLYSOLVER and ASCAT algorithms on a cohort
of 303 patients with TNBC, we evaluated HLA-I germline
homogeneity and HLA-I LOH for each patient.” ** Only
rare patients had >2 homogenous HLA-I genes (online
supplemental figure 1A). Overall, 18% of patients had
HLA-I LOH (figure 1A,B), and 21% of patients had
HLA-I homogeneity (online supplemental figure 1A,B).
HLA-I statuses were relatively evenly distributed in TNBC
intrinsic subtypes and the TNBC immune subtypes
(figure 1C and online supplemental figure 1C).

We further investigated the clinical relevance of HLA-I
status in TNBCs. Patients with HLA-I LOH showed
significantly worse RFS than the HLA-I non-LOH group
(figure 1D, p=0.013). Regardless of whether patients
had germline HLA homogeneity, their prognoses were
not significantly different (online supplemental figure
1D, p = 0.36). We conducted further analysis to show the
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Figure 1 The landscape of HLA-I LOH statuses in TNBCs. (A) Summary of characteristics of HLA-I LOH and HLA-I non-
LOH. (B) Distribution of HLA-I LOH and HLA-I non-LOH. (C) Distribution of the TNBC immune subtype and TNBC intrinsic
subtype (FUSCC TNBC subtype). (D) Comparison of Kaplan-Meier curves of RFS between HLA-I non-LOH and LOH patients.
(E) Kaplan-Meier curves of RFS between the HLA-I non-LOH and LOH groups in immune-inflamed patients and non-immune-
inflamed patients. (F) Kaplan-Meier curves of RFS between immune-inflamed patients and non-immune-inflamed patients

with or without HLA-I LOH. BLIS, basal-like and immune-suppression; CNA, copy number alteration; HLA, human leukocyte
antigen; IM, immunomodulatory; LAR, luminal androgen receptor; LOH, loss of heterozygosity; MES, mesenchymal-like; ns, no
significance; RFS, relapse-free survival; TNBCs, triple-negative breast cancers; ***p<0.001.

association between specific HLA-I locus homozygosity
(HLA-A, HLA-B, and HLA-C) and survival. Specific HLA-I
locus homozygosity still showed limited prognostic value
(online supplemental figure 1E).

Owing to the close connection between HLA-I function
and immune response,'' '** we subsequently investigated
the prognostic value of HLA-I function in “cold” and
“hot” TNBCs. First, we divided patients with TNBC into
an immune-inflamed group and a non-immune-inflamed
group.” In general, non-immune-inflamed tumors had
worse RFS than immune-inflamed tumors. When taking
HILA-I LOH into consideration as well, HLA-I LOH iden-
tified differences in prognoses among non-immune-
inflamed patients rather than immune-inflamed patients
(figure 1E). Additionally, although immune-inflamed
patients had better prognoses than non-immune-
inflamed patients, the prognostic difference between
non-immune-inflamed patients without HLA-I LOH and
immune-inflamed patients was not statistically signifi-
cant (figure 1F). However, germline HLA homogeneity
might not significantly influence the prognosis of the
non-immune-inflamed population (online supplemental
figure 1F). There was limited prognostic difference
between immune-inflamed patients and non-immune-
inflamed patients with HLA-I homogeneity (online
supplemental figure 1G). We reasoned that HLA-I LOH
was an important factor for the poor prognosis of non-
immune-inflamed patients with TNBC.

To eliminate confounding factors, we subsequently
performed univariate and multivariate Cox regression.
Age, the number of positive lymph nodes, tumor size,

HRD score, PAM50 subtype, tumor HLA-I LOH, and
TNBC immune subtype were included. After univariate
and multivariate Cox regression, the number of positive
lymph nodes, tumor size, tumor HLA-I LOH, and TNBC
immune subtype were considered independent prog-
nostic factors. Notably, among these factors, tumor HLA-I
LOH was one of the strongest independent prognostic
factors with statistical significance (table 1, non-LOH:
HR=0.307, p<0.001). Moreover, we validated that HLA-I
LOH was still an independent poor prognostic indicator
in non-immune-inflamed patients with TNBC (online
supplemental table S1, non-LOH: HR=0.255, p<0.001).

In summary, both of HLA-I LOH and HLA-I germ-
line homogeneity accounted for approximately 20% of
patients with TNBC, and HLA-I LOH instead of HLA-I
homogeneity was a potential prognostic biomarker.
HLA-I LOH indicated worse prognoses than HLA-I non-
LOH, especially for patients with non-immune-inflamed
tumors.

Genomic alterations among HLA-I statuses

As HLA-I LOH had strong prognostic significance, we
further investigated whether this was driven by specific
oncogenic mutations and CNAs. Initially, we discussed
the differences in CNAs between the HLA-I non-LOH
group and the LOH group. Most of the segments had
no significant differences in copy number amplifica-
tion or deletion, except for the short arm of chromo-
some 6, where HLA-I genes were located (figure 2A).
This result suggested that HLA-I LOH was potentially
a driver event rather than a passage event in CNAs.
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Table 1 Univariate and multivariate Cox proportional hazard models for RFS
Univariate Multivariate
Variable HR (95% CI) p-value HR (95% ClI) p-value

Positive lymph node, number 1.089 (1.049 to 1.131)

<0.001 1.093 (1.048 to 1.140) <0.001

HRD score 0.997 (0.989 to 1.006)

0.525 Not Included

Tumor HLA-I LOH
LOH Ref
Non-LOH 0.459 (0.245 to 0.860)

Ref

0.015 0.307 (0.158 to 0.596) <0.001

HRs and p-values of the covariates in the univariate and multivariate Cox proportional hazard models for RFS.
Cl, confidence interval; HLA, human leukocyte antigen; HRD, homologous recombination deficiency; LOH, loss of heterozygosity; RFS, relapse-free
survival; TNBCs, triple-negative breast cancers.

Moreover, the mutation landscape between the HLA-I
non-LOH group and LOH group was compared.
Among the top 20 most frequent mutations, none
of them showed statistically significant differences
between the HLA-I LOH group and the HLA-I non-
LOH group (figure 2B). Interestingly, among all
breast cancer-related mutational signatures, muta-
tional signature 3, which was associated with failure of
DNA double-strand break repair, showed a significant
difference between the HLA-I LOH and non-LOH
groups (figure 2C) .29

We also explored the difference in oncogenic muta-
tions and CNAs between the HLA-I heterogeneity group
and germline HLA-I homogeneity group. There were no
statistically significant copy number alterations between
the germline HLA-I heterogeneity group and germline
HLA-I homogeneity group (online supplemental figure
S2A). PIK3CA mutation was enriched in the homogeneity
group (29% vs 13%, p=0.009; online supplemental figure
S2B). There was no difference in mutational signatures
between the homogeneity and heterogeneity groups
(online supplemental figure S2C).

In conclusion, HLA-I LOH was potentially a driver CNA
event and was accompanied by the failure of DNA double-
strand break repair.

HLA-I status correlates with selection pressure

Selection pressure from the immune system influences
tumor evolution. Weak immune selection reflects
immune escape and expands the tumor population.”
Previous research indicated that HLA-I LOH might
facilitate genome evolution by decreasing selection
pressure and result in tumor progression in non-small-
cell lung cancer (NSCLC).'” We further compared the
differences in selection pressure between each HLA-I

status in TNBCs. Mutation load, neoantigen load
and the number of subclones were chosen to reflect
the selection pressure.”® We divided all patients into
a HLA-I LOH group and a HLA-I non-LOH group.
A violin plot showed that the HLA-I LOH group
had higher neoantigen and tumor mutation loads
(figure 3A,B). Moreover, we found that the HLA-ILOH
group had more subclones than the HLA-I non-LOH
group (figure 3C). Similar results were also observed
when we only included non-immune-inflamed TNBCs
(figure 3D,E,F). However, for patients with immune-
inflamed tumors, there was no significant difference in
neoantigen load, mutation load or subclone number
(figure 3G,H,I).

In contrast, regardless of TNBC immune subtype,
mutation load, neoantigen load, and the number of
subclones were not significantly different between
the germline HLA-I homogeneity group and germ-
line HLA-I heterogeneity group (online supplemental
figure S3).

Taken together, these data suggested that TNBCs
with HLA-I LOH had higher mutation and neoantigen
loads and more subclones than HLA-I non-LOH TNBCs,
indicating that HLA-I LOH tumors were subjected to
poor selection pressure due to antigen presentation
dysfunction.

High homologous recombination deficiency in HLA-I LOH and
non-immune-inflamed TNBCs

Given that the occurrence of HLA-ILOH mightbe a driver
event and strongly contribute to the poor prognosis of
patients with non-immune-inflamed tumors in TNBCs, we
further explored potential therapeutic strategies for these
TNBCs. We compared the expression profiles between
the non-immune-inflamed population with HLA-I LOH
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Figure 2 Genomic alterations between different HLA-I LOH statuses in TNBCs. (A) Comparison of the somatic copy number
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(dark red), gain (light red), loss (light blue), and deletion (dark blue) of each gene in each cluster, and the bottom plot illustrates
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genes are shown. (C) Heatmap showing the contribution of breast cancer-related mutational signatures to HLA-I non-LOH and
HLA-I LOH. HLA, human leukocyte antigen; LOH, loss of heterozygosity; TNBCs, triple-negative breast cancers; *p<0.05.

and without HLA-I LOH. In GSEA, among all statistically ~ among the top 20 pathways with the highest NES, most
significant pathways, cell cycle-related pathways, DNA  pathways reflected an elevated level of ribosome activity
repair pathways and ribosome-related pathways were and cell cycle-related activities (figure 4B). Furthermore,
enriched in the non-immune-inflamed population with  in non-immune-inflamed tumors, the mean HRD score
HLA-I LOH compared with the non-immune-inflamed  of patients with HLA-I LOH was 43, which was signifi-
population without HLA-I LOH (figure 4A). Specifically, cantly higher than that of patients with HLA-I non-LOH,
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whose average HRD score was 14 (figure 4C, p<0.001).
The HRD score is the sum of TAI, LSTm and LOH score.
All these scores were higher in the HLA-I LOH group
than in the HLA-I non-LOH group among non-immune-
inflamed tumors (online supplemental figure S4A-C, TAI:
p=0.027, LSTm: p<0.001; LOH: p<0.001). For the non-
immune-inflamed population without HLA-I LOH, the
top 20 statistically significant pathways with the highest
NES value were mostly related to metabolism, including
carbohydrate metabolism (online supplemental figure
S5).

Overall, non-inflamed-tumors with HLA-I LOH had a
worse prognosis and the upregulation of cell cycle-related
and DNA repair pathways (figure 4D).

DISCUSSION

Using multiomics data from the largest single-center
TNBC cohort (FUSCC TNBC cohort), our study inves-
tigated the clinical significance of HLA-I function from

Open access

the view of germline HLA-I status and somatic tumor
HLA-I status. We found that HLA-I LOH played a more
important role than germline homogeneity in clinical
outcomes of patients with TNBC. We further combined
HLA-I statuses with the TNBC immune subtype and indi-
cated that so-called “cold” tumors with HLA-I LOH had
the worst prognosis.

Our study delves deeply into the prognostic value of
HLA-T status. Survival analysis indicating LOH rather
than germline homogeneity of HLA-I suggested a poor
prognosis in the largest Chinese TNBC cohort, which
was consistent with previous studies based on Western
populations and pan-cancer cohort.* Furthermore,
we explained the potential mechanism of poor prog-
nosis in patients who had HLA-I LOH. The analysis of
subclones and neoantigens implied lower negative
selection but higher intratumor heterogeneity in HLA-I
LOH tumors. We assumed that LOH of HLA-I largely
inhibited tumor antigen presentation, blocking the initi-
ation of the immune response, weakening the elimina-
tion of the immune system, and ultimately promoting
immune escape.”% 7 In this process, due to weak nega-
tive selection, tumors were able to accumulate relatively
massive mutations and subclones. The increasing intra-
tumor heterogeneity of HLA-I LOH tumor led to drug
resistance and cancer development.® * Therefore,
dysfunction of antigen presentation and concomitant
intra-tumor heterogeneity might partially explain the
different outcomes between HLA-I LOH tumors and
HLA-I non-LOH tumors. Interestingly, it seemed that
germline HLA homogeneity might be not as important
as HLA-I LOH in predicting prognosis. One potential
explanation was the relatively lower prognostic impact of
germline-level mutations on HLA-I function in TNBGCs,
which should be strictly proven in future studies. We
noticed that previous studies showed that the prognostic
value of single germline HLA homogeneity was contro-
versial 11 204041 However, it merely focused on NSCLC or
advanced melanoma with immunotherapy. We attributed
the different results to the distinct histological types of
cancer (TNBC vs NSCLC or melanoma) and cohort (with
or without immunotherapy).

This study provides a unique insight for TNBC immune
subtype. First, based on previous research, TNBCs can
be divided into “hot” tumors (immune-inflamed) and
“cold” tumors (non-immune-inflamed), and the former
immune subtype always has a better prognosis.” When
applying HLA statuses in immune-inflamed and non-
immune-inflamed populations, we found that so-called
“cold” tumors were actually heterogeneous in prognosis
from the view of somatic HLA-I mutations rather than
germline HLA-I mutations. Specifically, even for “cold®
tumors, as long as there was no HLA-I LOH, their prog-
noses were the same as those of “hot” tumors. The anal-
ysis of subclones and neoantigens in immune-inflamed
and non-immune-inflamed tumors further indicated
weak negative selection in non-immune-inflamed tumors
with HLA-I LOH. However, HLA-I status might not
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influence selective pressure in immune-inflamed tumors.
These corresponded to the result of survival analysis.
We assumed that the poor prognosis of non-immune-
inflamed tumors might be mainly ascribed to both HLA-I
LOH and lower tumor-infiltrating lymphocytes. This
result indicated the limitation of previous immune micro-
environment subtype. Second, after analysis based on the
expression profile, we found that within non-immune-
inflamed tumors, HLA-I LOH might result in upregula-
tion of cell cycle-related and DNA repair pathways and a
higher HRD score. Moreover, mutational signature 3, a
biomarker indicating failure of DNA double-strand break
repair, was enriched in patients with HLA-I LOH, which
probably strengthened our finding.

Our study has important implications for clinical
translations. First, we found that HLA-I status, espe-
cially HLA-I LOH, had prognostic value for patients
with “cold” tumors, which, to the best of our knowledge,
had not been reported. Previous studies merely focused
on the prognostic value of the immune microenviron-
ment or discussed the role of HLA-I without differen-
tiating between “cold” and “hot” tumors.” ' ' 172 The
emergence of Nanostring (nCounter Breast Cancer 360
Panel) makes it possible to relatively quickly type the
immune microenvironment and transform our discovery
into clinical practice. Second, genomic characterization,
including a higher HRD score and mutation signature
3 of non-immune-inflamed tumors with HLA-I LOH,
was associated with PARPi or platinum sensitivity.”” **~**
Further studies could explore the feasibility of PARPi or
platinum therapy for these patients who have the worst
prognoses but are not sensitive to immune therapy.
Notably, unlike this study, the majority of studies mainly
discuss the relationship between HLA-I and response to
immunotherapy rather than chemotherapy or targeted
therapy.!1 12204041

To the best of our knowledge, this research is the first
study to systemically discuss germline HLA-I mutation
and somatic HLA-I LOH in TNBCs based on multiomics
data and to combine it with mature immune microen-
vironment subtypes. However, our research had limita-
tions. First, due to the lack of HLA-I-related genes in our
targeted NGS panel, we could not validate our conclu-
sion in a large-scale treatment cohort retrospectively or
prospectively. Second, considering that our data origi-
nated from bulk sequences, our tumor subclonal analysis
needs to be further expanded by single-cell sequencing.
Third, detecting HLA status required raw data from whole
exome sequencing, which were inaccessible. Thus, we
were unable to perform external validation in a Western
population from TCGA.

In conclusion, our study revealed that a patient’s HLA-I
status had unique prognostic value. For so-called “cold”
tumors, HLA-I LOH indicated a worse prognosis than
HLA-I non-LOH.
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