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Abstract

Background: Despite the introduction of trastuzumab, pathologic complete response (pCR) is
not attained in approximately 30-40% of Human epithelial growth factor receptor-2-positive
breast cancer. Tumor-infiltrating lymphocytes (TIL) have been suggested as a predictive
marker of treatment response, albeit not always effective. We investigated the relationship
between trastuzumab, docetaxel, carboplatin, and pertuzumab (TCHP) treatment and immune

repertoire as a treatment response predictor.

Design: In all, 35 cases were divided into two experimental groups: 10 and 25 cases in the
preliminary and main experiments, respectively. In the preliminary experiment, the biopsy
tissues before TCHP treatment and the surgical tissues after TCHP treatment were compared.
In the main experiment, the biopsy tissues before TCHP treatment were compared according

to the TCHP treatment response.

Methods: The T-cell repertoire for TRA, TRB, TRG, and TRD, and B-cell repertoire for
immunoglobulin heavy, immunoglobulin kappa, and immunoglobulin lambda were evaluated.
Whole transcriptome sequencing was also performed.

Results: In the preliminary experiment, the density and richness of the T-cell receptor

(TCR) and B-cell receptor (BCR]) repertoires decreased after treatment, regardless of TCHP
response. In the main experiment, the Shannon’s entropy index, density, and length of CDR3
of the TCR and BCR repertoires did not differ significantly in patients who did and did not
achieve pCR. The pCR and non-pCR subgroups according to the level of TILs revealed that the
non-pCR/lowTIL group had a higher proportion of low-frequency clones than the pCR/lowTIL
group in TRA (non-pCR/lowTIL versus pCR/lowTIL, 0.01-0.1%, 63% versus 45.3%; <0.01%,
32.9% versus 51.8%, p<0.001) and TRB (non-pCR/lowTIL versus pCR/lowTIL, 0.01-0.1%, 26.5%
versus 14.7%; <0.01%, 72.0% versus 84.1%, p<0.001).

Conclusions: The role of the diversity, richness, and density of the TCR and BCR repertoires
as predictive markers for TCHP response was not identified. Compositions of low-frequency
clones could be candidates for predictive factors of TCHP response; however, validation

studies and further research are necessary.

Keywords: HER2-positive breast cancer, immune repertoire, neoadjuvant TCHP treatment,

TCHP response prediction

Received: 17 August 2022; revised manuscript accepted: 30 January 2023.

Introduction

Human epithelial growth factor receptor-2
(HER?2) is overexpressed in 15-30% of invasive
breast cancers, with these tumors being more

aggressive and having reduced overall survival
(OS) than tumors not overexpressing HER2.1:2
The inclusion of trastuzumab in combination
treatment has improved pathologic complete
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response (pCR) and 10-year OS rates in patients
with early-stage, locally advanced HER2-positive
breast cancer.? Although the combination of tras-
tuzumab, docetaxel, carboplatin, and pertuzumab
(TCHP) has become a favored neoadjuvant regi-
men, residual tumors remain in 30-40% of
patients with HER2-positive breast cancer fol-
lowing neoadjuvant TCHP treatment.!

Several studies have endeavored to investigate
predictors of response to trastuzumab-based
chemotherapy in HER2-positive breast cancer,
and the level of tumor-infiltrating lymphocytes
(TILs) has been predictive of the benefit of tras-
tuzumab in retrospective and prospective trials.4©
Accordingly, there have been steady efforts to
subdivide and describe TILs in detail.

The T-cell receptor (TCR) and B-cell receptor
(BCR), which are the antigen-recognizing parts
of the T cell and B cell, respectively, are highly
diverse proteins, potentially reaching 102°-10°! in
the TCR and 10!8 in the BCR.78 This high diver-
sity is caused by the molecular structures of the
TCR and BCR, which are composed of com-
plexes of several amino acid (AA) chains and the
V(D)J recombination process of each AA chain.
The TCR is a heterodimer composed of an alpha
and a beta chain consisting of TCR alpha (TRA)
and TCR beta (TRB) in the case of alpha and
beta T cells, and a gamma and delta chain con-
sisting of TCR gamma (TRG) and TCR delta
(TRD) in the case of gamma and delta T cells.®
The BCR has a Y-shaped structure composed of
a heavy chain produced by the immunoglobulin
heavy (IGH) chain recombination in the pre-B
cell and two light chains produced by immuno-
globulin kappa (IGK) or immunoglobulin lambda
(IGL) in the immature B cell.1°

The recent development of high-throughput
next-generation sequencing (NGS) has enabled
studies on TCR and BCR repertoires, with
immune repertoires reported to have a significant
influence on the prognosis and pathophysiology
of several diseases.!1-13 This study utilized high-
throughput NGS to analyze the wide range of the
TCR (TRA, TRB, TRG, and TRD) and BCR
(IGH, IGL, and IGK) repertoires in patients with
HER2-positive tumors treated with neoadjuvant
TCHP, to determine the effects of immune reper-
toires on responses to TCHP treatment. Other
factors that can help predict treatment responses
were also analyzed.

Materials and methods

Study participants

Between 2017 and 2020, 35 patients with HER2
overexpressed breast cancer were recruited from
the Asan Medical Center, Seoul, Republic of
Korea. All patients underwent a core-needle
biopsy before initiating neoadjuvant chemother-
apy with TCHP. HER2 overexpression was
determined in core-needle biopsy samples accord-
ing to the HER2 testing guidelines.!* After neo-
adjuvant treatment, all patients underwent
surgical treatment, and disease response (pCR or
non-pCR) was pathologically evaluated by exami-
nation of the surgical specimens.

The 35 patients were divided into two groups.
The preliminary experiment group included 10
patients, 6 with a high level of TILs (high-
TIL=10%) who achieved pCR and 4 with a low
level of TILs (lowTIL<10%) who did not
achieve pCR (non-pCR). The main experiment
included 25 consecutively enrolled patients, 13
who achieved pCR and 12 who did not (non-
pCR) (Figure 1). The preliminary experiment
assessed the effects of TCHP on TCR and BCR
repertoires by comparing the pre-TCHP biopsy
with the surgical samples. The main experiment
analyzed the pre-TCHP biopsy samples alone,
comparing the immune repertoire in the patients
who achieved pCR and in patients with residual
tumors. To minimize the effect of TILs on treat-
ment response, patients in the pCR and non-pCR
groups were each subdivided into those with high
(=10%) and low (<10%) TILs, and their
immune responses were compared separately
(Figure 2).1%16¢ The highTIL group included
seven patients who achieved pCR (pCR/high-
TIL) and three who did not (non-pCR/highTIL),
whereas the lowTIL group included six patients
who achieved pCR (pCR/lowTIL) and seven who
did not (non-pCR/lowTIL).

Methods

Immunohistochemistry and silver in situ hybridiza-
tion. Formalin-fixed paraffin-embedded (FFPE)
tissue sections, 4 um thick, of core-needle biopsy
samples from all patients, and the surgical speci-
mens of the non-pCR group were subjected to
immunohistochemical (IHC) staining for estro-
gen receptor (6F11, 1:200, Novo Castra, New-
castle, UK), progesterone receptor (PGR312,
1:200, Novo Castra), and HER2 (4B5, 1:8,
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Figure 1. Schema of the study population.

Ventana, Tucson, AZ, USA). IHC labeling was
performed using an autostainer (Benchmark XT;
Ventana Medical Systems, AZ, USA) according
to the manufacturer’s protocol. Two pathologists
reviewed these immune-labeled slides.

FFPE tissue sections, 4um thick, of samples
scored as 2+ for HER2 were subjected to auto-
mated silver m situ hybridization (SISH) with
INFORM HER2 DNA and chromosome 17
probes (Ventana Medical Systems, AZ, USA),
using an ultraView SISH Detection Kit (Ventana
Medical Systems, AZ, USA) according to the
manufacturer’s instructions.

Pathologic evaluation. All specimens were patho-
logically reviewed. Evaluation of the core-needle
biopsy samples included assessments of stromal
TILs and the nuclear and histologic grades of
each breast carcinoma sample. The levels of TILs
are expressed as percentages, as described by the
International TIL Working Group.!? The residual
cancer burden (RCB) score, Miller-Payne grade,
residual tumor size, and TILs of the surgical spec-
imens were determined.!®!° The tumor bed area
in samples of patients who achieved pCR group
was marked and collected for high-throughput
NGS.

High-throughput sequencing for the immune rep-
ertoire. A microtome was used to obtain 5um
thick specimens of selected areas of FFPE tissue
from the 10 patients included in the preliminary
experiment. RNA was extracted from these
specimens using AllpreRNA FFPE kits (Qiagen,

ZEt

&

Figure 2. An example of a high TIL and low TIL in a tumor from the
core-needle biopsy obtained before pre-neoadjuvant treatment. (Left)
TILs were evaluated as 80% and classified as highTIL (H&E, x10). (Right]
Inflammatory cells are rarely observed, thus classifying this as lowTIL

(H&E, x10).

H&E, hematoxylin and eosin; TILs, tumor-infiltrating lymphocytes.

Hilden, Germany) according to the manufac-
turer’s instructions. RNA was extracted from the
25 samples in the main experiment with Max-
well RSC RNA FFPE kits and a Maxwell RSC
device (Promega, Madison, WI, USA), accord-
ing to the manufacturer’s instructions. All RNA
samples were quantified using QuantiTdsDNA
fluorescence assay kits (Invitrogen, Waltham,
MA, USA).

Libraries were constructed using 100 ug aliquots
of RNA extracted from the 10 specimens included
in the preliminary experiment, and 400ug
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aliquots of RNA extracted from the 25 specimens
included in the main experiment of RNA was
used as input of library generation with the immu-
noverseTM-HS TCR alpha/delta/beta/gamma and
BCR IGH/K/L kits (Archer, Zaragoza, Spain)
according to the manufacturer’s instructions. The
intended concentrations of pooled libraries were
confirmed using Collibri library quantification
kits (Thermo Fisher Scientific, Waltham, MA,
USA). Libraries were sequenced on an Illumina
NextSeq 500 using NextSeq 500v2 reagents
(Illumina, San Diego, CA, USA) for paired end,
150 base pair (bp), and dual index reads. Libraries
were multiplexed, and the concentrations of sam-
ple libraries were calculated from a standard
curve.

The Illumina sequencer was used to generate raw
images utilizing sequencing control software for
system control and base calling through an inte-
grated primary analysis software program called
Real-Time Analysis. The base calls binary was
converted into FASTQ utilizing illumine package
bcl2fastq. Adapters were not trimmed away from
the reads.

Data were analyzed by Archer Analysis
Immunoverse version 6.0. (ArcherDX, https:/
analysis.archerdx.com) according to the manu-
facturer’s instructions. Briefly, Archer Analysis
utilizes the AMP-specific molecular barcode
adaptors for deduplication and PCR sequencing
error correction. Deduplicated and error-cor-
rected reads are used as inputs to MiXCR for
comprehensive adaptive immunity profiling. T
cell density, clonality, clonal fraction, CDR3
sequences, AAs, I/, D, and ¥ segments were
obtained from the analyzer website. Only produc-
tive TCRs and BCRs were analyzed.

Whole transcriptome analysis. Libraries were pre-
pared for 151 bp-paired end sequencing using the
TrueSeq stranded mRNA Sample Preparation
Kit (Illumina, San Diego, CA, USA), according
to the manufacturer’s instructions. Briefly, mRNA
molecules were purified from 1pug aliquots of
total RNA and fragmented using oligo magnetic
beads. After sequential end repair, A-tailing, and
adapter ligation, cDNA libraries were amplified
by PCR, and their quality was evaluated with an
Agilent 2100 BioAnalyzer (Agilent Technologies,
Santa Clara, CA, USA), according to the manu-
facturer’s protocol. The libraries were quantified
using KAPA library quantification kits (Kapa
Biosystems, Waltham, MA, USA) as described by

the manufacturer. Following cluster amplification
of denatured templates, the libraries were sub-
jected to paired end (2X151bp) sequencing
using Illumina NovaSeq6000 (Illumina, San
Diego, CA, USA). The adapter sequences and the
ends of the reads with a Phred quality score <20
were trimmed and reads shorter than 50bp were
simultaneously removed, using cutadapt v.2.8.
The filtered reads were mapped to the reference
genome using the aligner STAR v.2.7.1a, follow-
ing ENCODE standard options with the ‘quant-
Mode TranscriptomeSMA’ option to estimate
transcriptome expression level. Gene expression
estimation was done using RSEM v.1.3.1. Genes
with at least 10 read counts were selected, and
genes expressed to a lower extent were trimmed.
To normalize sequencing depth among samples,
DESeq?2 package v.1.22.2 and FPKM were used.
After comparing the gene expression level between
the pCR and non-pCR groups, genes with thresh-
olds of log2 fold change =1.5 and p value <0.05
were selected. A hierarchical clustering heatmap
was constructed with these selected genes using
the heatmap2 package in R. The filtered DEGs
were sorted in the order of p value; hallmark path-
way analysis using DAVID Bioinformatics
Resources 6.8. A g value < 0.05 was considered to
represent statistical significance.

Data from published papers. Databases of
TCRdb,2° TCR3d,2?! and vdjdb?? were used to
identify HER2 targeting sequences (7RAV8-6,
‘CAVSVNTDKLIF’ & TRBV2-5/TRBY2-5,
‘CASPPLAGDETQYF’) (downloaded in 2019),
and clustered TRB sequences showing signifi-
cantly higher frequency in the pCR than in the
non-pCR group were searched. The HER2 tar-
geting sequences were compared with the current
study results, and sequences with substitutions of
one or two AAs were considered similar.?3-24

Cell-type identification by estimating relative
subtypes of RNA transcripts (CIBERSORT). RNA
expression data were normalized with RMA and
uploaded to the cell-type identification by esti-
mating relative subtypes (CIBERSORT) web
portal (https://cibersort.stanford.edu/) as a mix-
ture file. The process of data manipulation,
uploading, and analysis followed the instruction
published on the homepage and article with the
following options: relative and absolute modes
together, LM22 signature gene file, 100per
mutation, and quantile normalization disabled.
After the processing, the results were then
downloaded.?5:26
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PAMS0 subtypes and gene expression data. The
levels of expression of the genes of prediction anal-
ysis of microarray 50 (PAM50) were normalized
and standardized relative to five housekeepers, as
described.?” The samples were classified using the
published PAMS50 algorithm into breast cancer
subtypes: luminal A, luminal B, basal-like, HER2-
enriched, normal-like, and not applicable (NA).

Statistical analysis. The richness, density, Shan-
non’s entropy index (SDI), number of AAs, and
composition of each immune repertoire were
evaluated. Richness was defined as the total num-
ber of separate clones with the same V, D, and ]
usage and CDR3 sequences. Density was defined
as the sum of each clonal count. The SDI was cal-

R
culated using the equation H'= —Z, D In p;,
i=

where H' is the SDI, R is the number of separate
clones, and p is the proportion of each clone. The
AA length was determined by counting the num-
ber of AAs forming the CDR3 of each TCR/BCR.
Composition was defined as the number of groups
divided by the proportion of each clone occupy-
ing its entire clone count.

Groups were compared by Mann—Whitney
U-tests, chi-square tests, or Fisher’s exact tests,
as applicable. Pre- and post-TCHP results in the
preliminary experiment were compared using
pairwise t-tests. The relationships between RCB
scores and immune repertoires were determined
by calculating Pearson correlation coefficients. In
the main experiment, sequences with a signifi-
cantly high frequency in the pCR group were
selected, and principal component analysis (PCA)
was performed by determining the relative
Levenshtein distance. False discovery rate (FDR)
correction was applied to correct for type 1 errors
due to multiple comparisons. For all analyses, a p
value or ¢ value of <0.05 was considered to rep-
resent statistical significance. All data were ana-
lyzed using R Statistical Software (version 3.6.1).

Data availability. The data generated in this study
are available within the article and its Supplemen-
tal Data files.

Results

Clinicopathologic characteristics of

the patient population

Supplemental Table 1 summarizes the clinico-
pathologic characteristics of the 35 patients

included in the preliminary and main experi-
ments. A comparison of the 10 patients included
in the preliminary experiment and the 25 included
in the main experiment showed that the mean
TIL was significantly higher (13% wersus 7%,
p»=0.008) and the mean RCB score was signifi-
cantly lower (0.471 wversus 1.020, p=0.045) in the
preliminary population. None of the other char-
acteristics differed significantly.

Effect of TCHP treatment on immune

repertoires

The 10 cases of the preliminary experiment were
used to compare T-cell and B-cell repertoires
before and after TCHP treatment. The immune
repertoire characteristics of both groups are sum-
marized in Supplemental Table 2. In TRA and
TRB, most of the SDI, density, and richness were
significantly decreased after treatment (the SDI
of TRA, p=0.037 and TRB, p=0.037; density of
TRA, p=0.032, and TRB, p=0.022; richness of
TRA, p=0.041), but only the decrease in the
richness of TRB was not statistically significant
(p=0.053). In the TCR, the pre- and post-TCHP
treatment lengths of CDR3 were similar. The
clones occupying large proportions (1-10% and
0.1-1%) of both TRA and TRB were significantly
increased after TCHP treatment (p<<0.001)
(Figure 3) (Supplemental Table 2). In the BCR,
the SDI of IGH, IGL, and IGK were increased,
while the density of IGH was decreased after
treatment (the SDI of IGH, p=0.014, IGL,
p»=0.024, and IGK, p=0.006; density of
IGH, p=0.006). However, the richness of IGH,
IGL, and IGK, and density of IGL and IGK
showed no significant change. In the aspect of the
proportion of each class of immunoglobulin,
IGHA significantly decreased after TCHP treat-
ment (p=0.004). In the IGHG subclass, IGHG?2
was increased after TCHP treatment (pre-TCHP
20.4% and post-TCHP 27.9%; p=0.023), and
IGHG4 was decreased (pre-TCHP, 2.2% and
post-TCHP 1.0%, p=0.023). The length of
CDR3 of the light chains (IGL and IGK) was
decreased significantly after TCHP treatment
(IGL, p=0.024, and IGK, »p=0.006); however,
there was no difference in the heavy chain IGH).
After TCHP treatment, the composition of
1-10% and 0.1-1% clones was consistently sig-
nificantly increased in IGH, IGK, and IGL
(p<0.001) (Figure 3) (Supplemental Table 2).
The pCR group and the non-pCR group showed
similar changes in the SDI, density, and richness
of TCR before and after TCHP treatment. In the
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Figure 3. Boxplot of the immune repertoire according to the TCHP response. Pre- and post-TCHP immune repertoires in the 10
patients in the preliminary experiment who did and did not achieve pCR in response to TCHP. Regardless of the response, the density
and richness of the TCR and BCR were decreased after treatment. The SDI tended to decrease in the TCR and increase in the BCR,
with IGK showing a statistically significant increase.
*p value <0.05.
BCR, B-cell receptor; IGK, immunoglobulin kappa; pCR, pathologic complete response; SDI, shannon’s entropy index; TCHP, trastuzumab, docetaxel,
carboplatin, and pertuzumab; TCR, T-cell receptor.

pCR group, there were significant differences
before and after TCHP treatment in the density
of IGH and IGL, and in the SDI of IGK (pCR
group: density of IGH, p=0.041; density of IGL,
p»=0.015, and SDI of IGK, p=0.004). In the
non-pCR group, there were significant differ-
ences in the density of IGH and IGK, and the
SDI of IGK before and after TCHP treatment
(non-pCR group: density of TRB, p=0.057; den-
sity of IGH, p=0.028; density of IGK, p=0.028;
SDI of IGK, p=0.057) (Figure 3) (Supplemental
Table 2). In pre-TCHP, the richness of TRD and
TRG was less than 10 in 40% of the cases, and in
post-TCHP, 70%. These results were not statisti-
cally comparable because it was difficult to inter-
pret whether the sequencing was successful. To
supplement these results, the input RNA was
increased to 400 pg in the main experiment.

Effect of response to TCHP on the immune
repertoires

The main experiment included the pre-TCHP
biopsy samples of 25 patients; however, two

samples were excluded because amplification did
not occur during the sequencing process. The
remaining 23 patients included 13 who achieved
pCR and 10 who did not (non-pCR); their clin-
icopathologic characteristics are summarized in
Supplemental Table 3. None of these characteris-
tics differed significantly in these two groups.

Evaluation of TCR showed that the SDI, density,
richness, and length of CDR3 of TRA, TRB,
TRD, and TRG did not differ significantly in the
pCR and non-pCR groups [FIGURE4Figure
4(a)]. Although the clonal composition differed
significantly between these groups (p<0.001), the
proportion of TRGV9 and TRDV2, which repre-
sent Vy9Vo2 T cells, did not (pCR wversus non-
pCR, TRGV9, 22.5% wersus 25.2%, p=0.614;
TRDV2, 37.3% wversus 46.5%, p=0.107)
(Supplemental Table 4). None of the characteris-
tics of the TRA and TRB repertoires correlated
significantly with RCB scores [Figure 4(b)].

Evaluation of the BCR showed that the SDI, den-
sity, richness, and length of CDR3 of IGH, IGK,
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(a) TCR repertoire according to the TCHP response

(b) Correlation between TCR repertoire and RCB score
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Figure 4. Immune repertoires in the 25 patients in the main experiment. (a) Boxplot of TCR repertoires according to the TCHP
response (left) and bar plot of CDR3 length (right]. The SDI, density, richness, and length of CDR3 of both TRA and TRB did not
differ significantly in the pCR and non-pCR groups. (b) Scatter plot with correlation coefficient plot of the TCR repertoire and RCB
score. The blue area represents a 95% confidence interval. None of the repertoires was significantly associated with RCB scores. (c)
Boxplot of BCR repertoires according to the TCHP response (left] and bar plot of the CDR3 length (right). The SDI, density, richness,
and length of CDR3 of IGH, IGK, and IGL did not differ significantly in the pCR and non-pCR groups. (d] Scatter plot with correlation
coefficient plot of the BCR repertoire and RCB score. The blue area represents a 95% confidence interval. None of the BCR

repertoires correlated with RCB scores.

BCR, B-cell receptor; IGK, immunoglobulin kappa; IGL, immunoglobulin lambda; pCR, pathologic complete response; RCB, residual cancer burden;

SDI, shannon’s entropy index; TCHP, trastuzumab, docetaxel, c

and IGL did not differ significantly between the
pCR and non-pCR groups. IgG was more abun-
dant in the pCR (71.2%) than in the non-pCR
(63.3%) group, albeit not statistically significant
(»p=0.052). IgG subtypes showed similar distri-
butions in both groups. The compositions of
IGH, IGK, and IGL in the pCR and non-pCR
groups differed significantly (p <0.001). In all, 63
clones of hypermutated IGH were identified,
with a mean of 2.5 clones per patient in the pCR
group and 2.8 clones per patient in the non-pCR
group. Conversely, the mean density of hypermu-
tated IGH clones per patient was 87,794 in the

arboplatin, and pertuzumab; TCR, T-cell receptor.

pCR group and 101,330 in the non-pCR group,
although the density, richness, and frequency of
hypermutated IGH did not differ significantly in
the pCR and non-pCR groups [Figure 4(c)]
(Supplemental Table 4). None of the characteris-
tics of the BCR repertoires correlated with RCB
scores [Figure 4(d)].

Effect of response to TCHP on V, D,

and J usage of TRA and TRB

The usage of I, D, and ¥ genes of TRA and TRB
was compared in patients who did and did not
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achieve pCR in response to TCHP treatment.
The most commonly used TRAV segment was
TRAV12-2, followed by TRAV13-1 and TRAVY9-
2. Only TRAV34 differed in the pCR and non-
pCR groups, albeit not statistically significant
after correction for type 1 error (p=0.022,
¢=0.735). The most common TRAJ segment in
the pCR group was TRA 723 followed by TRA¥39,
whereas the most common TRAJ segments in the
non-pCR group were TRAF43 and TRAF20. None
of the TRAJ segments differed significantly in the
pCR and non-pCR groups after type 1 error cor-
rection [Figure 5(a)] (Supplemental Table 5).
The most common TRB segments were TRB120-
1 and TRBV28 in the pCR group, and TRBV18
and TRBV6-1 in the non-pCR group. TRBD1 was
more common than 7RBDZ2 in both groups.
TRBY2-1 was the most frequent segment in both
groups, followed by TRB¥2-7 and TRB¥1-1, with
no significant differences between these two
groups [Figure 5(b)] (Supplemental Table 5).

For TRA, the most common V-¥ gene pairs in the
pPCR group were TRAV13-1/TR¥13, TRAV12-2/
TRA¥3, and TRAV9-2/TRAJF54 in that order
(mean of frequency, TRAV13-1/TRA¥13, 0.4%:;
TRAV12-2/TRA¥3, 0.4%; and TRAV9-2/TRAY54
0.3%). In the non-pCR group, TRAV4/TRA¥34
was the most frequent I’-¥ gene pair, followed by
TRAV2/TRA%10 and TRAVI1-2/TRAF20 (mean
of frequency, TRAV4/TRA¥34, 0.5%; TRAV2/
TRAF10, 0.5%; and TRAV1-2/TRA¥20, 0.4%).
In all, 63 V-] gene pairs of TRA were differently
expressed (p<<0.05) in the pCR and non-pCR
groups, but none had a statistically significant ¢
value. Sixteen I’-¥ gene pairs of TRB differed sig-
nificantly in the pCR and non-pCR groups, but
none differed significantly after type 1 error cor-
rection (Supplemental Table 6).

Specific gene-targeting TCR sequences and

PCA analysis of TCR sequences

A search of TCRdb for sequences targeting HER2
(Supplemental Table 7) identified one TRA and
three TRB sequences, with all of these similar
sequences found in the pCR group.

Evaluation of the samples in the main experi-
ment identified 6738 TRA and 13,568 TRB
sequences that were significantly (p < 0.05) more
frequent in the pCR group. PCA analysis was
performed by calculating relative Levenshtein
distances. No clusters were observed in TRA

[Figure 6(a)], whereas in TRB, a cluster was
observed around a TCR sequence having the
CDR3 AA sequence of ‘CASSLLGSYNEQFF’
with TRBV5-1 and TRB%2-1 [Figure 6(b)]. A
search of the 527 TRB sequences having
‘CASSLLGSYNEQFF’ in TCRdb showed that
3.6% had TRAV5-1/TRBJ2-1. These TRB
sequences have been reported in various diseases,
including type 1 diabetes (14.9%), non-small-
cell lung cancer (NSCLC; 14.0%), and breast
cancer (8.3%) [Figure 6(c)].

Characteristics of the immune

repertoire according to TILs

The level of TILs was reported to be significantly
associated with pCR in patients with HER2 posi-
tive breast cancer.®2® To exclude the effect of
TILs, patients in both the pCR and non-pCR
groups were subdivided into those with high and
low levels of TILs. The clinicopathologic charac-
teristics of these four groups, the pCR/highTIL,
non-pCR/highTIL, pCR/lowTIL, and non-pCR/
lowTIL groups, are summarized in Supplemental
Table 8. None of these characteristics differed
significantly in the pCR/highTIL and non-pCR/
highTIL groups. Although most characteristics
were similar in the pCR/lowTIL and non-pCR/
lowTIL groups, lymph node metastasis was sig-
nificantly more frequent in the non-pCR/lowTIL
group (p<0.001) (Supplemental Table 8).

Evaluation of TCRs showed no differences in the
mean SDI, density, and richness of TRA, TRB,
TRD, and TRG. The composition of the clones
differed significantly in the pCR/highTIL and
non-pCR/highTIL groups and in the pCR/
lowTIL and non-pCR/lowTIL groups (p<0.001,
each) [Figure 7(a)]. The proportions of TRGT9
and TRDV2, which represent VyOVo2 T cells, did
not differ significantly in the pCR and non-pCR
groups (Table 1).

Evaluation of BCRs showed no significant differ-
ences in the SDI, density, and richness of IGH,
IGK, and IGL, and the isotypes of IGH among
the four groups. The compositions of IGH, IGL,
and IGK, however, showed statistically signifi-
cant differences (p<<0.001) [Figure 7(b)]. The
density, richness, and frequency of hypermutated
clones did not differ significantly in comparisons
of the pCR/highTIL and non-pCR/highTIL
groups and the pCR/lowTIL and non-pCR/
lowTIL groups [Figure 7(c), Table 1].
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Figure 5. V(D]J usage of TCR. (a) Only TRAV34, TRAJ30, TRAJ34, TRAJ39, and TRAJ56 showed p values <0.05, but their g values were
not significant. (b) TRBV4-2, TRBV5-6, TRBVé-9, and TRBJ1-5 also showed p values <0.05, but their g values were not significant.

*p value < 0.05.

Treatment response and gene

expression analysis

The relationship of gene expression profile with
treatment response was analyzed to better appre-
ciate the differences between tumors that did and
did not achieve pCR. A comparison of gene

expression levels in the two groups showed that
185 genes were differentially expressed
(Supplemental Table 9), including ESR1 (estro-
gen receptor 1) (fold change 6.030, p=0.031,
¢=0.185) and PDCD1 (fold change 2.6,
p»=0.049, ¢=0.104). However, none of these
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Figure 6. PCA plot of TCRs showing a significantly higher frequency in the pCR group, and of TCRdb search
results. (a) TRA showed no cluster. (b) TRB showed a cluster around CDR3 AA of ‘CASSLLGSYNEQFF" with
TRAV 5-1. (c) A search of TCRdb showed that 3.6% of ‘CASSLLGYNEQFF" CDR3 sequences had TRBV5-1 and
TRBJ2-1. (d) 'CASSLLGYNEQFF' CDR3 sequences were most frequently observed in healthy patients (44.5%),

although 8.8% were present in patients with breast cancer.
PCA, principal component analysis; pCR, pathologic complete response; TCRs, T-cell receptors.

genes differed significantly after FDR adjust-
ment. The top upregulated genes in the non-
pCR group included those involved in responses
to steroid hormones (GO: 0048545), the regula-
tion of cell shape (GO: 0008360), the oxidation-
reduction process (GO: 0055114), the regulation
of ERK1 and ERK2 cascades (GO: 0070372),

and the negative regulation of cell growth (GO:
0030308) (Figure 8).

Based on prediction analysis of microarray 50
(PAMS50) classifications, nine patients (39%)
were classified as being HER2-enriched, seven
(30%) as luminal A, two (8%) as luminal B, three
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Figure 7. Immune repertoires as a function of both TCHP response and TILs. (a) The density, SDI, and
richness of TRA and TRB did not differ significantly in comparisons of the pCR/highTIL and non-pCR/highTIL
groups and the pCR/lowTIL and non-pCR/lowTIL groups. The composition of low-frequency sequences was
lower in the non-pCR/lowTIL than in the pCR/lowTIL group. (b) There were no significant differences in the
density, richness, and frequency of IGH, IGL, and IGK. Low-frequency clonal compositions of IGH, IGL, and IGK
were higher in the non-pCR/highTIL than in the pCR/highTIL group. (c) There were no significant differences in

hypermutated IGH.

IGH, immunoglobulin heavy; IGK, immunoglobulin kappa; IGL, immunoglobulin lambda; pCR, pathologic complete response;
TCHP, trastuzumab, docetaxel, carboplatin, and pertuzumab; TILs, tumor-infiltrating lymphocytes.

(13%) as normal, and two (8%) as NA. HER2-
enriched subtypes were more frequently observed
in the pCR (seven patients, 54%) than in the non-
pCR (two patients, 20%) group, but the differ-
ence was not statistically significant (p=0.099)
(Figure 8).

Immune cell sorting with CIBERSORT and
treatment response

To examine the relationship between the compo-
sition of immune cells and treatment response,
the decomposition of transcriptome sequencing
data for immune cell sorting was performed using
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Table 1. Immune repertoires of groups of patients as a function of both TCHP response and TlLs.
pCR/highTIL Non-pCR/highTIL  p Value pCR/lowTIL  Non-pCR/ p Value
(n=7) (n=3) (n=6) lowTIL (n=7)
T-cell receptors
SDI (mean)
TRA 6.845 6.816 0.833 6.751 6.556 0.294
TRB 7.508 7.342 0.383 7.395 7.296 0.538
TRD 3.566 4.404 0.267 3.886 3.478 0.294
TRG 2.479 2.765 0.516 2.545 2.332 0.234
Density (mean)
TRA 16,082 18,992 0.833 14,661 13,413 0.945
TRB 68,850 78,524 0.667 49,447 47,281 0.835
TRD 351 870 0.067 473 317 0.730
TRG 282 690 0.183 429 320 0.5338
Richness (mean)
TRA 3,941 4,023 1 4,489 2,967 0.6282
TRB 10,097 9,472 0.833 9,589 7,229 0.6282
TRD 121 224 0.183 184 112 0.294
TRG 100 181 0.267 160 92 0.445
Composition (mean)
TRA (%)
1-10% 9 (0 6 (0) <0.001* 19(1.0) 15 (1.0) <0.001*
0.1-1% 793 (2.8) 362 (3.0) 761 (2.8) 844 (4.1)
0.01-0.1% 15,423 (55.9) 6,121 (50.7) 12,202 (45.3) 13,090 (63.0)
<0.01% 11,364 (41.2) 5,582 (46.2) 13,952 (51.8] 6,825 (32.9]
TRB (%)
1-10% 19 (0) 9 (0) <0.001* 25 (0) 22(0) <0.001*
0.1-1% 739 (1.0) 385 (1.3] 706 (1.2) 735 (1.5)
0.01-0.1% 9,710 (13.7) 3,724 (13.1) 8,441 (14.7) 13,396 (26.5)
<0.01% 60,216 (85.1) 24,300 (85.5) 48,362 (84.1) 36,456 (72.0)
TRG (%)
TRGV? 60 (21.3) 243 (35.2) 0.116 89 (20.7) 67 (20.9) 0.616
Others 222 (78.7) 447 (64.8) 0.303 340 (79.3) 253(79.1) 0.628
[Continued]

journals.sagepub.com/home/tam


https://journals.sagepub.com/home/tam

J Shin, B Ham et al.

Table 1. (Continued)

pCR/highTIL Non-pCR/highTIL  p Value pCR/lLowTIL  Non-pCR/ p Value
(n=7) (n=3) (n=6) lowTIL (n=7)
TRD (%)
TRDV2 173 (49.4) 253 (29.1) 0.383 275 (58.1) 149 (47.2) 0.616
Others 177 (50.6) 617 (70.1) 0.067 198 (41.9) 167 (52.8) 0.628
B-cell receptors
SDI (mean)
IGH 6.161 6.397 1.000 6.219 6.708 0.755
IGK 6.121 5.760 0.667 5.797 7.121 0.573
IGL 5.124 9013 1.000 SE557) 6.371 1.000
Density (mean)
IGH 707,776 794,986 0.667 709,185 668,712 0.491
IGK 668,675 1,164,079 0.067 780,198 595,456 0.228
IGL 178.790 286,026 0.183 234,046 205,732 0.490
Richness (mean)
IGH 16,505 28,348 0.667 12,231 15,804 0.950
IGK 10,190 17,810 0.833 7,203 11,675 0.662
IGL 4,486 8,253 0.267 4,026 4,919 0.852

Richness, each isotype (mean)

IGHM (%) 1,720 (10.4) 2,219 (7.8) 0.953 1,318 (10.7) 1,220 (7.7) 0.176
IGHD (%) 181 (1.1) 162 (0.6) 0.268 176 (1.3) 39(0.2) 0.581
IGHA (%) 3,418 (20.7) 6,156 (21.7) 0.802 2,922 (23.9) 4,563 (28.9) 0.197
IGHA1 2,199 (64.3) 4,006 (65.1) 0.560 1,896 (64.9) 2,944 (64.5) 0.468
IGHA2 1,216 (35.6) 2,142 (34.8) 0.908 1,024 (35.1) 1,617 (35.5) 0.452
Indeterminate 3(0.1) 8(0.1) 0.576 1(0.0) 2(0.0) 0.896
IGHG (%] 11,181 (67.8) 19,786 (69.8) 0.915 7,806 (63.8) 9,974 (63.1) 0.075
IGHG1 6,972 (62.3) 12,687 (64.1) 0.385 4,490 (57.5) 6,712 (67.3) 0.840
IGHG2 2,523 (22.6) 4,186 (21.2) 0.352 2,154 (27.6) 2,007 (20.1) 0.582
IGHG3 1,001 (9.0) 1,529 (7.7) 0.087 732 (9.4) 696 (7.0) 0.873
IGHG4 255(2.3) 466 (2.4) 0.223 141 (1.8) 162 (1.6) 0.320
Indeterminate 430 (3.8) 918 (4.6) 0.243 289 (2.7) 397 (4.0) 0.331
Indeterminate 5 (0.0 25(0.1) 9(0.1) 8(0.1) 0.813
(Continued)]
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pCR/highTIL Non-pCR/highTIL  p Value pCR/lowTIL  Non-pCR/ p Value
(n=7) (n=3) (n=6) lowTIL (n=7)
Composition (mean)
IGH (%)
1-10% 12 (0.1) 10 (0.0) <0.001* 10 (0.1) 13(0.1) <0.001*
0.1-1% 265 (0.7) 56 (0.4) 100 (1.0) 94 (0.6)
0.01-0.1% 914 (4.7) 284 (2.3) 860 (8.2) 2121 (5.8)
0.001-0.01% 3,638 (22.0) 2,029 (16.7) 6,402 (26.2) 5,698 (30.9)
<0.001% 11,957 (72.5) 22,827 (80.6) 7,898 (64.5) 9,903 (62.6)
IGK (%)
1-10% 13(0.1) 12(0.1) <0.001* 11(0.2) 11(0.1) <0.001*
0.1-1% 119 (1.2) 100 (0.6) 112 (1.5) 101 (0.9)
0.01-0.1% 899 (8.8) 634 (3.5) 962 (13.4) 1,326 (11.4)
0.001-0.01% 2,753 (27.0) 4,083 (22.9) 2,109 (29.3) 3,925 (33.6)
<0.001% 6,405 (62.9) 12,981 (72.9) 4,007 (55.6) 6,311 (54.1)
IGL (%)
1-10% 14(0.3) 15(0.2) <0.001* 14(0.3) 9(0.2) <0.001*
0.1-1% 222 (2.1) 45 (1.1) 103 (2.6) 88 (2.0)
0.01-0.1% 764 (14.6) 249 (7.0) 853 (21.2) 1,005 (23.4)
0.001-0.01% 2,297 (51.2) 1,439 (40.7) 1,769 (43.9) 2,383 (55.4)
<0.001% 1,424 (31.8) 4,207 (51.0) 1,286 (32.0) 818 (19.0)
Hypermutated IGH (mean)
Density 50,414 30,793 0.560 125,174 131,561 0.943
Richness 2.2 1.3 0.321 2.8 3.4 0.495
Frequency 0.079 0.042 0.422 0.144 0.172 0.726

*p value <0.05.
Non-pCR, non-pathologic complete response; pCR, pathologic complete response; SDI, shannon diversity index; TIL, tumor-infiltrating
lymphocytes.

CIBERSORT. The most common cells in the
pCR group were M2 macrophages and naive B
cells, whereas the most common cells in the non-
pCR group were M2 macrophages, naive B cells,
and monocytes. Few eosinophils, neutrophils,
naive CD4 T cells, and y0 T cells were observed.
There were no significant differences between the

pCR and non-pCR groups (Supplemental Table
10, Supplemental Figure 1).

Discussion
T cells and B cells function as essential compo-
nents of the humoral and cellular immune
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Figure 8. RNA expression in samples in the main experiment. (a) Data were normalized and scaled to give all genes equal variance.
pCR and non-pCR groups differed in the expression of 185 genes. (b) The top 10 genes are displayed in the order of fold change. (c]
Genes associated with responses to kainic acid and steroid hormones, filopodium assembly, regulation of cell shape, and regulation
of ERKT and ERKZ2 cascades were significantly more activated in the non-pCR group with fold enrichment>2 and p value <0.05. (d)
Heatmap of genes of PAM50 classification. The expression data have been normalized.

pCR, pathologic complete response.

systems, with TCR and BCR repertoires having
important effects on a wide range of diseases,
including malignancies, autoimmune disorders,
and infectious diseases.!!>13:29-32 To our knowl-
edge, this study is the first to describe the immune
repertoires of T cells (TRA, TRB, TRG, and
TRD) and B cells IGH, IGK, and IGL) in the
tumor tissues of HER2-positive early-stage breast
cancer and the first to observe changes in immune
repertoires after TCHP treatment.

Several previous studies have described changes
in immune repertoires after treatment. For exam-
ple, the SDI of TCR repertoires has been reported
to increase in NSCLC after several lines of treat-
ment, and to be associated with durable clinical
benefit and longer progression-free survival.l?
Conversely, adjuvant chemotherapy has been
found to result in immune cell depletion and sup-
pressed T-cell immunity.?3:3¢ In their recent
breast cancer study, Uruena er al. found that the
SDI and density of TCR decreased, and the

Simpson index increased after neoadjuvant treat-
ment.?> This study, targeting HER2-positive
tumors treated with TCHP, found similar results
of decreased SDI, richness, and density of TCR
repertoires after TCHP treatment.

The main experiment showed that the richness,
density, and SDI of the TCR and BCR reper-
toires did not differ significantly between the pCR
and non-pCR groups, regardless of subdivision
according to TILs. Moreover, there was no sig-
nificant difference between BCR isotypes and
hypermutated BCR in the pCR and non-pCR
groups. These results differ from those of a previ-
ous study of the T-cell repertoire in NSCLC,
which found a low evenness of TCR in tumor tis-
sue, with a high percentage of the top 1% of
sequences being significantly associated with
pCR.!! In addition, a high SDI in patients with
cervical cancer following concurrent chemother-
apy was associated with a better prognosis.3*
However, although only TRB was examined, a
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previous study on immune repertoires in HER2-
positive tumors did not find significant differ-
ences in TRB immune repertoires in pretreatment
biopsy samples, as in the current study.! This
may be due to the characteristics of these tumors,
as HER2-positive breast cancer has a lower tumor
mutation burden than NSCLC, with fewer
neoantigens.36-38

vo-T cells are components of the innate immune
system with multiple favorable antitumor char-
acteristics.3® Trastuzumab has been reported to
enhance y8-T cell-mediated antibody-dependent
cytotoxicity against HER2-overexpressing breast
cancer cell lines i vitro. Vy9Vo2 T cells are
among the most abundant y3-T cell subpopula-
tions, accounting for approximately 5% of
peripheral blood T cells.?® Vy9V32 T cells have
been reported to recognize various cancers and
exert strong antitumor effects, by releasing pro-
inflammatory cytokines, granzymes, and per-
forin and binding to apoptosis-inducing
receptors. This study found that there was no
significant difference in the immune repertoires
of TRD and TRG and the distribution of
TRGV9 and TRDD2 between the pCR and
non-pCR groups.

One TRA and three TRBs, all in the pCR group,
were found to have sequences targeting HER2.
Because these sequences were observed in a small
proportion of the pCR group, they alone do not
explain the response to TCHP. PCA analysis of
TRBs having a significantly higher frequency in
the pCR group showed a cluster around the CDR3
AA of ‘CASSLLGYNEQFF’. Although the
encoded antigen has not been determined, it was
found in TCRdb in patients with various cancers,
including breast cancer.?? In general, this study
analyzed immune repertoire diversity on a bulk
level, whereas TCR/BCR sequence identification
using a particular antigen is more suitable for a
single-cell approach. This approach may enable
the identification of the specific TRA and specific
T-cell function, as well as help to determine the
antitumor effect of T cells with this sequence.

Based on the criteria used in the TCR3d, we
attempted to identify similar CDR3 sequences
with substitution of 1 or 2 AA wusing the
Levenshtein distance.240 The Levenshtein dis-
tance, however, is a mathematical method of cal-
culating the similarity of two sentences, but it
does not take into account the biological similari-
ties of AA. PAM or BLOSUM are more

biologically oriented methods of assessing the
similarity of AA.4! However, due to the lack of
research results using these methods, it was diffi-
cult to determine objective criteria to evaluate the
similarity of TCR.

RNA expression has been reported to affect treat-
ment responses in patients with HER2 positive
breast cancer. A high expression of FGFR4,
ERBB2/HER2, low level of ESR1, molecular
intrinsic subtype, and immune cell activation
have been reported to be associated with pCR.42-
45 This study found that pathways associated with
response to steroid hormones, ERKI1/ERK2 cas-
cade regulation, and negative regulation of cell
growth were upregulated in the non-pCR group.
Similarly, pCR rates have been reported as lower
in estrogen receptor-positive than estrogen recep-
tor-negative patients, with activation of the ERK
pathway contributing to resistance to trastu-
zumab.*¢ However, in this study, there was no
significant difference in the PAMS50 classification,
which was reported to be significantly associated
with HER2 treatment response.2

This study had several limitations. First, the
number of cases is relatively small, and the obser-
vation period was too short to assess the associa-
tions of breast cancer characteristics with survival
and disease progression. Moreover, because this
study was not a single-cell TCR repertoire analy-
sis, it was not possible to determine the function
of cells bearing each sequence. We unsuccessfully
sought to find single-cell RNA and TCR sequenc-
ing results obtained in patients with HER2 posi-
tive tumors in the public database. These
limitations may be overcome by single-cell-based
research, which includes determinations of cell
function. Finally, although various DNA muta-
tions are known prognostic factors in HER2-
positive breast cancer, we did not perform studies
on DNA and tumor mutation burden in this
study.*?47 Further research on these areas will
also be needed.

In summary, despite a broad investigation of the
immune repertoire, the role of the diversity, rich-
ness, and density of the TCR and BCR reper-
toires as predictive markers for TCHP response
was not identified. However, the inclusion of a
large number of low-frequency sequences was
associated with good treatment response. TRB
sequences having significantly higher frequencies
in the pCR group showed a cluster around
‘CASSLLGYNEQFF CDR3 AA. Further
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research using single cells may be helpful in eval-
uating the antitumor effects of TCR sequences.
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