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Abstract
T lymphocytes inﬁltrate the microenvironment of breast cancer
tumors and play a pivotal role in tumor immune surveillance.
Relationships between the T-cell receptors (TCR) borne by T cells
within tumors, in the surrounding tissues, and in draining lymph
nodes are largely unexplored in human breast cancer. Consequently, information about the relative extent of possible T-cell
exchange between these tissues is also lacking. Here, we have
analyzed the TCR repertoire of T cells using multiplex PCR and
high-throughput sequencing of the TCRb chain in the tissues of
tumor, adjacent nontumor, and axillary lymph nodes of breast
cancer patients. T-cell repertoire diversity in tumors was lower
than in lymph nodes, but higher than in nontumor tissue, with a

preferential use of variable and joining genes. These data are
consistent with the hypothesis that most of the T cells in tumors
derive from the lymph node, followed by their expansion in
tumor tissue. Positive nodes appeared to enhance T-cell inﬁltration into tumors and T-cell clonal expansion in lymph
nodes. Additionally, the similarity in TCR repertoire between
tumor and nontumor tissue was signiﬁcantly higher in luminallike, rather than basal-like, breast cancer. Our study elucidated the high heterogeneity of the TCR repertoire and provides
potential for future improvements in immune-related diagnosis,
therapy, and prognosis for breast cancer patients. Cancer Immunol

Introduction

colorectal cancer (8–10), and breast cancer (11–14). The presence and antitumor function of TILs makes cures of tumor by
immunotherapy possible (15, 16).
To counteract tumor-induced immunosuppressive microenvironments, several immunotherapy strategies have been developed to enhance the antitumor immune response. Adoptive
cell transfer (ACT) is one such strategy, which depends directly
on the presence of antitumor T cells, by treating the patients
with T cells isolated from the tumor mass and expanded ex vivo
(15). Immunotherapies based on the adoptive transfer of TILs
have had surprisingly positive results for some patients with
metastatic melanoma (16). Another immunotherapeutic strategy directly relying on the existence of TILs is immune checkpoint blockade, which inhibits the interaction of cytotoxic
T lymphocyte antigen 4 (CTLA-4) or programmed cell death
1 receptor (PD-1) with their ligands using blocking antibodies.
Immune checkpoint blockade can activate the T cells in the
microenvironment and has led to durable antitumor effects
in patients with metastatic melanoma (17, 18), renal cell
carcinoma, and non–small cell lung cancer (18). Checkpoint
blockade had such therapeutic efﬁcacy for various types of
cancer, that cancer immunotherapy was chosen by the editors
of Science as the biggest scientiﬁc breakthrough of 2013. However, current immunotherapies do not work for every patient,
emphasizing the need to further understand and monitor the
inﬁltrating T cells in cancer.
Breast cancer is the second leading cause of cancer death
among women in the United States (19) and has become one of
the most lethal diseases worldwide. Inﬁltrating lymphocytes are
an independent prognostic factor associated with better breast

Tumorigenesis is regulated by immune responses to neoantigens in the tumor microenvironment, including the plasticity
of macrophage (1) and suppression of antitumor immune
response (2, 3). More than a decade ago, Schreiber proposed
the three "E roles" (elimination, equilibrium, and escape) of
immune surveillance, which interprets the interaction between
tumor and host immune system in tumor progression (4).
Lymphocytes are the major antitumor cells in tumor microenvironments, and many studies have demonstrated that
tumor-inﬁltrating lymphocytes (TILs), especially CD8þ T cells,
are related to improved clinical prognosis in most of the tumor
types (5), such as ovarian cancer (6), cervical cancer (7),
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cancer patient survival. Recently, next-generation sequencing
has been utilized to investigate the T-cell receptor (TCR) repertoire of inﬁltrating T lymphocyte in renal cell carcinoma (19)
and ovarian cancer (20), but not in breast cancer. The clonal
diversity of inﬁltrating lymphocytes in breast tumor tissues,
and its comparison with that of adjacent tissues, remains
largely unexplored.
The tumor-draining lymph nodes (LN) are the LNs that lie
immediately downstream of tumors, and for breast cancer, axillary LNs are the most important draining LNs that provide
signiﬁcant diagnostic and prognostic value. The degree of overlap
of TCR repertoire between the tumor tissue and draining LNs can
be used to assess the percentage of inﬁltrating T cells derived from
draining LNs (21). Therefore, we have also investigated the
derivation of tumor-inﬁltrating T cells by comparing the TCR
repertoire of tumor-inﬁltrating T cells with that of breast-draining
LN T cells from the same breast cancer patient.
It is reported that the association of TILs with clinical outcome
is observed just in basal-like or triple-negative breast cancer, but
not in luminal breast cancer (13). One previous study has shown
that basal type breast cancer cell lines express more PD-L1 compared with luminal breast cancer cell lines (22). Therefore, it is
possible that the TILs in luminal breast cancer are different from
those in basal-like breast cancer. Comparing the TCR repertoire of
inﬁltrating T cells of the luminal breast cancer with that of the
basal breast cancer can help verify this hypothesis. The shared
(public) TCRs observed in multiple individuals, and their association with disease antigens, such as tumor neoantigens, have
been investigated for decades (23, 24). Recombinational biases
and convergent recombination are proposed to contribute to the
occurrence of public TCRs (23). In this study, we present the
public intratumoral TCRs for breast cancer and incorporate this
information in our explanation of the contributions of different
mechanisms.
Overall, in this study, we attempt to (i) assess the amount of
T-cell inﬁltration and TCR diversity of adjacent tissues; (ii)
investigate the percentage of tumor-inﬁltrating T cells that were
derived from draining LN; (iii) uncover associations between
the TCR repertoire and other clinical features, including node
positivity and tumor subtypes; and (iv) characterize public TCR
response among breast tumors. The results we present could
help us to better understand the inﬁltrating T lymphocytes in

breast cancer, be beneﬁcial in the effective design and better
monitoring of breast cancer immunotherapy, and allow the
improved stratiﬁcation of the patients for treatment and outcome prediction.

Materials and Methods
Clinical samples
This study is based mainly on analyses of 16 female breast
cancer patients from Xijing Hospital, the Fourth Military Medical
University, China. All the tissues were treatment na€ve and were
removed during surgery of the patients who had not experienced
any chemotherapy. The study was approved by the Institutional
Review Board of Xijing Hospital and BGI-Shenzhen. Written
informed consents were obtained from every participant. The
clinical information of these patients was shown in Table 1. The
16 patients can be divided into two subgroups (8 in luminal type
and the other 8 in nonluminal type) according to the expressions
of estrogen receptor (ER), progesterone receptor (PR), human
epidermal growth factor receptor 2 (Her2), and Ki-67 protein (see
below).
Cancer tissue, normal breast tissue, and the draining LN (axillary LN) were collected during the surgery. Spatially different
tumor specimens were collected and combined to be more
representative of the tumor tissue. All of the solid specimens were
cut into small pieces (1 mm3) immediately after surgery and
transferred into a 2-mL freezing tube with preservation solution
(RPMI 1640 with 15% fetal calf serum and 10% DMSO). After
immersion in liquid nitrogen for 30 minutes, the samples were
placed in 80 C for long-term storage. High-quality genomic
DNA (gDNA) was extracted from frozen tissues by the common
salting-out method.
Additionally, 20 breast tumor tissues were selected from the
tissue repository in the Xijing Hospital, in which 14 were nodepositive tumors with LN ratio [the number of positive LNs (pLN)
divided by the number of LNs removed during surgery] of more
than 50%, and six were node-negative tumors. These tissues were
combined with the 16 tumors for analysis, to validate the association between tumor inﬁltration rate and node positivity. TCR
repertoire data from another independent cohort of 49 patients,
who had been consecutively recruited in year 2013 in Xijing
Hospital, were used for validation (data not published), to

Table 1. The pathological data of the discovery cohort in the study
Patient ID
BC0001A
BC0002A
BC0003A
BC0004A
BC0005A
BC0006A
BC0007A
BC0008A
BC0009A
BC0010A
BC0011A
BC0012A
BC0013A
BC0014A
BC0015A
BC0016A

ER
3þ
1þ
—
3þ
3þ
—
—
—
1þ
—
3þ
2þ
—
3þ
—
3þ

HER2
—
þ
—
—
þ
—
—
þ
—
—
—
þ
—
—
—
—

PR
2þ
—
—
3þ
2þ
—
—
—
—
—
2þ
1þ
—
3þ
—
2þ

Ki-67
20%
35%
30%
10%
5%
95%
20%
40%
30%
50%
5%
28%
50%
28%
60%
10%

Lymph node ratio
0/16
0/6
1/14
0/16
1/18
0/5
0/23
0/29
14/18
15/15
0/20
0/16
0/18
0/23
0/5
1/10

Tumor subtype
Luminal B
Luminal B
Basal-like
Luminal A
Luminal B
Basal-like
Basal-like
HER2 enriched
Luminal B
Basal-like
Luminal A
Luminal B
Basal-like
Luminal B
Basal-like
Luminal A

Tumor inﬁltration (%)
NA
10
20
8
0.3
25
2
NA
30
40
8
3
2
0.2
15
12

Nontumor inﬁltration (%)
NA
2
0.1
1
0.1
0.5
1
NA
0.1
0.2
0.1
1
0.2
2
3
0.1

NOTE: NA means this sample was not analyzed.
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compensate for the limited sample size and statistical power in
our discovery cohort, for some of the analyses. These tissues were
also treatment na€ve and were representative of the hospitalized
patients in that period. Samples from this cohort were collected
following the same protocol described above.
IHC and molecular subtype of patients
Molecular subtypes of breast cancer were classiﬁed according
to the expression of ER, PR, HER2, and Ki-67, detected by IHC
stained methods. Luminal A was deﬁned as ERþ and/or PRþ,
HER2, Ki-67 less than 14%; luminal B was deﬁned as ERþ and/or
PRþ, HER2þ or HER2, and Ki-67 more than 14%; HER2 was
deﬁned as ER, PR, and HER2þ; and triple-negative (TNP) or
basal-like subgroup was deﬁned as ER, PR, and HER2 (25).
Inﬁltrating T-lymphocyte quantiﬁcation
The T lymphocytes inﬁltrating in tumor and adjacent nontumor tissues were analyzed by IHC using antibody against human
CD3, CD4, and CD8 based on formalin-ﬁxed parafﬁn-embedded
slides. Stained slides were scored and quantiﬁed by digital scanning. Positive T lymphocytes were visually scored by a pathologist
who was blind to the clinical characteristics of the patients.
Tumor-inﬁltrating T lymphocytes were deﬁned as CD3þ cells in
tumor tissues, including those located within tumor cell nests and
in the adjacent peritumoral stroma. The percentage of T lymphocytes inﬁltrating was calculated by dividing the number of total
nucleated cells by the CD3þ cells. To assess the reproducibility
and reliability of the scoring, all cases were scored again by the
same pathologist after a period of time (4 weeks) and were rescored by a second pathologist. Both the scorings of the same
pathologist, and from the two pathologists, showed very high
reproducibility (Supplementary Table S1). We used Pearson
correlation analysis to represent the reproducibility of the same
pathologist, and the coefﬁcient was 0.996. The intraclass correlation (ICC) is a better indicator to show the reproducibility
between two pathologists, and the ICC consistency of our data
was 0.986.
High-throughput sequencing and analysis of TCR repertoire
The third complementary determining region (CDR3) of
TCRs was ampliﬁed by multiplex PCR and sequenced using
methods described previously (26–28). Brieﬂy, gDNA (1,500
ng) for each sample was ampliﬁed using the QIAGEN Multiplex
PCR Kit (QIAGEN) with 32 forward primers annealed to the
FR3 region and 13 reverse primers annealed to the junction
(J) region of TCR published in our previous study (29). The
reaction cycling conditions were: 95 C 15 minutes, 30 cycles of
30 seconds at 94 C, 90 seconds at 60 C, and 30 seconds at
72 C, plus a ﬁnal extension of 5 minutes at 72 C. The primers
and multiplex PCR reaction have been optimized to minimize
the multiplex PCR bias before the beginning of the study, and
the bias has been assessed using the synthetic templates (Supplementary Fig. S1). The target ampliﬁed product (100–200 bp)
was puriﬁed by electrophoresis on 2% agarose gel and then
were sequenced with standard 2  150 paired-end reads on the
Illumina Hiseq2000 platform.
Sequencing data were analyzed by an in-house developed
pipeline IMonitor (29). A brief summary of the pipeline is as
follows: (i) The low-quality reads and badly adapter contaminated reads were ﬁltered to get clean reads. (ii) The cleaned pair-end
reads were merged, and the reads that could not be merged were
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discarded. (iii) The merged reads were aligned to their respective
V, D, J germline sequences (IMGT, http://www.imgt.org/) using
BLAST. (iv) Realignment of the correctly mapped reads was
performed to select the best V/D/J alignment.
Statistical analyses
To study the distribution of the TRBV and TRBJ genes of these
three tissues of breast cancer patients, pairwise V-segment and Jsegment proﬁle comparisons were performed between tumor
and other tissues. Because V gene frequencies are not all independent, we used a permutation test based on the Mann–
Whitney U statistics (Shufﬂed-U Test; ref. 30). The resulting P
values were corrected for multiple testing using false discovery
rates. Statistical signiﬁcance for the difference between two
groups in other analyses were all determined using the
Mann–Whitney U test. A paired test was used in case samples
from the same patient were compared. For calculation of the
Shannon diversity index, we included the top 1,000 unique
clones to minimize the effect of sequencing errors. A P value
lower than 0.05 was considered statistically signiﬁcant. All
analyses were performed with R version 3.0.2.
Data availability
The raw sequence data of the TCR repertoire from the 16
patients have been deposited at the NCBI Sequence Read Archive
(SRA) under the accession number SRA455606. Besides, we have
uploaded all processed CDR3 sequences analyzed in this article to
a public database (Pan Immune Repertoire Database, PIRD,
http://db.cngb.org/pird/breast_cancer_research), which facilitates
sequences query, comparison, and further analysis.

Results
Comparison of TCR diversity and gene usage between tumors
and adjacent tissues
IHC staining and careful scoring of the T lymphocytes in the
tissues revealed that the proportion of inﬁltrated T lymphocytes into the tumor microenvironment varied considerably
among tumors and adjacent nontumor tissues (Table 1).
Overall, breast tumors exhibited a signiﬁcantly higher extent
of T-lymphocyte inﬁltration than their paired nontumor tissues (P ¼ 0.0023, Fig. 1A). The CD4þ and CD8þ T cells in
tumors and nontumors were also analyzed (Supplementary
Table S2).
Genomic DNA from the three types of tissues was used to
proﬁle the TCR b chain by high-throughput sequencing. The
abundantly diversiﬁed TRB CDR3 sequences, which were
unlikely to be shared by two unrelated T cells, served as unique
barcodes for the T lymphocytes. We ﬁrst evaluated the diversity
of T cells in the neighboring tissues. The Shannon diversity
index was used to calculate T-cell diversity (29). The T-cell
population that had inﬁltrated tumors was signiﬁcantly less
diverse than that in LN (P ¼ 6.104  10–5; Fig. 1B, LN stated
here and in the following refers to draining LN), but were more
diversiﬁed than the matched nontumor tissue (P ¼ 1.825 
10–2). The diversity of T lymphocytes in nontumor tissue was
signiﬁcantly lower than in LN (P ¼ 1.526  10–4) and varied
extensively among individuals (Fig. 1B). We also calculated the
curve of cumulative frequency of total clones with cumulative
unique clones (Supplementary Fig. S2A) and the proportion of
the abundant TCR clones (> 0.01%; Supplementary Fig. S2B).
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Figure 1.
Proportion and diversity of inﬁltrated
T lymphocytes in breast tumor and
other tissues. A, Comparison of
inﬁltration proportion of T
lymphocytes in tumor and nontumor
breast tissue of 14 patient samples
analyzed by IHC (P ¼ 0.0023). B,
Shannon diversity index of LN,
nontumor, and tumor tissue.  p < 0.01,

p < 0.001 according to MannWhitney U test.

The above two indexes demonstrated the same trends, with
TCR repertoire diversity in nontumor < in tumor < in LN.
To further explore the properties of inﬁltrated T cells in
tumors, we compared the TRBV and TRBJ gene usage of TCR
repertoire in tumor tissue with matched LNs and nontumors.
We tested all the V and J gene usage frequencies and identiﬁed
the biased usage of J1-1, J1-6, J2-7, and J2-4 of J genes, between
tumor and LN. Only the V24-1 gene usage discrepancy was
observed between tumor and nontumor (Supplementary
Fig. S3). The differences between tumor and other tissue implied
the unique V or J usage pattern for TCR in tumors.
Most tumor-inﬁltrated T lymphocytes detected in draining
LNs and expanded in tumors
Draining LNs serve as a T-lymphocyte reservoir that includes
both na€ve and activated lymphocytes, where transferred tumor
antigens are presented by antigen-presenting cells to na€ve T
lymphocytes that become activated if they recognize the antigen. We had a unique opportunity to characterize the T cells
that underwent this process by comparing the TRB CDR3s
among the tumor and related tissues. Speciﬁcally, we found
that about 60% of CDR3 rearrangements in tumor samples
could be tracked in matched LNs, whereas only 10% to 20% of
CDR3 rearrangements in the LNs were found in tumor samples.
The similar ratio could also be found between adjacent non-

tumor samples and LNs (Fig. 2). The high proportion of CDR3s
in tumor and normal samples that corresponds to LNs suggests
that draining LNs provide a major source for the T-cell inﬁltration in tumor and normal tissues.
Furthermore, when assessing the clonality of T-cell repertoire
in tumors and LNs, we found that most (61.91%–96.42%) T
cells in tumors were expanded (>0.1%) or medium-sized
(0.01%–0.1%) clones, whereas the small clones (<0.01%) were
more prevalent in the LNs (Fig. 3A and B). Large and expanded
T-cell clones have activated phenotypes (31), so we infer from
our results that the inﬁltrated T cells in the tumor microenvironment were highly activated and expanded. In contrast, T-cell
clonal expansion in the LNs was much lower, where most of the
T cells are na€ve. Additionally, for the CDR3 sequences identiﬁed in both tumors and LNs, which we deﬁned as "migrated
clones," we found that their frequencies were signiﬁcantly
higher in tumors than in LNs for all patients except BC0009A,
who was node-positive with high LN ratio (LNR; Supplementary Fig. S4). These data are consistent with the hypothesis that
T lymphocytes represented by migrated clones are less expanded in the LN and then undergo remarkable expansion after they
trafﬁc to the tumor microenvironment, where they encounter
and recognize tumor antigens. In some node-positive patients
with high LNRs (such as BC0009A), the T lymphocytes may
also be activated and expanded in the LNs, perhaps due to more

Figure 2.
Shared clones between different tissues.
The percentage was calculated by dividing
the total clones of each tissue by the shared
clones. A, The proportion of shared clones
between LN and nontumor tissue. B, The
proportion of shared clones between LN
and tumor tissue.    p < 0.001 according to
Mann-Whitney U test.
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Figure 3.
Percentage of T-cell clones of tumor
and LN tissue in different degree of
expansion for each patient. Colored
bars represent the percentage of T-cell
clones in each proportion. (Expanded
clone: > 0.1%; medium clone: 0.01%–
0.1%; small clone: < 0.01%). A, Total Tcell clones of LN tissue. B, Total T-cell
clones of tumor tissue. C, T-cell clones
of LN shared with tumor tissue. D, T-cell
clones of tumor tissue shared with LN
tissue. # Node-positive patients with
high LNR (>70%). The patients were
ordered in sequence of their
percentage of expanded clones for the
total T cells in the LNs, from the
smallest to the largest.

thorough encounter with tumor antigens after tumor metastasis. We also investigated the frequency distribution of migrated
T cells versus total T cells and found that signiﬁcantly more
migrated clones were expanded and high-frequency (expanded
and large) in both tumors (Fig. 3B and D; Supplementary Fig.
S5A) and LNs (Fig. 3 A and C; Supplementary Fig. S5B). This
implied that activated but not na€ve T cells were more likely to
be recruited from the LN, and migrated T cells could be further
expanded in the tumor environment, where they could modulate immunologic functions during tumorigenesis.
LN positivity correlated with more inﬁltration of T cells in
tumors and expansion in LNs
The LNR, deﬁned as the number of positive LNs (pLN)
divided by the number of LNs removed during surgery, provides an independent score for prediction of prognosis and
survival (32, 33). We therefore investigated the association
among the LNR, number of pLN, degree of inﬁltration of
T cells, and their clonality and expansion.
We found that node-positive tumors had a higher degree of
T-cell inﬁltration than node-negative tumors, though the difference was not signiﬁcant, perhaps due to the limited number
of node-positive samples, and in 3 of 5 only one pLN was
detected (P ¼ 0.1416, Fig. 4A). The difference was more
apparent in tumors with higher LNR. The two tumors with
LNR above 70% had an inﬁltration rate of 40% and 30%
(deﬁned as the percentage of CD3þ T cells in the total nucleated
cells), respectively (Table 1). To validate this observation, we
collected 14 additional tumor samples with high LNR (>50%)
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and 6 additional tumor samples from node-negative patients.
The two groups shared matched tumor subtypes and grades.
Indeed, we found the inﬁltration ratios of high LNR tumors
were signiﬁcantly higher than those of the node-negative
tumors (P ¼ 0.00022, Fig. 4B).
We also noticed that more expanded T cells were present in
the LN with high LNR, compared with node-negative patients
(Fig. 3A). To validate this observation, data from another cohort
of 49 breast cancer patients were analyzed (Supplementary
Table S3). We found node-positive patients had signiﬁcantly
higher T-cell expansion in their LNs, and the increment was even
more obvious only taking into account of LNs with high LNR
(30% were used here as to include more samples in the group
for statistical test, Fig. 4C). Other clinical features, including
tumor subtypes and grades, were matched between the nodepositive and -negative groups. It implies that the metastatic
tumor cells in the LN might enhance activation and expansion
of the tumor-associated T cells. We also calculated the TRB
Pearson coefﬁcient between tumor and LN, indicative of similarity of T-cell repertoire between the two compartments, and
found that the T-cell repertoires between tumor and LN were
more similar in the high LNR patients (Supplementary Fig. S6A).
Similarity of T-cell repertoire between tumors and
nontumors affected by tumor subtype
To explore the relationship of T lymphocytes in different
tissues, we calculated the Pearson coefﬁcient between each pair
of tissues and found that T lymphocytes between tumors and
nontumors, as well as between LNs and tumors, were signiﬁcantly
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Figure 4.
Correlation of node positivity with T lymphocyte ratio in tumor and expansion in LN. A, Comparison of inﬁltration proportion of T lymphocytes in tumor
tissue of LN-positive patients and LN-negative patients (P ¼ 0.1416). B, Comparison of inﬁltration proportion of T lymphocytes in tumor tissue of
patients with high LNR and LN-negative patients (P ¼ 0.00022). C, Comparison of T-cell expansion in LN for node-negative, node-positive, and high
LNR patients ( , P < 0.05;   , P < 0.01;    , P < 0.001, according to the Mann–Whitney U test; LNR, lymph node ratio).

higher than between LNs and nontumors (Supplementary Fig.
S6B). In addition, the similarities of T-cell repertoire between
tumors and nontumors, as well as LNs and tumors, varied
extensively in different patients. To investigate if the diversiﬁed
intertissue T-cell repertoire similarity among patients was related
to breast cancer phenotype, the intertissue correlations among the
breast cancer subtypes were compared, and the Pearson coefﬁcients between tumors and nontumors were signiﬁcantly higher
in luminal-like subtype (luminal A and B) than in basal-like
subtype (P ¼ 0.03596, Fig. 5A). Data of the independent validation cohort were also analyzed, but only ﬁve basal-like tumors
were identiﬁed out of 49 patients, which provided insufﬁcient
power for statistical test. Therefore, we combined the two cohorts
together and demonstrated a signiﬁcantly higher correlation
between luminal-like tumors and paired nontumor tissues
(P ¼ 0.02017, Fig. 5B).
Public intratumoral TCR response
The TCR response between individuals for various diseases
including cancer can be "public" (found in more than one
individual; refs. 23, 24). To examine whether any intratumoral

TCR clones that responded to breast cancer were public, we
compared the large and expanded TRB amino-acid sequences
(>0.01%) from the tumors of multiple patients and ﬁltered the
public clones (existing in at least two healthy individuals), with a
TCR database collected from peripheral blood of 661 healthy
individuals (not published). Thus, we identiﬁed 24 TCR aminoacid sequences that were shared by at least 2 patients (Table 2),
and the top clone in the list was found in 3 of 16 patients. The
frequencies of these public sequences mostly accounted for 0.01%
to 1% of the total sequences in an individual. We found that
29.2% (7/24) of public TCRs use TRBJ2-3 for recombination,
which greatly surpassed the frequency of its usage for all the
intratumor TCRs in various patients (10.46%–15.65%), implying
the contribution of combinatorial bias to public TCR usage. In
addition, some of the public TCRs were recombined by different
germline V genes, which further formed variable nucleotide
sequences, and eventually encoded the same amino-acid
sequences. This clearly illustrates the role of "convergent recombination" in the development of public TCR response (34). Taken
together, our data imply that multiple mechanisms are involved
in this process.

Figure 5.
The Pearson correlation coefﬁcients
between tumor and nontumor in
luminal-like and basal-like breast
cancer subtypes. A, The comparison in
the main cohort. B, The comparison
combining the main cohort with the
validation cohort ( , P < 0.05
according to the Mann–Whitney
U test).
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Table 2. Public TRB CDR3 clones among tumor
Clone_CDR3
Sample number
CSARSPGYEQYF
3
CAISESTQAYEQYF
3
CASSLGQSSYGYTF
3
CATSRDSGGLGTTDTQYF
3
CSVDAGGGGNTIYF
2
CSARVGLAGADTQYF
2
CASSGTGGSSNQPQHF
2
CSVAGTSGRNTGELFF
2
CSAREIGGGGQPQHF
2
CSASPGLAGRETQYF
2
CSVEEAYEQYF
2
CSANFRERNSPLHF
2
CASSLFQGPSYEQYF
2
CSASQTDTQYF
2
CASSFAASKHYEQYF
2
CSASRRDGTDTQYF
2
CATSLAGGETQYF
2
CATSDINEQFF
2
CAWSPSGGLPQYF
2
CATSRENNEQFF
2
CSAPGQGSGNTIYF
2
CASSLVGRGDYGYTF
2
CASSATGTGANSPLHF

2

CASTTNTDTQYF

2

tissues of all 16 patients
V gene
TRBV20-1
TRBV10-3
TRBV5-1
TRBV15
TRBV29-1
TRBV20-1
TRBV6-3 TRBV6-2
TRBV29-1
TRBV20-1
TRBV20-1
TRBV29-1
TRBV20-1
TRBV7-8
TRBV20-1
TRBV12-4 TRBV12-3
TRBV20-1
TRBV24/OR9-2 TRBV24-1
TRBV24/OR9-2 TRBV24-1
TRBV30
TRBV15
TRBV20-1
TRBV7-2
TRBV5-1
TRBV5-1
TRBV2
TRBV12-4 TRBV12-3
TRBV19

J gene
TRBJ2-7
TRBJ2-7
TRBJ1-2
TRBJ2-3
TRBJ1-3
TRBJ2-3
TRBJ1-5
TRBJ2-2
TRBJ1-5
TRBJ2-5
TRBJ2-7
TRBJ1-6
TRBJ2-7
TRBJ2-3
TRBJ2-7
TRBJ2-3
TRBJ2-5
TRBJ2-1
TRBJ2-3
TRBJ2-1
TRBJ1-3
TRBJ1-2
TRBJ1-2
TRBJ1-6
TRBJ1-6
TRBJ2-3
TRBJ2-3

ID (%)
BC0002A(0.0035)
BC0005A(0.0044)
BC0002A(0.0038)
BC0002A(0.0006)
BC0012A(0.0291)
BC0005A(0.0134)
BC0001A(0.0166)
BC0013A(0.0160)
BC0003A(0.0204)
BC0004A(0.0131)
BC0005A(0.0453)
BC0005A(0.8711)
BC0001A(0.0188)
BC0002A(0.0278)
BC0016A(0.0152)
BC0015A(0.0171)
BC0011A(0.0100)
BC0002A(0.0123)
BC0005A(0.4246)
BC0003A(0.0113)
BC0001A(0.0108)
BC0003A(0.0141)
BC0004A(0.0177)
BC0001A(0.0147)
BC0003A(0.1580)
BC0010A(0.0182)
BC0009A(0.0301)

BC0007A(0.0163)
BC0007A(0.0229)
BC0004A(0.0101)
BC0005A(1.0582)
BC0013A(0.0481)
BC0014A(0.0116)
BC0009A(0.0524)
BC0015A(0.1018)
BC0008A(0.0135)
BC0013A(0.0102)
BC0007A(0.0135)
BC0006A(0.0107)
BC0010A(0.0837)
BC0008A(0.0358)
BC0008A(0.0352)
BC0008A(0.0149)
BC0015A(0.1671)
BC0010A(0.0211)
BC0006A(0.0113)
BC0005A(0.0115)
BC0013A(0.0109)

BC0012A(0.0196)
BC0009A(0.0200)
BC0011A(0.0243)
BC0006A(0.0107)

Note: All these clones were ﬁltered with a TRB database of 661 healthy individuals.

Discussion
We have presented here a comprehensive investigation on
TCR repertoire for breast cancer. Using IHC and TRB CDR3 deep
sequencing, we unraveled an unpredicted degree of heterogeneity of T lymphocyte in tumor and other tissues in breast
cancer patients. The presence of TILs, especially CD8þ T cells,
correlates with improved clinical prognosis in most of the
tumor types (5). With the help of our complete breast cancer
sample set, we not only could assess and compare the extent of
TILs in different tissues, but also systematically investigated TCR
diversity and clonality, and correlated it with tumor molecular
subtypes. The characteristics and relationship of TCR repertoire
between tumor and adjacent tissues, especially LNs, helped us
to assess the process of TIL activation, recruitment, expansion,
and selection.
Many studies show that the draining LN is where tumor
antigens are ﬁrst presented to T cells by antigen-presenting cells,
which will induce the activation and proliferation of tumorspeciﬁc T cells (35–37). Then the proliferating T cells inﬁltrate
the tumor microenvironment by complex mechanisms (38).
The tumor mass can also serve as a potential site for T-cell
activation (37, 39). Here, we found that T cells in draining LN
were more diversiﬁed, with fewer large and expanded clones
(Fig. 1B; Supplementary Fig. S2), which implied the presence
of more na€ve cells or unexpanded activated cells. In contrast,
TILs had less diversity, with a greater proportion of large and
expanded clones (Fig. 1B; Supplementary Fig. S2), which illustrated the universal T-cell activation and proliferation in the
tumor microenvironment, where plenty of tumor mass and
neoantigens could stimulate the process. Nontumor tissues
harbor few T cells, and those present could be tissue-resident
memory T cells (TRM; ref. 40) migrating to the nontumor breast
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tissue due to historical inﬂammation or because of minimal
migration and the presence of tumor antigens in the nontumor
tissues to recruit the T cells.
The relationship between the amount of T cell inﬁltration
into tumors and pLN/LNR has not been reported to date. In our
study, we found that node-positive patients tended to have
more TILs, and patients with high LNR (>50%) had signiﬁcantly more TILs than node-negative patients (Fig. 4A and B).
More studies are needed to uncover the mechanism underlying
this phenomenon. A possible explanation is that enhanced
activation and expansion of T lymphocytes by tumor antigens
in pLN increases the probability of T cells crossing vasculature
and stromal barriers, thereby reaching the tumor site and
encountering tumor cells. In addition, the TRB repertoire was
more similar between tumors and LNs in patients with high
LNRs, compared with node-negative patients (Supplementary
Fig. S6A). This strongly illustrated the effect of tumor-cell
training on the surrounding T lymphocytes, and indicated that
many T-cell clones in tumor tissues were tumor reactive.
The correlation between tumor and adjacent nontumors is
higher in luminal A/B type breast cancer, whereas it is signiﬁcantly
lower in basal-like type breast cancer (Fig. 5A and B). The
heterogeneity of the inﬁltrated TCR repertoire is shaped and
modulated by the variety of neoantigens in the tumor microenvironment. Aberrantly expressed tumor genes derived by their
somatic mutations contribute signiﬁcantly to these tumor neoantigens. The overall mutation rate in luminal A/B breast cancer is
the lowest among all the breast cancer subtypes, whereas the
mutation rate is higher in the basal-like subtype (34). It is possible
that the antigenic microenvironment is more similar between
tumor and normal tissues in luminal A/B breast cancer, due to its
lower mutation rate, and in turn, it shaped the higher similarity
of the TCR repertoire between tumor and nontumor tissue,
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compared with basal-like breast cancer. Further studies and evidence are required to support this explanation.
The data on the TCR repertoire used by T cells that inﬁltrate
tumors and neighboring tissues in breast cancer have implications for future diagnoses, monitoring, and predicting prognoses. The identiﬁcation of tumor-reactive lymphocytes will
beneﬁt from the analysis of immune repertoires in tumor
microenvironments. Tumor-reactive lymphocytes circulating
in the peripheral blood could also serve as potential noninvasive biomarkers to monitor the response of the solid tumor
to treatment, track minimal residual disease, and predict
relapse. We detected numerous tumor-inﬁltrated TCR clones
in the peripheral blood of the patients before and after surgery
(data not shown). However, whether the dynamic change of
the frequency of these TCR clones after surgery and further
treatment has clinical implications still warrants prospective
studies and long-term follow-up of patients. On the other
hand, tumor-reactive lymphocytes as direct antitumor weapons in immunotherapy can be tracked and monitored in the
ACT process, by deep-sequencing and immune repertoire
analysis. In summary, the comprehensive analysis of the characteristic TCR repertoire in breast cancer has depicted a landscape of immunosurveillance and interactions with tumor
cells, as well as the relationship of TCR repertoires to various
clinical features.
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