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Abstract
Purpose  Immune characterizations of cancers, including breast cancer, have led to information useful for prognoses and 
are considered to be important in the future of refining the use of immunotherapies, including immune checkpoint inhibitor 
therapies. In this study, we sought to extend these characterizations with genomics approaches, particularly with cost-effective 
employment of exome files.
Methods  By recovery of immune receptor recombination reads from the cancer genome atlas (TCGA) breast cancer dataset, 
we observed associations of these recombinations with T-cell and B-cell biomarkers and with distinct survival rates.
Results  Recovery of TRD or IGH recombination reads was associated with an improved disease-free survival (p = 0.047 and 
0.045, respectively). Determination of the HLA types using the exome files allowed matching of T-cell receptor V- and J-gene 
segment usage with specific HLA alleles, in turn allowing a refinement of the association of immune receptor recombina-
tion read recoveries with survival. For example, the TRBV7, HLA-C*07:01 combination represented a significantly worse, 
disease-free outcome (p = 0.014) compared to all other breast cancer samples. By direct comparisons of distinct TRB gene 
segment usage, HLA allele combinations revealed breast cancer subgroups, within the entire TCGA breast cancer dataset 
with even more dramatic survival distinctions.
Conclusions  In sum, the use of exome files for recovery of adaptive immune receptor recombination reads, and the simulta-
neous determination of HLA types, has the potential of advancing the use of immunogenomics for immune characterization 
of breast tumor samples.
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Introduction

Immune characterization of cancer specimens has the 
potential of guiding therapies or informing prognoses. The 
role of humoral immunity in suppression of immunogenic 
breast cancers has been previously established, for exam-
ple, with correlations between increased presence of IGK 
and improved prognosis [1–3].

However, the potential correlation of the presence of 
T-cell receptor δ (TRD) and γ (TRG) with survival rates 
for breast cancer remains undetermined. In other cancers, 
the presence of tumor-infiltrating lymphocytes (TILs) 
expressing γδ TCRs has correlated with increased sur-
vival, for example, in bladder cancer and melanoma [4], 
although in prostate cancer the presence of γδ TCRs cor-
related with decreased survival [5]. In breast cancer, both 
better and worse outcomes have been reported in the cases 
of infiltration of γδ TILs [4]. In one case, Vδ1 + γδ TILs 
have been postulated to contribute to the arrest of tumor 
rejection via IL-10 signaling to dendritic cells and T lym-
phocytes in mouse models [4]. Thus, in this report, we 
take advantage of an immunogenomics approach for the 
analysis of the very large cancer genome atlas (TCGA) 
breast cancer (BRCA) dataset to further shed light on the 
role of γδ TILs.

In addition, we recently demonstrated that the usage 
of T-cell receptor-β (TRB) J sub-segments (i.e., segments 
from either the TRBJ1 or TRBJ2 groups), in combination 
with particular HLA class II alleles, or TRB V-segments 
in combination with particular HLA alleles, correlate 
with either better or worse cancer survival rates in stud-
ies that did not include BRCA [6, 7]. BRCA TRBV and 
TRBJ usage, in combination with particular HLA alleles, 
is addressed in this report. Thus, in addition to providing 
new information regarding γδ TILs, the large number of 
TCGA-BRCA samples has facilitated a statistically signifi-
cant alignment of survival rates with TRB gene segment 
usage, either alone or in combination with specific HLA 
alleles.

Methods

Identification of reads representing V(D)J 
recombinations in WXS files

File slices from a total of 1065 whole exome sequence 
(WXS) files for breast carcinoma were downloaded from 
the Genomic Data Commons (GDC) (TCGA-BRCA) 
under dbGaP approval #6300, using a manifest file gener-
ated at the GDC web site. A full list of barcodes from this 

manifest is in Table S1. Each WXS file slice represented 
a five million base pair (bp) region surrounding each of 
the seven immune receptor coding sections of the genome, 
based on the hg38 reference genome. The nucleotide 
sequences (used for searching the WXS files) for the V and 
J regions of human immunoglobulin heavy chain, kappa 
chain, and light chain genes (IGH, IGK, IGL) represented 
the IMGT repertoire. Similar sequences were used for the 
TCR α, β, γ, and δ chain genes (TRA, TRB, TRG, TRD). 
For IGH and TRG, the positive strand sequence was used 
for the search, i.e., representing the reverse complement of 
the coding regions for these genes. For each V sequence, a 
total of five individual 10 bp length sequences were gen-
erated, at 3, 5, 7, 9, and 11 nucleotides away from the 3′ 
end of the V sequence to account for N-region diversity 
and rare polymorphisms. Likewise, for each J sequence, 
five individual 10 bp length sequences were generated, at 
3, 5, 7, 9, and 11 nucleotides away from the 5′ end of the 
J sequence. A shell script (Module_Search_IgTcR) was 
written to execute individual search scripts (Search_Reads.
sh) via GNU Parallel in a Unix shell running on an Xen 
platform optimized for distributed computing [8, 9]. The 
search script compared each read in the five million base 
pair region encompassing each immune receptor genome 
section to the list of 10 bp V and J sequences. Each read 
that matched at least one 10 bp V sequence and at least 
one 10 bp J sequence was written to a tab separated val-
ues (TSV) file. For each of the seven immune receptors, 
the TSV files were combined into a single fasta file via 
tsv2fasta.php. The fasta file was broken up into individual 
fasta files up to 500,000 sequences in size if the primary 
output files represented more than 500,000 sequences. 
Each fasta file was submitted to IMGT/HighV-QUEST 
for secondary analysis. The output from IMGT/HighV-
QUEST was used to generate individual “matchlist” files, 
via imgtHVQuest2matchlist.php, representing a table with 
each read and the IMGT result for assessment of read 
parameters using Excel. For this project, only recombina-
tions containing at least 15 matching nucleotides for both 
the V- and J-gene segments were included in subsequent 
data analyses, to reduce the impact of false positives. See 
also ref [10]. All computer codes, including the above V 
and J search strings, are available upon request by email 
to corresponding author.

RNASeq data

The RNASeq Version 2 Remote Scanning Electron Micros-
copy (RNASeq V2 RSEM) scores for the genes indicated 
in Results were downloaded from cBioPortal.org for the 
TCGA-BRCA (Provisional) dataset [11–13]. For each 
immune receptor sequence, two groups of patient barcodes 
were created for comparison: a group of patient barcodes 
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whose WXS file contained a productive recombination for 
the immune receptor sequence and a group of all remain-
ing patient barcodes. For each group, Microsoft Excel 2016 
was used to calculate a simple average for RNA expression 
for each gene. A t test was performed on the two groups of 
barcodes to generate a p value for determination of statistical 
significance (p < 0.05) (Tables S2, S3).

HLA data

The HLA class I (HLA-A, HLA-B, HLA-C) and class II 
(HLA-DPB1, -DQB1, -DRB1) alleles for each of the BRCA 
WXS files were determined via xHLA as obtained from 
Github and described in Xie et al [14] and Callahan et al 
[15]. Alleles expressed in a large number of patients were 
used to create groups for further data analysis. (The HLA 
types for the entire set BRCA barcodes are available upon 
request by email to corresponding author.)

Survival data

For survival analyses, the cBioPortal web tool was used 
for preliminary analyses. Each set of patient barcodes was 
compared against all remaining patient barcodes, as detailed 
in Results. Then, each group of barcodes with statistically 
significant (p < 0.05) survival distinctions was indepen-
dently confirmed using GraphPad Prism (Tables S4–S13). 
For analysis of the HLA data, GraphPad Prism software 
was also used to compare the survival between two subsets 
of barcodes, as the cBioPortal web tool provides only the 
opportunity to compare one subset of barcodes against all 
remaining barcodes.

Results

As detailed in Methods and refs. [5, 16–18], we searched the 
TCGA set of BRCA WXS files for immune receptor recom-
bination reads representing minimum criteria, for example, 

a minimum number of nucleotides used to establish a match 
to a given V or J region gene segment. A summary of the 
recombination reads recovered from the WXS files contain-
ing productive recombinations, as well as the number of 
BRCA barcodes representing productive and unproductive 
recombinations, is provided in Table 1 (Tables S14, S15). 
To support the indication that recovery of immune receptor 
recombination reads represents the presence of TILs in the 
tumor samples, we analyzed RNASeq data for T- and B-lym-
phocyte markers. For almost all of the lymphocyte RNASeq 
data, the T- and B-lymphocyte biomarkers were consistent 
with the recovery of the TCR and BCR recombination reads 
(Tables 2, 3; Tables S2, S3).

We next examined the RNASeq values for several pro-
teins involved in immune modulation and antigen presenta-
tion, for an attempted correlation with barcodes representing 
WXS files found to have productive TRB receptor recombi-
nations. Detection of productive TRB-VDJ recombinations 
was found to correlate with approximately twice the level 
of PD-L1 (CD274) RNA expression (Table 4). Likewise, 
statistically significant increases in RNA expression were 
found for CD33 (reflective of myeloid cells) [19], CIITA (a 
positive regulator of HLA class II gene transcription) [20], 
CTLA4 (an immune checkpoint receptor) [21], and CTSL 
in barcodes representing productive TRB recombinations 
(Table 4).

We next examined the potential correlations between the 
presence of specific TCR and BCR recombination reads 
and survival rates. Detection of productive or unproductive 
TRD recombinations among the entire WXS set correlated 
with an improved disease-free survival (DFS) (p = 0.035)
(Table 5; Fig. 1a), and detection of productive TRD recombi-
nation reads alone correlated with improved DFS (p = 0.047)
(Table 5; Fig. 1b). Detection of TRG productive recombina-
tions trended towards improved DFS for invasive ductal car-
cinoma subset only (p = 0.073, unpublished observations).

Co-detection of productive and unproductive IGK recom-
bination reads, i.e., co-detection within one WXS file, repre-
senting a B-cell infiltrate [18], trended towards better overall 

Table 1   Summary of immune 
receptor recombination reads 
obtained from TCGA-BRCA 
WXS files (Tables S13, S14)

Immune receptor gene Productive 
recombina-
tions

Unproductive 
recombinations

Barcodes with 
productive recombi-
nations

Barcodes with unpro-
ductive recombinations

IGH 283 62 155 54
IGK 305 388 176 177
IGL 690 279 234 127
TRA​ 4673 73,788 883 1045
TRB 1519 351 519 217
TRD 261 144 162 104
TRG​ 2602 6135 602 789
TRA and TRB ND ND 476 217
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survival (OS) and DFS (p = 0.06 and 0.052, respectively)
(Table 5). While neither detection of productive IGH nor 
productive IGK recombinations separately, statistically 
significantly correlated with survival, the combination of 
these two sets of WXS files (i.e., either productive IGH or 
IGK) correlated with increased DFS (p = 0.047)(Fig. 2). It 
should also be noted that recovery of IGH or IGK recombi-
nation reads, as independent barcodes sets, did trend towards 
increased DFS (Table 5).

We next examined the survival distinctions represented 
by the HLA alleles in the BRCA dataset. A statistically 
significant survival distinction was found, for barcodes 

representing HLA-DRB1*04:01 (Table 6), the occurrence 
of which correlated with decreased DFS compared with all 
remaining barcodes (p = 0.033). However, for barcodes rep-
resenting the HLA-DRB1*13:01 allele, there was a positive 
outcome for OS (p = 0.037) as well as for DFS (p = 0.025) 
(Table 6).

We next considered the possibility of identifying V or J 
usage, HLA allele combinations that correlated with sur-
vival rates, as indicated by analyses of other cancer data-
sets [6, 7]. A total of three combinations of specific TRB V 
or J sub-segment usage (i.e., J1 segments or J2 segments) 
and HLA alleles were identified as showing a statistically 

Table 2   Summary of RNASeq values for T-cell biomarkers

CD3D CD4 CD8A ICOS IFNG

Mean for barcodes w/productive TRA recombination reads 148.95 1447.72 311.32 53.52 451.82
Mean for all remaining barcodes 58.41 1028.14 141.52 18.80 328.82
T test p value 5.21E-19 4.74E-07 3.64E-16 4.97E-23 5.16E-07
Mean for barcodes w/productive TRB recombination reads 206.62 1801.88 426.29 73.77 13.79
Mean for all remaining barcodes 65.66 978.54 148.60 23.38 3.63
T test p value 1.33E-27 5.12E-38 1.06E-30 1.18E-28 3.56E-13
Mean for barcodes w/productive TRD recombination reads 261.29 2085.76 554.68 100.72 21.16
Mean for all remaining barcodes 112.12 1256.19 236.45 38.67 6.37
T test p value 2.24E-07 8.46E-12 3.21E-09 3.40E-10 3.45E-07
Mean for barcodes w/productive TRG recombination reads 187.44 1667.86 394.98 68.67 12.80
Mean for all remaining barcodes 65.07 1003.99 138.90 20.85 3.06
T test p value 1.20E-25 5.08E-27 3.10E-32 1.09E-31 6.14E-15

Table 3   Summary of RNASeq values for B-cell markers

CD19 CD22 CD38 CD72 CD79A CD79B CR2 MS4A1

Mean for barcodes w/productive IGH recombination 
reads

173.84 488.50 189.89 174.04 1062.66 424.62 483.95 980.51

Mean for all remaining barcodes 18.64 158.77 48.66 75.57 159.37 88.95 41.31 90.24
T test p value 4.55E-08 8.50E-05 3.71E-14 1.48E-08 5.81E-12 2.33E-08 1.09E-03 1.25E-05
Mean for barcodes w/productive IGK recombination 

reads
138.95 415.88 179.60 160.64 888.08 339.55 362.63 757.78

Mean for all remaining barcodes 21.72 165.02 47.19 75.79 171.64 97.53 54.44 112.40
T test p value 1.28E-06 3.96E-04 3.22E-14 3.35E-08 2.21E-10 1.67E-06 7.01E-03 1.94E-04
Mean for Barcodes w/IGL Productive 124.23 366.58 168.59 150.04 789.18 318.61 331.96 658.23
Mean for all remaining barcodes 17.79 161.62 41.18 72.93 150.15 86.76 41.85 95.99
T test p value 1.08E-08 1.34E-04 3.30E-17 1.75E-10 1.50E-12 1.34E-08 1.10E-03 1.40E-05

Table 4   Summary of RNASeq 
expression data for immune 
checkpoint genes

CD274 CD33 CIITA CTLA4 CTSL

Mean for barcodes w/productive 
TRB recombination reads

44.30 85.18 473.69 71.73 2295.74

Mean for all remaining barcodes 22.61 58.11 221.45 26.04 1835.55
T test p value 2.89E-13 1.03E-15 2.81E-28 4.06E-28 6.43E-09
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significant associations with survival rates (Table 6). Spe-
cifically, in these cases, neither the V or J usage alone, nor 
the HLA allele alone, represented a statistically significant 
survival distinction. Kaplan–Meier (KM) survival curves 
were generated (and statistically analyzed using Graph-
Pad Prism) for barcodes representing the gene segment 
usage, HLA allele combinations compared to all remaining 
barcodes. To verify the results, independent analyses of 
survival rates were performed using the KM web tool at 
cBioPortal.org [11–13].

In particular, for barcodes representing the TRBV5, 
HLA-B*07:02 combination, neither TRBV5 usage alone, 
nor HLA-B*07:02 allele alone, represented survival distinc-
tions for OS or DFS. However, barcodes with the indicated 
TRB gene segment, HLA allele combination had a statis-
tically significant reduced DFS (p = 0.026, Table 6). The 
TRBV7, HLA-C*07:01 combination was associated with 
reduced DFS (p = 0.014, Table 6), and the TRBJ2, HLA-
DQB1*06:03 combination was associated with increased 

Table 5   Survival associations with groups of barcodes representing the recovery of recombination reads from BRCA WXS files, compared to all 
remaining barcodes

p < 0.05 in italics
All p < 0.05 were confirmed with the cBioPortal web tool and GraphPad Prism
GraphPad Prism output for p < 0.05 is available in the indicated SOM tables, left column

Overall survival Disease-free survival

Survival benefit p value Survival benefit p value

TRD (productive recombination) (Table S4) Equivocal 0.88 Positive 0.047
TRD (barcodes representing either productive or unproductive recombinations) 

(Table S5)
Equivocal 0.64 Positive 0.035

IGK (productive recombinations) Equivocal 0.80 Positive 0.09
IGK (unproductive recombinations) Positive 0.08 Positive 0.09
IGK (barcodes representing either productive or unproductive recombinations) Equivocal 0.68 Positive 0.08
IGK (barcodes representing the recovery of both productive and unproductive recombina-

tions within one WXS file)
Positive 0.06 Positive 0.052

IGH or IGK (barcodes representing productive recombinations) (Table S6) Positive 0.28 Positive 0.047

Fig. 1   Survival outcomes associated with the recovery of TRD 
recombination reads. a Kaplan–Meier (KM) DFS curve for barcodes 
representing either TRD productive or unproductive recombinations 

(gray, arrow) versus all remaining barcodes (black) (p = 0.035). b KM 
DFS curve for barcodes representing TRD productive recombinations 
(gray, arrow) versus all remaining barcodes (black) (p = 0.047)

Fig. 2   Survival outcomes associated with the recovery of BCR 
recombination reads. KM DFS curve for barcodes representing either 
IGH productive or IGK productive recombinations (gray, arrow) ver-
sus all remaining samples (black) (p = 0.047)
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DFS (p = 0.021, Table 6), with a trend towards increased 
overall survival (p = 0.058).

KM survival curves were generated to compare the rela-
tively large survival differences between the above combi-
nations associated with positive outcomes versus combina-
tions associated with negative outcomes (Figs. 3a–d, 4a–e, 
p values indicated in the figure legends).

To assess for the possibility of clinical characteristics 
with known prognostic value overlapping the above sur-
vival distinctions, TCR and BCR groups found to have a 
significant correlation with DFS were stratified by clinical 
characteristics available from TCGA: expression of estrogen 
receptor (ER), progesterone receptor (PR), HER2, clinical 
stage, and breast cancer type. Neoadjuvant chemotherapy 
was only performed on two samples, and thus not included 

in this analysis. Due to the limited sample sizes, KM curves 
could not be generated for subgroup analysis (e.g., DFS of 
barcodes with TRD productive reads and expressing ER 
versus DFS of barcodes with TRB productive reads and not 
expressing ER). Thus, the DFS ratio (number of barcodes 
with DFS at a time point divided by total barcodes) was 
employed as a proxy for KM analysis. An arbitrary time 
point of 100 months was selected. The percentage of bar-
codes in each group expressing the clinical characteristic, as 
well as the DFS ratio of the subgroup at 100 months was cal-
culated. Extensive data are shown in Table S6 in the SOM. 
No overt bias is noted in the percentage of each recombina-
tion read recovery group having a particular clinical charac-
teristic compared to all samples. Moreover, the DFS ratio for 
each recombination read recovery subgroup remained higher 

Table 6   Survival patterns of BRCA barcode groups representing TRB-VDJ recombinations in combination with specific HLA class I and II 
alleles

p < 0.05 in italics
All p < 0.05 were confirmed with the cBioPortal web tool and GraphPad Prism
GraphPad Prism output for p < 0.05 is available in the indicated SOM tables, left column

TRB gene segment, 
HLA class I or II 
allele combinations

Number of barcodes 
representing left col-
umn combination

Overall survival in 
comparison to all 
remaining barcodes, 
p value

Disease-free survival 
in comparison to all 
remaining barcodes, 
p value

Overall survival out-
come: P positive; N 
negative, E equivocal

Disease-free survival 
outcome: P positive; N 
negative, E equivocal

TRBV5, HLA-B*07:02
(Table S7)

25 0.86 0.026  E  N

TRBV6, HLA-
C*07:02

67 0.055 0.32 N E

TRBV7, HLA-
C*07:01

(Table S8)

25 0.69 0.014 E N

TRBJ2, HLA-
DQB1*06:03

(Table S9)

53 0.058 0.021 E P

TRBJ1, HLA-
DRB1*04:01

NOT an indepen-
dently, statistically 
significant combina-
tion; see two rows 
below. See also 
Fig. 3C, D

(Table S10)

36 0.048 0.007 N N

TRBJ2, HLA-
DRB1*13:01

NOT an indepen-
dently, statistically 
significant combina-
tion; see two rows 
below

See also Fig. 3C, D
(Table S11)

50 0.055 0.021 E P

HLA-DRB1*04:01
(Table S12)

64 0.20 0.033 N N

HLA-DRB1*13:01
(Table S13)

63 0.037 0.025 P P
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than the DFS ratio of all barcodes following stratification, 
indicating that the results seen in Table 5 do not represent 
100% overlaps with known clinical prognostic features.

Further assessment of the results from the DFS ratios and 
clinical correlations was performed specifically for the DFS 
ratio of triple-negative breast cancer (TNBC). As shown in 
Table 7, barcodes with recovery of IGK productive reads do 
not significantly increase the DFS ratio for TNBC. However, 
there is a significant increase in the DFS ratio for TNBC for 
barcodes with recovery of TRD productive reads, from a 
DFS ratio of 0.68 for all TNBC barcodes to 0.93 (popula-
tion proportions test, p < 0.002). KM analyses was consistent 
with this distinction, although not enough TNBC samples 
were available to achieve statistical significance (p = 0.07, 
unpublished observations).

Discussion

The above data reinforce the value of the exome as a source 
of cancer immunology information, particularly when deal-
ing with a large cohort of patients. Specifically, extensive 
work, prior to this report, established the very high like-
lihood of immune receptor recombination reads being 

reflective of lymphocytes, representing relatively dominant 
TCR and BCR recombinations, present in the tumor and 
related to tumor growth or reduced growth, depending on the 
case. For example, a recent report has indicated that higher 
levels of bacteria in pancreatic cancer correlate with a worse 
outcome [22], and befitting the Th2 response that would be 
expected in such cases, high levels of BCR recombination 
read recoveries are also associated with a worse pancreatic 
cancer outcome [23]. In fact, recoveries of the BCR recom-
bination reads from the exome files led to a much stronger 
correlation with outcomes than did all other studied, B-cell 
markers [23]. Many other sets of exome files, yielding TRB 
and BCR recombination reads, have reflected the useful-
ness and power of the pancreatic cancer example [5, 16–18, 
24–29].

There were three basic conclusions regarding breast can-
cer from this study. First, the recovery of immune receptor 
recombination reads representing the γ/δ T-cell receptor was 
associated with a better outcome. Unfortunately, the num-
ber of samples, and the number of reads recovered, did not 
permit focusing on T-cell or NKT-cell subsets that might 
provide further insight into the possible mechanisms of the 
effect of longer survival. Also, in comparison to α/β T-cells, 
the number of previously described biomarkers uniquely 

Fig. 3   Contrasting survival outcomes for specific TRBV or TRBJ, 
HLA combinations. a KM DFS curve for barcodes representing the 
TRBJ2, HLA-DQB1*06:03 combination (gray, arrow) versus the 
TRBV5, HLA-B*07:02 combination (black) (p = 0.021). b KM DFS 
curve for barcodes representing the TRBJ2, HLA-DQB1*06:03 com-
bination (gray, arrow) versus the TRBV7, HLA-C*07:01 combina-
tion (black) (p = 0.014). c KM OS curve for barcodes representing 

the TRBJ2, HLA-DRB1*13:01 combination (gray, arrow) versus the 
TRBJ1, HLA-DRB1*04:01 combination (black) (p = 0.001). See also 
Table  6, for additional TRBJ2, HLA-DRB1*13:01 information and 
additional TRBJ1, HLA-DRB1*04:01 information. d KM DFS curve 
for barcodes representing the TRBJ2, HLADRB1*13:01 combination 
(gray, arrow) versus the TRBJ1-DRB1*04:01 combination (black) 
(p = 0.0002)
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reflecting T-cell subsets with TRG or TRD recombinations 
is minimal at best [30]. Thus, the above data regarding breast 
cancer and γ/δ T-cell receptors will not resolve any of the 
controversy referred to in the Introduction, regarding γ/δ 
T-cells with specific V or J usage. However, it is clear that 
the mining of immune receptor recombinations from exome 
files does offer an assay opportunity for future studies that 

hopefully will, in aggregate, lead to a resolution to this issue 
or possibly to a definition of different states of disease that 
have distinct responses to distinct subsets of γ/δ T-cells.

The second conclusion, that breast cancer has a signifi-
cant B-cell component, substantiates previous work, and in 
particular, substantiates the proposal that the presence of 
B-cells has a protective effect [1, 31]. Thus, the above work 

Fig. 4   Contrasting survival 
outcomes associated with 
the HLA-DRB1*13:01 and 
HLA-DRB1*04:01 alleles. a 
KM DFS curve for barcodes 
with HLA-DRB1*04:01 
allele (gray, arrow) versus all 
remaining barcodes (black) 
(p = 0.033, Table 6). b KM 
OS curve for barcodes with 
HLA-DRB1*13:01 allele 
(gray, arrow) versus all 
remaining barcodes (black) 
(p = 0.037, Table 6). c KM 
DFS curve for barcodes 
with HLA-DRB1*13:01 
allele (gray, arrow) ver-
sus all remaining barcodes 
(black) (p = 0.025, Table 6). 
d KM OS curve for barcodes 
with HLA-DRB1*13:01 
allele (gray, arrow) versus 
HLA-DRB1*04:01 allele 
(black) (p = 0.003). e KM 
DFS curve for barcodes with 
HLA-DRB1*13:01 allele 
(gray, arrow) versus HLA-
DRB1*04:01 allele (black) 
(p = 0.006)

Table 7   Recovery of TRD recombination reads from BRCA WXS files where samples where characterized as negative for the estrogen receptor, 
progesterone receptor, and HER2 (TNBC)

a n-proportion test p value < 0.002

Percentage of barcodes identi-
fied as TNBC

TNBC DFS ratio at 100 months: ratio of barcodes with immune 
receptor recombination read recovery to total barcodes for 
TNBC

All barcodes 15 0.68a

IGK productive 27 0.72
IGH or IGK productive 26 0.72
TRD productive 22 0.93
TRD productive or unproductive 20 0.94a
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provides a monitoring opportunity for clinical trials, among 
many other opportunities, whereby exomes can be mined 
for BCR recombination reads, particularly in cases where 
other methods for obtaining BCR recombination reads are 
not available, to assess therapy impacts on B-cell presence 
in breast cancer.

The third conclusion provided by the data above is that 
TRB V and J usage, in combination with specific HLA 
alleles, associates with survival outcomes. This result is con-
sistent with TRB V and J usage, HLA allele combinations in 
other immune settings, such as infection and autoimmunity 
[32–34]; is consistent with related results associating TRB 
V and J usage with HLA class type [35]; and is consistent 
with similar results obtained for other cancer datasets [6, 
7]. The limitation of these results, however, is the lack of 
a replicative dataset. In fact, this may turn out to be a very 
long-term or indefinite limitation, due to the improbability 
of assembling two very large groups of patients with the 
same HLA allele distributions, for two copies of six HLA 
genes; and with an apparently similar collection of dominant 
TRB recombinations, among persons with breast cancer. 
However, the TRB V and J usage combinations indicated 
here, in combination with particular HLA alleles, can be 
individually re-evaluated as the opportunities arise, either 
with specific contrasts to other TRB V and J usage, HLA 
combinations in focused clinical trials, or via statistically 
significant results from other large datasets. Regardless, it 
must be noted that, given the basic mechanisms of function 
of the adaptive immune response and the understanding of 
cancer as interacting with the adaptive immune response, 
such TRB V and J usage, HLA allele combinations asso-
ciating with cancer progression, one way or another, are 
inevitable. Also, continuing with mechanistic aspects of 
the here reported associations, it should be noted that the 
above TRBJ, HLA allele associations do not distinguish the 
individual TRB J segments within the J1 and J2 families. 
Having said that there are amino acid (AA) sequence distinc-
tions between these two families, such that certain members 
of the J1 family have AA sequences that do not appear in 
the J2 family and vice versa [6, 7]. Thus, if the reported 
TRBJ2, HLA-DQB1*06:03 combination (Table 6) functions 
by efficient interaction of J2 family members with the HLA-
DQB1*06:03 allelic variant of the HLA-DQB1 molecule, 
then presumably the J2 family members, with the four AA 
that specifically distinguish these J2 family members from 
J1 family members, would be likely candidates for further 
resolution of the TRBJ2, HLA-DQB1*06:03 associations.

The above analyses do not have the power to rule out 
the possibility that recovery of immune receptors from the 
WXS files overlaps with or distinguishes other prognostic 
variables. The stratification by clinical characteristics did 
not reveal any certain confounders (Table S16), possibly 
due to the relatively small sample size, although data in this 

report provide preliminary evidence that recovery of TRD 
recombination reads may in fact be an independent prog-
nostic indicator.

In TNBC, TILs present at diagnosis have been associated 
with increased DFS [36]. Recovery of TRD recombination 
reads was significantly associated with increased DFS for 
TNBC (Table 7), possibly consistent with the association of 
the presences of T-cells with better TNBC DFS.

A recent systematic review [37] showed that the level 
of stromal TILs was an independent predictive and prog-
nostic marker for better survival outcomes in HER2+ breast 
cancer patients receiving Trastuzumab therapy. Likewise, 
other studies [38] found that in patients with HER2+ disease, 
increased TILs were associated with increased response to 
high-dose anthracyclines, another highly immunogenic ther-
apy. Loi et al. [36] demonstrated that using the amount of 
lymphocyte infiltration as stratification for guiding clinical 
decision making for selection of immunogenic therapies for 
an individual patient improves outcomes. However, in many 
clinical settings, quantification of TILs has been challenging, 
as many have reported poor repeatability of the quantifica-
tion of intra-tumoral TILs by pathologists due to issues with 
random sampling, limiting quantification to stromal TILs 
[39]. The methods outlined above using next-generation 
sequencing of samples represent an alternative method, 
perhaps a superior method.
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