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Abstract
Class I and class II HLA proteins, respectively, have been associated with subsets of V(D)J usage resulting from recombi-
nation of the T-cell receptor (TCR) genes. Additionally, particular HLA alleles, in combination with dominant TCR V(D)
J recombinations, have been associated with several autoimmune diseases. The recovery of TCR recombination reads from 
tumor specimen exome files has allowed rapid and extensive assessments of V(D)J usage, likely for cancer resident T-cells, 
across relatively large cancer datasets. The results from this approach, in this report, have permitted an extensive alignment 
of TCR-β VDJ usage and HLA class I and II alleles. Results indicate the correlation of both better and worse cancer survival 
rates with particular TCR-β, V and J usage-HLA allele combinations, with differences in median survival times ranging from 
7 to 130 months, depending on the cancer and the specific TCR-β V and J usage/HLA class allele combination.
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Abbreviations
CDR3  Complementarity determining region-3
dbGaP  Database of genotypes and phenotypes
HLA  Human leukocyte antigen
HNSC  Head and neck cancer
LUAD  Lung adenocarcinoma
KM  Kaplan–Meier
NKT  Natural killer T-cell
OV  Ovarian cancer
SKCM  Skin, cutaneous melanoma
SPSS  Statistical package for the social sciences
STAD  Stomach adenocarcinoma
TCGA   The cancer genome atlas
TCR   T-cell receptor
WXS  Whole exome sequence

Introduction

Cancer development has long been connected with a failure 
of the T-cell arm of the adaptive immune system, with the 
observation that immunosuppressive drugs known to impact 
T-cell replication lead to adventitious tumor development [1, 
2]. And, CD4 T-cell depletion in AIDS is associated with 
cancer development [3]. Numerous experimental, and even 
therapeutic approaches to cancer have substantiated those 
initial observations [4]. However, the role of the interaction 
of specific antigen presenting molecules, i.e., HLA allelic 
variants, with the protein coding results of particular TCR 
V(D)J recombinations, in cancer development, has not yet 
been established or well-researched. There have been several 
approaches describing the TCR-HLA binding process, par-
ticularly with experimental manipulation of small numbers 
of TCR-HLA class I binding partners [5, 6]. And recently, 
there have been big-data indications that particular TCR 
V(D)J recombinations are associated with particular HLA 
class I or class II molecules [7, 8]; and that particular TCR 
V(D)J recombinations and HLA class I alleles are associ-
ated with certain autoimmune diseases [9] or viral infec-
tions [10]. In the cancer setting, there have been TCR V(D)
J usage, HLA connections in melanoma, but without sig-
nificant survival distinctions [11]. Here we report that, for a 
wide variety of cancer types, the combination of particular 
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HLA class I or II alleles, and TCR-β VDJ recombinations, 
are associated with either a better or worse survival rate, 
depending on the cancer and the TCR/HLA binding part-
ners involved. The analyses and conclusions reported here 
have been facilitated by the efficiency of recovering TCR-β 
VDJ recombination reads from tumor specimen exome files 
(WXS) [12–15], and the simultaneous use of those files for 
determining HLA types.

Methods

Recovery of TCR‑β recombination reads from tumor 
specimen whole exome files (WXS)

TCR-β recombination reads were recovered from WXS files 
using minor modifications of the algorithm described previ-
ously [12]. All candidate, TCR recombination reads were 
processed by the IMGT web tool for identification of pro-
ductive TRB (TCR-β) recombinations. Only reads indicating 
a productive TRB coding region, based on 20 V-nucleotide 
and 20 J-nucleotide matches, were set aside for further study.

Determination of HLA class I and class II alleles 
for the cancer Genome Atlas (TCGA) SKCM 
(melanoma), LUAD (lung adenocarcinoma), STAD 
(stomach adenocarcinoma), HNSC (head and neck 
cancer), and OV (ovarian cancer) datasets

WXS files downloaded via TCGA approved project #6300 
were used to determine the HLA-A, HLA-B, and HLA-C 
alleles for barcodes (samples) in the TCGA SKCM (469 
samples), LUAD (573 samples), STAD (416 samples), 
HNSC (490), and OV (386) datasets. These WXS sequence 
files were downloaded as .BAM files from http://gdc-porta 
l.nci.nih.gov. HLA-A, HLA-B, and HLA-C alleles were 
determined using Optitype [16] installed at USF research 
computing from a source at github.com. To check the accu-
racy of the program as well as for errors in post processing, 
RNASeq files were selected randomly to match correspond-
ing WXS samples and processed via the Optitype protocol. 
Results for TCGA barcodes using these independent TCGA 
files types (WXS and RNASeq) were compared and were 
identical. The HLA class II alleles were obtained via the 
software described by ref [17].

Matching patient HLA class I alleles with T‑cell 
receptor (TCR) beta recombinations

HLA data were matched with corresponding productive VDJ 
recombinations. This was accomplished using an original 
script termed, VDJ-AlleleMatcher.pl. Only the J segment 
categories, J1 and J2, were considered in this analysis. The 

sub-segments, e.g., J2-1, were stripped off by the script, i.e., 
TRBJ2-1 was considered as “TRBJ2”. All TRBV segments 
were included in the analyses; however, TRBV alleles were 
not differentiated. After completion of this process, specific 
TCR-β VDJ-HLA class I allele combinations were counted 
and recorded for subsequent analysis.

Overall survival and disease‑free survival 
assessments for most frequently observed TCR‑β 
VDJ segments and HLA allele combinations

Barcodes for patients representing various TCR-β VDJ-HLA 
class I allele combinations were assessed for survival pat-
terns using Kaplan–Meier (KM) curves, using the cBioPor-
tal.org web tool, as well as via independent analyses from 
downloaded, raw clinical data followed by use of the IBM 
SPSS software.

Raw data and computer code

A very large amount of raw data, including large numbers 
of TCR-β recombination reads, HLA class I allele verifica-
tion data, and KM curve p value calculations were generated 
in the course of this project. These data are available upon 
request to corresponding author. In particular, the results 
below describe combinations of TCR-β V or J usage and 
HLA alleles representing distinct survival rates. In most 
cases, these survival rates represent cases where neither 
the TCR-β gene segment usage, nor the HLA allele, was 
independently associated with a significant survival distinc-
tion. The data that illustrate lack of survival distinctions, 
where noted below, are included in the supplemental data 
available from the corresponding author. Additionally, the 
computer scripts used for WXS file mining, and for HLA 
class I allele typing, are available upon request. In addition, 
all of the above indicated raw data and computer scripts can 
be accessed at http://www.unive rsity semin arass ociat es.com/
Suppo rting _onlin e_mater ial_for_schol arly_pubs.php.

Results

We evaluated the disease-free and overall survival rates of 
the TCGA melanoma dataset, SKCM, with respect to TCR-β 
VDJ usage. The barcode group (patients) representing 
usage of any one of the TRBJ2 gene segments, as detected 
by recovery of TCR-β VDJ recombination reads from the 
SKCM WXS files [12, 14], represented better overall sur-
vival (p < 0.032; Table 1). The better survival rate for the 
barcode group representing recovery of TRBJ2 gene seg-
ments, in the recombinations reads, was in comparison to 
a barcode group representing all remaining samples in the 
SKCM dataset, i.e., a combination of: (1) samples where 
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only TRBJ1 recombination reads were recovered; and (2) 
samples with no recovery of TCR-β recombination reads.

Within the TRBJ2 barcode group, several HLA class I 
allele combinations maintained the increased survival rates, 
in comparison to all remaining SKCM barcodes, and several 
did not (Table 1). However, the sample sizes were insuffi-
cient to establish a clear association of a single TRBJ2-HLA 
class I allele combination with increased survival rates, in 
comparison with a distinct TRBJ2 barcode group. For exam-
ple, the TRBJ2-HLA-A*01:01 combination maintains the 
better overall survival rate, in comparison to the barcode 
group representing all remaining SKCM samples (Table 1). 
However, there are too few HLA-A*01:01 samples lacking 
TRBJ2 to determine whether the HLA-A*01:01 allele, in 
the absence of TRBJ2, is sufficient for a better survival rate. 
While a comparison of p values for different combinations 
of TRBJ2 and HLA class I allele provides some hint that a 
single, specific TRBJ2-HLA class I allele combination rep-
resents better survival rates than TRBJ2 alone, overall, data 
available here do not firmly establish any such results.

One of the identified SKCM TRBJ2-HLA class I combi-
nations, TRBJ2-HLA-A*24:02, indicated a reduced disease-
free survival rate in comparison to all remaining samples 
(Table 1). As noted above, recovery of any one of the TRBJ2 
gene segments alone represents increased disease-free sur-
vival rates; and the HLA-A*24:02 allele in the absence of a 
TRBJ2 gene segment, in comparison to all remaining sam-
ples, does not indicate any survival rate distinction. Finally, 
TRBJ2-HLA-A*24:02 barcode group has worse overall 
survival rates in comparison to a barcode group represent-
ing all barcodes where there was recovery of a TRBJ2 gene 
segment in the recombination reads (Fig. 1).

The LUAD dataset yielded four significant TCR-β 
VDJ-HLA-class I allele combinations (Table 2). Three of 
these combinations had statistically significant, decreased 
disease-free survival rates in comparison to all remaining 
barcodes in the LUAD dataset. One identified combina-
tion, TRBJ2-HLA-C*07:02, represented increased over-
all survival in comparison to all remaining barcodes. For 
the TCR-β VDJ2-HLA class I allele combinations in this 
LUAD dataset, indicated above, neither component (the 
TCR-β VDJ2 segment or the HLA class I allele) was found 
to have a statistically significant association with either 

Table 1  Survival patterns of TCGA-SKCM barcode groups representing TCR-β VDJ recombinations paired with specific HLA class I alleles

a Both the TCR-β gene segment and the HLA class I allele are required for a statistically significant association with the indicated outcome. Lack 
of “a”, with a significant p value, indicates that it is not possible to rule out a significant association via either the TCR-β gene segment or HLA 
class I allele alone

Number of 
barcodes

Overall survival in 
comparison to all other 
barcodes, p value

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

Overall survival outcome Disease-free survival 
outcome

TCR-β J2 segment paired with HLA class I allele
 TRBJ2 HLA-A*01:01 46 0.0061 0.18 Significantly better Trends better
 TRBJ2 HLA-A*03:01 29 0.13 0.043 Trends better Significantly better
 TRBJ2 HLA-A*24:02 28 0.26 0.032a Trends worse Significantly  worsea

 TRBJ2 HLA-B*08:01 33 0.0086 0.091 Significantly better Trends better
 TRBJ2 HLA-C*07:01 44 0.034 0.48 Significantly better No difference

TCR-β VDJ2-HLA class I allele combinations not associated with a survival outcome
 TRBJ2 HLA-A*02:01 65
 TRBJ2 HLA-A*11:01 20
 TRBJ2 HLA-B*07:02 35
 TRBJ2 HLA-C*07:02 38
 TRBJ2 HLA-C*04:01 28
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Fig. 1  Overall survival comparison of SKCM TRBJ2-HLA-A*24:02 
and all remaining barcodes with TRBJ2. Grey line indicates barcodes 
with TRBJ2-HLA-A*24:02. Black line indicates barcodes that con-
tain TRBJ2 with barcodes of TRBJ2-HLA-A*24:02 removed. The 
difference in the overall survival medians was 141.9 months, where 
TRBJ2-HLA-A*24:02 had a reduced survival rate compared to all 
remaining barcodes with TRBJ2. (Log rank p < 0.039)
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disease-free survival or overall survival, i.e., statistically 
significant survival associations were only found when 
assessing the TCR-β VDJ-HLA class I alleles as combi-
nations noted above (Table 2).

The STAD dataset revealed two significant TCR-β 
VDJ1-HLA class I allele combinations (Table 2), where 
a statistically significant association with a survival out-
come required both components of the TCR-β VDJ-HLA 
class I allele combination (Fig. 2). These two combina-
tions represented statistically significant associations with 
either disease-free survival or overall survival, respectively, 
in comparison to all remaining barcodes. One additional 
TCR-β VDJ1-HLA class I allele combination, TRBJ1-HLA-
A*24:02, represented a statistically significant association 
for both disease-free and overall survival. However, there is 
a significant association with an increase in both disease-free 
and overall survival associated for all STAD barcodes with 
the HLA-A*24:02 allele in comparison with all remaining 
barcodes. This trend may be explained by the fact that a large 
number of the HLA-A*24:02 alleles are present in combina-
tion with TCR-β VDJ segment J1, however, that possibility 
cannot be verified with the current, STAD dataset.

Table 2  Survival patterns of LUAD, STAD, HNSC, OV barcode groups representing TCR-β VDJ recombinations paired with specific HLA 
class I alleles

a Both the TCR-β gene segment and the HLA class I allele are required for a statistically significant association with the indicated outcome. Lack 
of “a”, with a significant p value, indicates that it is not possible to rule out a significant association via either the TCR-β gene segment or HLA 
class I allele alone

Cancer TRBV or TRBJ usage 
paired with HLA allele

Number of 
bar-codes

Overall survival in 
comparison to all other 
barcodes, p value

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

Overall survival 
outcome

Disease-free survival 
outcome

LUAD
TRBV5 HLA-A*02:01 37 0.14 0.023a Trends worse Significantly  worsea

TRBV6 HLA-A*03:01 34 0.34 0.044a Trends worse Significantly  worsea

1 TRBV7 HLA-A*03:0 24 0.88 0.036a Trends worse Significantly  worsea

TRBJ2 HLA-C*07:02 63 0.03a 0.14 Significantly  bettera Trends better
STAD

TRBJ1 HLA-A*24:02 36 0.0068 0.017 Significantly better Significantly better
TRBJ1 HLA-C*07:01 31 0.04a 0.084 Significantly  bettera Trends better
TRBJ1 HLA-C*06:02 26 0.41 0.035a No difference Significantly  bettera

HNSC
TRBJ1 HLA-A*02:01 85 0.014 0.59 Significantly better No difference
TRBJ2 HLA-B*07:02 29 0.01a 0.11 Significantly  bettera Trends better
TRBJ2 HLA-C*07:02 34 0.01a 0.31 Significantly  bettera No difference
TRBV12 HLA-

A*02:01
27 0.021 0.092 Significantly better No difference

OV
TRBJ1 HLA-A*01:01 21 0.35 0.034a No difference Significantly  bettera

TRBJ1 HLA-A*02:01 47 0.37 0.017a Trends better Significantly  bettera

TRBJ2 HLA-A*02:01 38 0.33 0.012 Trends better Significantly better
TRBJ2 HLA-A*03:01 16 0.05a 0.079 Significantly  bettera Trends better
TRBV6 HLA-A*02:01 21 0.69 0.0063 Trends better Significantly better
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Fig. 2  Overall survival of STAD, TRBJ1-HLA-C*7:01 barcodes ver-
sus all remaining barcodes that lack a statistically significant, VDJ-
HLA class I combination associating with outcome. Grey line indi-
cates barcodes with TRBJ1-HLA-C*7:01. Black line indicates all 
remaining barcodes, except with TRBJ1-HLA-C*7:01, TRBJ1 HLA-
A*24:02, and TRBJ1 HLA-C*06:02 barcodes removed. The differ-
ence in the mean overall survival times was 18.37 months. (Log rank 
p < 0.028)
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The initial analyses of TCGA-HNSC revealed four 
TCR-β VDJ-HLA class I allele combinations where there 
was an association with either disease-free or overall sur-
vival, when comparing the TCR-β-HLA class I allele com-
bination barcodes to all remaining barcodes in the HNSC 
dataset (Table 2). In the case of the TRBJ1-HLA-A*02:01 
combination, the TRBJ1 segments were found to have an 
association with overall survival when compared with bar-
codes that do not have J1 segments, i.e., those containing a 
TRBJ2 segment. In the case of the TRBV12-HLA-A*02:01 
combination, the TRBV12 segment was found to have a 
significant overall survival result when compared against 
barcodes that do not have a V12 segment. (A comparison of 
TRBV12 HLA-A*02:01 barcodes with a TRBV12 segment 
matched with other HLA class I alleles was not feasible due 
to an insufficiency of remaining barcodes containing a V12 
segment.)

When examining the TCGA OV dataset one TCR-β VDJ-
HLA class I allele combination, TRBJ2-HLA-A*03:01, was 
significantly associated with overall survival, and in this 
case, neither the TRBJ2 nor the HLA-A*03:01 component of 
the combination was significantly, independently associated 
with overall survival. However, barcode groups representing 
the TCR-β VDJ2 and V6 gene segments were statistically, 
significantly associated with disease-free survival, i.e., this 
dataset did not permit an opportunity to associate any TCR-β 
J2 or V6 HLA class I allele combinations with disease-free 

survival. Two TCR-β VDJ1-HLA class I allele combinations 
were found to be statistically, significantly associated with 
disease-free survival when compared against all other bar-
codes (Table 2). In these latter two cases, neither the TCR-β 
nor the HLA class I allele component had a statistically sig-
nificant, independent association with disease-free survival.

To further illustrate the survival patterns and the pos-
sible importance of TCR-β VDJ-HLA class I allele combi-
nations, we examined the median and mean survival time 
differences for barcodes representing above TCR-β-HLA 
combinations, versus all remaining barcodes (Table 3). For 
example, LUAD patients with the TRBV5-HLA-A*02:01 
combination (Tables 2, 3) had a median disease-free sur-
vival time that was 19 months shorter than patients without 
that combination. As another example, HNSC showed that 
patients with the TRBJ2 HLA-C*07:02 combination lived 
32.4 months longer than patients with other TCR-β VDJ-
HLA class I combinations (Table 3).

With regard to TCR-β V or J usage and HLA class II 
alleles, barcodes containing the TRBV6-HLA-DQB1*03:01 
combination had significantly better overall survival times 
when compared to barcodes that do not contain this com-
bination (Fig. 3). Strikingly, patients with this combination 
survived with median survival times 130 months longer 
than patients without this combination. The TRBV6 com-
ponent of this combination did not have a significant overall 
survival pattern on its own. The DQB1*03:01 component 

Table 3  Estimated survival time differences for TCR-β VDJ-HLA 
class I allele combinations, versus remaining barcodes, where V and 
J usage or HLA class I alleles do not independently demonstrate any 

survival rate associations. This list of survival associations matches 
the “&”-list of Table 2

(A) Selected barcodes represent TCR-β VDJ-HLA combinations where neither the TCR nor HLA arm represented barcodes that were indepen-
dently significant against remaining barcodes. For these selections, data are considered normal where barcode survival data are available across a 
sufficient amount of time. For these combinations median values are considered
(B) Selected barcodes represent TCR-β VDJ-HLA combinations where neither the TCR nor the HLA arm represented barcodes that were inde-
pendently significant against remaining barcodes. For these selections data are not available across a sufficient amount of time for reporting of 
median values. For these combinations, mean values are reported

TCR-β VDJ-HLA 
class I allele combina-
tion

Difference between indicated TCR-HLA combina-
tion and remaining barcodes for overall survival, 
median time (months), if significant

Difference between indicated TCR-HLA combina-
tion and remaining barcodes for disease-free survival, 
median time (months), if significant

(A) Dataset
 SKCM TRBJ2 HLA-A*24:02 − 7.1
 LUAD TRBV5 HLA-A*02:01 − 19.06
 LUAD TRBV6 HLA-A*03:01 − 4.92
 LUAD TRBV7 HLA-A*03:01 − 16.76
 LUAD TRBJ2 HLA-C*07:02 11.3
 HNSC TRBJ2 HLA-B*07:02 32.69
 HNSC TRBJ2 HLA-C*07:02 34.9

(B) Dataset
 STAD TRBJ1 HLA-C*07:01 17.77
 STAD TRBJ1 HLA-C*06:02 8.943
 OV TRBJ1 HLA-A*01:01 35.45
 OV TRBJ1 HLA-A*02:01  17
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of this combination also did not have a significant survival 
rate difference in comparison with all remaining barcodes, 
after removing the barcodes that had the TRBV6-HLA-
DQB1*03:01 combination.

Discussion

The data provided here, linking HLA alleles and TCR-β V 
and J usage to distinct cancer outcomes, as well as closely 
related data in the cases of infection and autoimmunity, 
reported by other groups [9, 10, 13], indicate one reason 
why there is an upper limit on the use of HLA alleles in 
assessing disease prospects: without knowledge of TCR-β V 
or J usage dominance in the disease setting, the full impact 
of a particular HLA allele may not be apparent. This is likely 
to be an even stronger conclusion with future big-data cor-
relations with other, more detailed aspects of the TCR-HLA 
interactions, such as usage of particular J sub-segments and 
D-regions; and generation of CDR3 (complementarity deter-
mining-3) sequences. Currently, a limitation of the above 
approach is the lack of enough large datasets to replicate 
particular HLA, V or J usage combinations within a given 
cancer. Presumably the above results will facilitate database 
expansions to add more rigor to statistically challenging 
questions and settings, or the above results will facilitate a 
related goal, to focus on particular, apparent dominant TCR 
gene segment usage, HLA allele combinations as test com-
binations in comparison to control combinations.

In many of the cases reported here, the binning of the 
J1 and J2, TCR-β segment sets, was done to establish sta-
tistically significant J usage and HLA allele combinations, 
due to the lack of sufficient numbers of cases to work with 

individual J1 and J2 sub-segments. The data reported above 
strongly indicate that the J1 and J2 groups, respectively, have 
sub-segment features in common that affect their binding 
capacities for allelic variant, HLA polypeptides. In particu-
lar, there is an LTVV amino acid motif at the 3′ end of three 
of the six J1 group segments that does not appear in any J2 
group segment. And, there is an LTVL amino acid motif at 
the 3′ end of four of the J2 segments that does not appear in 
any J1 segment.

However, it is important to point out that HLA-VDJ asso-
ciation features may not be limited to the molecular fea-
tures of the binding of the J1 or J2 segment polypeptides 
and particular HLA allelic, variant polypeptides. Other pos-
sibilities could include indirect manifestations of molecular 
processes, such as a variable cellular stability, or lifetime 
maintenance of certain of TCR-β VDJ recombinant polypep-
tides when complexed with particular HLA allelic variant 
polypeptides, especially keeping in mind the variable cell 
types represented by the different cancer types and variable 
infection or immunization histories of the cancer patients. 
Nevertheless, at least from the standpoint of a correlation, 
it is possible to identify the indicated, “J-grouped” associa-
tions, and the most likely possibility is that the associations 
do reflect a specific feature of the binding of J region poly-
peptides with particular HLA antigen presenting molecules.

Cancer development is associated with failures of the 
immune system to recognize and destroy cells that have 
become malignant [18]. Over the last several decades, it 
has become clear that the adaptive arms of the immune 
system, namely T cells and B cells, are important compo-
nents of the immune activity that prevent cancer metastasis 
and death due to cancer. However, there are contradic-
tory roles for the immune system, including the adaptive 
immune system, in cancer development. For example, 
acquired immunodeficiency disease, which negatively 
impacts T-cells, is associated with the development of 
Kaposi’s sarcoma. However, Crohn’s disease, associated 
with particular alleles of the HLA genes [19, 20], is a risk 
factor for colon cancer [21]. Considering autoimmunity 
and TCR/HLA combinations, it is likely that a self-antigen 
bound to an HLA antigen presenting molecule increases 
the binding affinity of the TCR and the HLA molecule-
antigen complex, leading to T-cell activation and normal 
tissue destruction. The presumption has been that certain 
HLA allelic variants bind a particular self-antigen well, 
and after some initiating event, such as a viral induced 
amplification of a T cell with a particular V(D)J recom-
bination, and a particular CDR3, a TCR-HLA interaction 
that was previously weak becomes sufficiently strong to 
lead to autoimmunity. But as noted above, the cancer set-
ting is more complicated. Thus, the above data indicating 
that certain TCR-β V or J usage is associated with better 
survival does not automatically indicate that a specific V 
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Fig. 3  Overall survival of SKCM TRBV6-HLA-DQB1*3:01 versus 
all other barcodes without a significant TCR-β VDJ-HLA class II 
survival association. Grey line indicates barcodes with TRBV6-HLA-
DQB1*03:01. Black line indicates all remaining barcodes. The dif-
ference in the median overall survival times was 130.5 months. (Log 
rank p < 0.025)
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or J usage leads to a stronger TCR-β-HLA binding. Given 
the correlations between autoimmune inflammation and 
cancer development, it is possible that the V or J usage 
associations reported here represent reduced levels of 
inflammation and thereby slower, terminal cancer devel-
opment. Alternatively, the V or J usage, HLA allele com-
binations may reflect HLA allelic variants that bind tumor 
antigens or neoantigens in such a way as to facilitate a 
stronger T-cell activation and more efficient tumor cell 
killing. Future work, either via in vitro binding studies or 
with molecular modeling approaches, with the HLA allele, 
TCR-β V and J combinations indicated here, and many 
other such combinations soon to be revealed, will likely 
provide a resolution to this question.

Furthermore, there are other antigen presentation fac-
tors that could be at play, independently of the TCR/anti-
gen/HLA binding efficiency characteristics, such as more 
efficient interactions of certain HLA polypeptides with 
components of the antigen presentation proteins. In other 
words, just as an example, the effectiveness of the HLA 
allele and particular VDJ usage could be dependent on 
high-level HLA protein binding to components of the anti-
gen processing machinery for the best possible, combined 
HLA-VDJ impact. In addition, a combination of available 
HLA-VDJ combinations may be associated with best pos-
sible survival possibilities, such as one HLA class II-VDJ 
combination for antigen presentation and one HLA class 
I-VDJ combination for tumor cell killing. Regardless, the 
TCR-β V and J usage, HLA allele combinations reported 
here provide a large selection of immune-biomarkers over 
multiple cancers with the very likely opportunity to pro-
vide information regarding dramatic differences in sur-
vival times (Table 3; Fig. 3).

Additional avenues for future work include a more 
detailed assessment of the TCR receptors involved in associ-
ations with survival rate distinctions, also a goal that would 
likely require much larger datasets. For example, the current 
datasets did not reveal any skewed usage of the TRAV and 
TRAJ segments, either due to the very large numbers of 
these gene segments preventing such detection, or due to the 
fact that there is no such association, given that the majority 
of antigen-specificity is thought to reside with TRBV and 
J segments, and the TRB CDR3 region [22, 23]. However, 
it should be noted that studies have indicated the potential 
for an overwhelming TCR clonotype heterogeneity [24, 25], 
and the above study, despite extensive considerations, did 
not reveal any CDR3/clonotype associations with survival 
outcomes. Additionally, the lack of TRAV and TRAJ results, 
which could have revealed invariant NKT, TRAV24 and 
TRAJ18 usage segments, as well as the lack of any invariant 
NKT-specific, TRBV11 associations with outcome, in the 
above study, raise questions about the absence of invariant 
NKT cells in the microenvironment [26–28].
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