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Abstract

Renal cell carcinoma exome-derived, V(D)J recombination reads had an elevated presence and
variability, for both TcR-a and -B, when compared to marginal tissue, reflecting an opportunity to
assess tumor immunogenicity by comparison with marginal tissue T cells. PD-1, PD-L2, CTLA4

and FOXP3, all of which are implicated in the evasion of an anti-tumor immune response, had a
significantly higher expression for samples representing co-detection of productive TcR-a and -
recombination reads. Samples representing tumors with productive TcR-a recombination reads but no
detectable, productive TcR-B recombination reads, reflected a 20% survival advantage, and RNASeq
data indicated an intermediate level of immune checkpoint gene expression for those samples.
These results raise the question of whether relatively high levels of detection of productive TcR-a
recombination reads, in comparison with detection of reads representing the TcR-p gene, identify

a microenvironment that has not yet entered a T-cell exhaustion phase and may thereby represent
conditions for immune enhancements that do not require anti-immune checkpoint therapies.
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Introduction

Immune cells infiltrate the tumor microenvironment and modu-
late various stages of tumor development such as malignant
conversion and metastasis (1). T cells and macrophages are
a significant part of the tumor microenvironment and exhibit
distinct phenotype classes in renal cell carcinoma (RCC)
that correspond to progression-free survival (2). Although
T-cell type 1 immune responses are critical in preventing
tumor growth by targeting antigenic tumor cells, tumors can
show reduced immunogenicity and a corresponding T-cell
response suppression (3). This exhausted T-cell state is
characterized by the loss of effector functions, among which
include reduced IL-2 production, defects in production of IFN-
v and chemokines and failure to acquire antigen-independent
memory responsiveness (4). T-cell exhaustion is associated
with increased regulatory CD4-positive T-cell activity (FOXP3-
positive) and increased activation of co-inhibitory receptors
like PD-1 and CTLA4, a state in which exhausted T cells
are ineffective at eliminating tumors (4). Accordingly, further
characterization of the tumor immune microenvironment with
respect to T-cell exhaustion will contribute to the ongoing
development of immune-based interventions for RCC.

It has recently become apparent that genomics approaches
to tumor characterization have the potential of revealing aspects
of the tumor microenvironment. For example, RNASeq data
can reveal the expression levels of HLA class Il genes (5), pre-
sumably representing antigen-presenting cells, and of immune
checkpoint protein genes, presumably actively transcribed
in tumor-resident T cells. Furthermore, lymphocyte immune
receptor recombinations can be detected in RNASeq and in
(whole genome or whole exome) DNA sequence files (6, 7). The
RNASeq files permit detection of a relatively large number of
immune receptor recombination reads, allowing some efficien-
cies of approach, such as building contigs across the V(D)J
recombination sites with overlapping sequence reads (8). The
DNA sequence files have fewer immune receptor recombin-
ation reads but provide opportunities for detecting unproductive
recombinations (9), which could indicate lymphocyte influence
on tumor growth independent of tumor immunogenicity. In add-
ition, the opportunity to detect immune receptor recombination
reads in whole exome sequencing (WXS) files in particular offers
the hope of exploiting this now common evaluation of patient
tumors for multiple aspects of tumor characterization (9).


mailto:gblanck@health.usf.edu?subject=

36 TcR recombination reads in RCC exome files
Methods

Processing the human cancer exome (WXS) files

The original computer programs used to recover the immune
receptor recombination reads from the tumor specimen WXS
files are updated versions of previously published, scripted
algorithms (Supplementary Table S1, available at International
Immunology Online). Briefly, the program searches WXS files
for 10 nucleotide sequences representing V and J regions
of immune receptors. The 10 nucleotide sequences for the
V region are located close to the 3" end and close to the 5’
end for the J regions. The algorithm steps away from the 3’
and 5 ends, respectively, employing 10 nucleotide search
strings, 3 bases at a time, to move away from the V-J junction
region and thereby obtain recombination reads that do not
precisely match the 3" and 5” ends of the V and J regions,
due to N-region diversity. The nucleotide sequences for
human TcR V and J regions were obtained from NCBI and
IMGT/GENE-DB (10). WXS for RCCs and for barcode (TCGA
sample)-matched, surrounding tissue were collected from the
National Cancer Institute’s Genomic Data Commons (TCGA-
KIRC), under approved project number 6300 (Supplementary
Table S2, available at /International Immunology Online).
See also ref. (11) and the following link (https://github.com/
martinda/gnu-parallel/blob/master/CITATION).

Obtaining RNASeq data

The RNASeq raw values for the genes indicated in ‘Results’
were obtained from cBioPortal.org, and the values for each bar-
code used in this study are provided in Supplementary Table
S3 (available at International Immunology Online) (12, 13).

Generation of Kaplan—-Meier curves via IBM SPSS

IBM SPSS (statistics program for the social sciences) was
used to generate Kaplan-Meier (KM) curves for barcodes
representing the recovery of different sets of recombination
reads from the WXS files, as detailed in ‘Results’. Clinical data
were obtained from cBioPortal.org.

Results

Tumor tissue yields a greater range of recoveries of

TcR recombination reads in comparison to surrounding,
marginal tissue

To determine how recovery of immune receptor recombination
reads from marginal tissue could reflect tumor T-cell infiltration,
we searched TCGA-KIRC for TcR-a, - and -6 recombination
reads in the WXS files representing 341 tumor samples and

265 marginal tissue samples (Table 1; Supplementary Table
S2, available at International Immunology Online). Reads
representing both productive and unproductive recombina-
tions were detected for TcR-a and -f, in both tumors and sur-
rounding tissue. The a/p TcR recombination reads are more
dominant than TcR-8 recombinations, as expected. Also,
barcodes (samples) representing productive TcR-o recom-
bination reads occurred in a greater proportion, overall, in
tumors (64%) compared to the marginal tissue (39%). In
contrast, the rate of identification of barcodes representing
unproductive TcR-a recombinations was similar for tumor and
marginal tissue. Almost every barcode represented detection
of unproductive TcR-a recombination reads, but the rate for
unproductive TcR-p recombinations is much lower, at 11%
for tumor and 5% for marginal tissue. This very low detec-
tion of unproductive TcR-f recombination reads is consist-
ent with previous findings for melanoma (14). In particular,
the ratio of productive to unproductive TcR-a reads for tumor
approximates a one to one ratio in RCC, melanoma and other
tumors, whereas the ratio of productive to unproductive TcR-
 recombination reads for tumor approximates four to one in
the same set of tumors (14). Lastly, the proportion of samples
with detection of productive TcR-f recombination rates was
similar between tumor and marginal tissue (Table 1) but as
discussed in the next paragraph, tumors had higher recom-
bination read counts per sample.

The VJ usage for each productive read recovered is
given in Supplementary Table S4 (available at International
Immunology Online). Examples of the TcR-a, -p and -6 recom-
bination reads, and their VDJ usage, are shown in Fig. 1.

To further assess differences in the recovery of immune
receptor recombination reads from WXS files representing
tumor and marginal tissue, we analyzed the recombination
read counts for TcR-a and -f (Table 2; Supplementary Table
S5, available at International Immunology Online). Results
indicated that the mean read count is higher in tumor sam-
ples than in the marginal tissue samples, for both TcR-a and
-B (TcR-a difference between tumor and marginal tissue, P
value <0.0001; TcR-p difference between tumor and mar-
ginal tissue, P value <0.002). To ensure that the mean read
counts were independent of a potential difference between
total number of mapped reads for each WXS tumor or tis-
sue file, we normalized the read counts to the mapped read
totals (Supplementary Table S6, available at International
Immunology Online). The results remained significant for the
difference in mean number of reads between tumor and mar-
ginal tissue for both TcR-a and -f3 recombination read counts.
The distribution of the recoveries of recombination reads for
TcR-a and -f shows a greater range of variability of T-cell

Table 1. Barcode count for recombinations identified for TcR genes in primary tumor and marginal tissue, in TCGA-KIRC WXS

files
TcR gene 341 tumor barcodes 265 marginal tissue barcodes

Productive Unproductive Productive Unproductive
o 217 64% 311 91% 103 39% 263 99%
B 126 37% 36 11% 80 30% 12 5%
o 2 0.6% 9 3% 1 0.4% 15 6%
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Alpha
TRAV27 TRAJ22

| ACTGGTGATACAGGCCTCTACTTCTt:'IIGGTTCTGCAAGGCAACTGACCTTTGGATCTGGGACACAATTGACTGTTT|
TRAV10 TRAJ23

|ATTCAGCCTCCTACATCTGTGTGGTG4CC4ACCAGG GAGGAAAGCTTATCTTCGGACAGGGAACGGAGTI'ATCTGT|

Beta
TRBV28 TRBD2 TRDBJ2-7

| CCAACCAGACATCTATGTACCTCTGTGCCAG CAGTTTA}S CGG|3AGGGGIACGAG CAGTACTTCGGGCCGGGCACCAG |

TRBV6-4 TRBD2 TRBJ2-3
| CTCAGACATCTGTGTACTTCTGTGCCAG CAkﬁCC|TACTAG ClGGl’SGACAGATACG CAGTATTTTGGCCCAGGCACCCG|

Delta

TRDV2 TRDD3 Tﬁ?il
IACTTGCACCATCAGAGAGAGATGAAGGGTCTTACTACTGTG CCTGTGAC*SAGT'I'ACTGGGdGAlACACGATAAAd
TCATCTTTGGAAAAGGAACCCGTGTGi

TRDV1 TRDD3 | TRDJ1
[GAAGATTCAGCAAAGTACTTTTGTGCTCTTGGGGAACPAGGGGGCTGGGGAQCCGATAAACTCATCTTTGGAAAAG

Fig. 1. Examples of TcR-a, TcR-B, TcR-0 productive reads from WXS KIRC files.

Table 2. TcR-a and TcR-f V(D)J recombination read counts:
comparison of RCC tumor and marginal tissue

TcR gene Tumor samples Marginal tissue Pvalue
samples
Mean # of Mean # of
samples samples
a 4.29 217 2.01 103 7.97 E-06
B 2.33 126 1.59 80 0.0017

infiltrate for the tumor than in the marginal tissue. For example,
TcR-a VJ recombination read counts ranged between 1 and
33 for tumors, whereas the range of the recombination reads
for marginal tissue was from 1 to 8 (Fig. 2A). This result was
also true for recovery of the TcR-f3 recombination reads, but
to a lesser extent (Fig. 2B).

Co-detection of TcR-a/B recombination reads define a
state of T-cell exhaustion

To obtain a more comprehensive picture of the immune
activity in the tumor microenvironment, the RNASeq raw
values for the following genes were compared across
different barcode sets, following previously published
approaches (5, 14). PDCD1 (PD-1), CD274 (PD-L1),
PDCD1LG2 (PD-L2), CTLA4, CD28, FOXPS, IL-2, IL2RA,
CD3D (CD3), CD4, CD8, HLA-DRA, CTSS, CTSL and CIITA
(Table 3; Supplementary Table S3, available at International
Immunology Online). [The preceding genes are identi-
fied by Human Genome Organization (HUGO) symbols,
with common symbols in parentheses.] Set 1 represented
barcodes with recovery of both productive TcR-a and -3
recombination reads in the same WXS file, i.e. for the same
barcode; and Set 2 represented barcodes with no detection
of either productive o or 3. Comparison of Set 1 and Set 2

A

40

w
S

Tumor W Marginal Tissue '

Read counts
N
5

=
)

n
n
|.|||||'III
0 IIIIIIIIIIIIIIIIIIIIII||IIIIII||IIIIIIII

Individual bar codes

Tumor M Marginal Tissue

Read counts

5

i
IIIIIIIIII”””l‘
0

Individual Bar Codes

Fig. 2. TcR read counts for WXS files representing tumor and sur-
rounding, marginal tissue. (A) TcR-a read counts in tumor and mar-
ginal tissue WXS files, with the x-axis representing individual TCGA
barcodes (samples). (B) TcR-p read counts in tumor versus marginal
tissue, with the x-axis representing individual barcodes.

demonstrated a statistically significant difference in expres-
sion for genes that play a role in tumor evasion of immune
surveillance (PD-1, PD-L2, CTLA4, CD28 and FOXP3) with
Set 1 representing co-detection of TcR-a/ff recombination
reads having the higher level of expression. (No difference
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in the expression of PD-L1 was obtained, in the compari-
son of the two sets of barcodes.) In addition, IL-2 and IL-2
receptor (IL2RA) RNASeq values were analyzed because
high-dose IL-2 is a common treatment option for metastatic
RCC (15). IL-2 and IL2RA were also found to be expressed
at a significantly higher level in Set 1 barcodes represent-
ing co-detection of productive a and f recombination reads
(Table 3; Supplementary Table S3, available at International
Immunology Online).

As a verification that the recovery of productive TcR-a
and - recombination reads represented T-cell infiltrates,
the T-cell markers, CD3, CD4 and CD8 were also com-
pared between Sets 1 and 2, with results indicating a clearly
higher level of expression for each of these T-cell markers
in Set 1 (Supplementary Table S3, available at International
Immunology Online). We also obtained RNASeq values for
genes representing antigen-presenting functions, in par-
ticular, HLA-DRA, CTSS (cathepsin S), CTSL (cathepsin L)
and CIITA (class Il transactivator). There was a positive cor-
relation between co-detection of productive TcR-a and -
recombination reads and increased levels of expression
of these antigen-presenting genes, with the exception of
CTSL (Supplementary Table S3, available at International
Immunology Online).

Survival rates for barcode sets representing the recovery
of different sets of TcR recombination reads

To determine whether there was a survival advantage for
patients that had tumors with co-detection of productive
TcR-a and -B recombination reads in the KIRC WXS files,
we obtained the clinical data representing overall months
of survival and overall survival status (living or deceased),
to create KM curves (Supplementary Table S7, available at
International Immunology Online). In the comparison of Set
1 (co-detection of productive TcR-a and -3 recombination
reads) with all remaining samples, there was no survival
advantage (Fig. 3A). However, patients with tumors that
had productive o and absence of productive § (defined
here as Set 3) had a survival advantage over the remaining
patients (Pvalue = 0.001, Fig. 3B). At the 5-year mark, there
was a 20% survival advantage for Set 3. In addition, Set 3
patients (with tumors that had productive a and absence
of productive B) also had greater survivability when com-
pared to patients without productive a (P value = 0.028,
Fig. 4A).

In consideration of the above indicated survival results, we
examined the RNAseq data for productive a and absence
of productive B (Set 3) in comparison to co-detection of pro-
ductive a and B (Set 1) and in comparison to no detection

Table 3. RNASeq values for immune function genes for TCGA-KIRC barcodes representing co-detection of TcR-a and TcR-f3

recombination reads in WXS files

Set number for matching  KIRC barcode sets and PD-1 PD-L1  PD-L2 CTLA4 CD28 FOXP3 IL-2

P value comparisons set comparisons

1 Productive o and productive ~ 153.53 121.25 146.52 58.40 154.26 84.23 1.38

2 No detection of productive 26.50 49.25 66.28 15.12 46.63 15.27 0.27
aorp

3 Productive a and no 97.74 56.66 111.01 34.40 100.02 50.22 0.67
productive 8

1 versus 2 Pvalues for comparisons of  2.62 E-06 0.40 118 E-05 1.24E-05 3.86 E-13 1.80 E-07 2.14 E-04
sets 1 and 2

1 versus 3 P values for comparisons of ~ 0.013 0.24 0.011 0.0011 128 E-05 0.0016 0.0017
sets 1 and 3

Set 1 (gray circles) vs.
all remaining

Set 3 (gray circles) vs.
all remaining
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Fig. 3. Survival rates for different sets of barcodes representing different recoveries of TcR recombination reads, in comparison to all remaining
barcodes. (A) Kaplan-Meier (KM) survival curve for barcodes with both productive TcR-a and TCR-f3 recombination reads (Set 1; gray circles)
against the remaining samples (black squares). Log rank P value = 0.637. (B) KM survival curve for barcodes with only productive TcR-a (ab-
sence of productive TcR-f) (gray circles) against all remaining samples (black squares). Log rank P value = 0.001.
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Fig. 4. Comparison of specific subsets of barcodes, representing different recoveries of TcR recombination reads. (A) Kaplan-Meier (KM) sur-
vival curve for barcodes with only productive TcR-a (absence of productive TcR-f) (Set 3) (gray circles) against barcodes with the absence of
productive TcR-a (black squares). Log rank P value = 0.028. (B) KM survival curve for barcodes with productive TcR-o. and absence of pro-
ductive TcR-f3 (Set 3) (gray circles) against barcodes with the co-detection of productive TcR-a and TCR-f (Set 1) (black squares). Log rank P

value = 0.107.

of either productive a or B (Set 2) (Fig. 4B). We found that
the Set 3 RNASeq values representing the immune genes for
PD-1, PD-L2, CTLA4, CD28, FOXP3 and IL-2 were intermedi-
ate between Set 1 (highest expression levels) and Set 2 (low-
est expression levels) (Table 3).

Discussion

The most important conclusions from the above work are: (i)
for the first time, knowledge of the difference in the recovery
of immune receptor recombination reads, between marginal
and tumor tissue, can be used to distinguish the non-self na-
ture of the tumor; (ii) high level recovery of immune receptor
recombination reads, in particular co-detection of reads rep-
resenting productive recombination of TcR-a and -3, corre-
lates with a relatively high level of immune checkpoint protein
expression, similar to findings with melanoma (14); and (iii)
finally, recovery of productive TcR-a recombination reads in
the absence of recovery of productive TcR-f recombination
reads indicates an intermediate state of expression of T-cell
exhaustion markers.

With regard to point (i) above, the distinction between
tumor tissue and marginal tissue, with regard to recovery
of TcR recombination reads, and the indications that tumor
tissue immunogenicity can be thereby distinguished from
surrounding normal tissue, represent a reminder regarding
the value of tissue-resident lymphocytes for research and
potential near-term therapies, such as CAR T-cell therapies.
In particular, the human ‘control’ tissue behaves as would be
expected, and the human experimental tissue behaves as
would be expected, keeping in mind tumor immunogenicity.
This observation is important because it supports the use of
animal models, where tissue-resident lymphocytes can be
obtained more readily than in a human setting, for research
advances, in particular for recovery and characterization of
antigen-specific immune receptors. Equally importantly, it
emphasizes the potential of the occasional human setting
where tissue-resident lymphocytes, representing both dis-
eased (experimental) and normal (control) tissue, can be had

as a result of standard of care procedures, such as tissue
removal for flesh-eating bacteria infections.

Considering the second and third observations above,
which have not been reported for any other cancer data-
set, immune checkpoint genes such as PD-1, PD-L2 and
CTLA4 were expressed at an intermediate level for a newly
defined classification of tumor immunogenicity based on
T-cell recombinations. This intermediate level of expression
was established for barcodes with TcR-a recombination
reads in the absence of recovery of productive TcR-ff recom-
binations. This is in comparison to the barcodes represent-
ing co-detection of productive a and 3 recombination reads
(highest immune checkpoint expression levels) and to the
barcodes representing the absence of productive a or 3 (low-
est expression levels). Notably, the survival data suggest that
a high level presence of TcR-p (relatively frequent detection
via exome data mining) is disadvantageous to survivability.
Thus, keeping in mind that these data were obtained by min-
ing tumor specimen exomes, co-detection of TcR-a recom-
bination reads and TcR-f recombination reads may represent
a high level of T-cell activity and indicate that proportionately
more T cells have progressed to the exhausted state of high
level PD-1 and CTLA4 expression. Presumably, such a state
would represent a lower survival outcome. This raises the
question of whether detection of productive a recombination
reads, in the absence of productive §, is a pre-T-cell exhaus-
tion phase that may be sub-optimal for treatments like anti-
immune checkpoint therapies.

The reasons for lack of TcR-f recombination reads, when
TcR-a reads are recovered, are unknown, but there are sev-
eral interesting possibilities. (i) First, the chances of detecting
a TRB recombination is technically less than for a TRA recom-
bination due to the fact that the computer code (‘Methods’)
searches for a V and J region on the same sequencing read,
i.e. aread of between 75 and 100 nucleotides. In the case of
TRB, there is a D region segment between the V and the J,
making it less probable that a V and J will be detected on the
same read, particularly keeping in mind the IMGT confirm-
ation step of the processing, which required that a minimum
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number of (20) nucleotides be used in the V and J identifica-
tions. (ii) Second, on the basis of recombination frequencies,
from a biological standpoint, TRA is more common, i.e. both
alleles can recombine in the case of TRA but only one allele in
the case of TRB (16). In particular, both of these TRA chains
can be functional (16). Thus, there may be cases where the
exome prep includes a very small number of T cells and in
those cases, just by random chance of inclusion of any one
DNA segment in the exome sequencing process, detection
of TRA recombinations would be more likely. (iii) Finally, there
have been reports of T cells with the recombination of only
one TCR chain in the periphery (17-19). Thus, it remains pos-
sible that the detection of only the TRA recombination, which
ordinarily would precede the TRB recombination, represents
a fundamental aspect of T-cell function in the periphery that
has simply been under-investigated.

Further investigation into T-cell recombination character-
ization of RCC tumors and treatment may help to refine the
treatment protocol for RCC that currently includes first-line
therapies such as high-dose IL-2 and PD-1/PD-L1 pathway
blockers (20). For example, an immunogenomics assay
related to the above approaches could be used to iden-
tify patients with a pre-exhaustion lymphocyte infiltrate that
would be preferential to high-dose IL-2 treatment. In contrast,
genomics-based indications of a state of T-cell exhaustion,
for example, a relatively low ratio of productive TcR-a to pro-
ductive TcR-p recombination reads, may justify treatment
with an immune checkpoint inhibitor instead. While it is pos-
sible for current diagnostic tools to establish relative immune
checkpoint inhibitor protein levels, the immunogenomics-
based opportunities suggested by this report could augment
current approaches by adding a level of sensitivity to the
treatment model for RCC. In addition, the genomics-based
approach alone may facilitate treatment decisions in settings
where multiple diagnostic approaches are cost prohibitive.

An additional noteworthy finding is that PD-L2, not PD-L1,
is significantly up-regulated in RCC tumor samples with pro-
ductive TcR-a and -f recombination reads. This adds com-
plexity to the conventional understanding that PD-L1 is the
primary ligand for PD-1 implicated in RCC anti-tumor im-
munity (21). This finding corroborates Erlmeier et al’s con-
clusion that PD-L2’s expression in clear cell RCC correlates
inversely with overall survival and may be an important prog-
nostic factor for RCC (22). These findings suggest further in-
vestigation into PD-L2 as a potential target for RCC treatment.

Supplementary data

Supplementary data are available at International Immunology
online.
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