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Aberrant expression of tumor-associated antigens (TAAs) mediates the effective mounting of adaptive
immunity in human solid tumors. The foundations of this tumor-host interaction strongly depend on
specific recognition via TAA-cognate-receptors in T-cell repertoires. Previous studies focused on the
phenotypic and functional properties of CD4+/CD8+ tumor-infiltrating T-lymphocytes (TILs), but the
detailed composition of T-cell repertoires of these fundamental subsets remains largely unknown. This
study recruited 10 clear cell renal cell carcinoma (ccRCC) patients and obtained samples from various
tissues, including tumors, adjacent healthy renal tissue and peripheral blood. We utilized deep
sequencing of T-cell receptor beta chains (TCRB), which serve as a unique identifier for each T clonotype,
to characterize the CD4+/CD8+ TIL repertoire in ccRCC patients, assess the diversity and clonality of
infiltrated T-cells in distinct tissues from patients and depict the clonal expansion events that occur in
anti-tumor immune responses. We found that the CD4+ TIL repertoire exhibited signatures of hetero-
geneous T-cell expansion, which were characterized by divergent TRBV/] usage and an enrichment of
expanded dominant clones. Taken together, our findings provide additional evidence of CD4+ T-cell-
mediated anti-tumor immunity. The identification of the underlying molecular mechanisms of this
process may provide novel avenues for targeted immunotherapeutic interventions.

© 2015 Elsevier Inc. All rights reserved.

Keywords:

Renal cell carcinoma
Repertoire sequencing

TCRB

Tumor-infiltrating lymphocyte

1. Introduction

Development of effective adjuvant immunotherapies to ccRCC is
becoming a focusing area because of the relative resistance of
ccRCC to radiation therapy and chemotherapy [1]. The somatic
mutations that accumulate within tumor cells lead to the presen-
tation of aberrant matrices of TAAs on the cell surface, which is a
consequence of pathological genetic alterations. TILs can recognize
these TAAs to provoke anti-tumor adaptive immunity. Tumor cells

Abbreviations: TCR, T-cell receptor; TCRB, beta chain of T-cell repertoire; CDR3,
complementary determining region 3; ccRCC, clear cell renal cell carcinoma; TIL,
tumor-infiltrating lymphocyte; HEC, highly expanded clone; ANDEC, antigen-
driven expanded clone.
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derived from the same histological origin may exhibit largely
diverse signatures of neo-epitope presentation. These diversely
presented neo-epitopes were paralleled with an apparently het-
erogeneous T-cell infiltration, which was characterized by variable
infiltration magnitude, different T-cell subsets compositions and
uneven spatial distribution in the tumor microenvironment [2].
CD8+ TILs mediate direct TAA-recognizing and cytotoxic activ-
ity, and the favorable clinical significance of these cells has been
established in several tumor types [3]|. However, the situation is
much more ambiguous for CD4+ compartments as suggested by
their manifold subpopulations and convertible biological charac-
teristics in tumor niches [4]. The helper function of autologous
CD4+ TILs might enhance and maintain the full efficacy of TAA-
reactive CD8+ T-cells [5]. Furthermore, CD4+ TILs eliminate tu-
mor cells in the absence of CD8+ TILs via PRF1/GZMB [6] or Th1/
M1-like macrophage-dependent [7] mechanism in MHC-II-positive
or negative conditions, respectively. Therefore, an understanding of
which fraction of intra-tumoral T-cells are activated and expanded
subsequent to tumor challenge and the factors that determine
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antigen-specificities are of obvious interest for the advancement of
personalized immunotherapy.

The effective recognition of numerous antigens by adaptive
immunity is critically dependent on the extremely diverse reper-
toire expressed by TCRs, which is formed by somatic recombination
of TCRA and TCRB loci during early development in the thymus [8].
The CDR3 regions within TCRs determine their specificities and
binding strengths, which allow the receptors to recognize a wide
variety of antigens and primarily contribute to the diversity of the
repertoire [9]. The effective activation and subsequent expansion of
specific T-cell clones should lead to the over-representation of T-
cells that bear a particular TCR in a population. Therefore, the
quantification of expanded TCR clonotypes has sensitive and robust
implications for the underlying antigen-specific T-cell responses.
Recently, a large-scale analysis of immune repertoires using high-
throughput sequencing approach provided a more elaborate over-
view of the adaptive immune response [10]. We performed a
multiplex PCR assay to amplify and sequence the CDR3 regions of
rearranged TCRB molecules from TILs, T-cells in the adjacent
healthy renal tissue and peripheral blood of 10 ccRCC patients to
establish the links between tumor microenvironments and TIL
repertoires in this disease.

Here, we developed a sequencing approach to characterize the
CD4-+/CD8+ TIL repertoires and compare them with paired com-
partments from the vicinity and circulation. This comparison,
addressed (1) the general characterization of T-cell subset reper-
toire in ccRCC, (2) whether oligo-expansion of T-cells occurred in
tumor sites, (3) the antigen-specification of these expanded
clones.

2. Materials and methods
2.1. Specimen collection

Tumors (2 g), adjacent non-invasive renal tissue (2 g) and pe-
ripheral blood (5 ml) were obtained from 10 ccRCC patients at the
time of primary laparoscopic nephrectomy. The American Joint
Committee on Cancer (AJCC) pathological stage was confirmed.
None of patients had received anti-cancer treatment before the
samples were taken. Patients in infectious states, with autoimmune
diseases and who had taken medicine that could perturb the pe-
ripheral hemogram were excluded. All subjects were provided
written informed consent for the use of their tissue prior to the
sampling. Detailed information about the cohort is listed in
Supplemental Table 1. HLA types were provided in Supplemental
Table 2.

2.2. Isolation of single T-cells from samples

Single cell isolations from the solid tissues were performed ac-
cording to previously published protocol. PBMCs from patients
were isolated by density gradient centrifugation using Lymphoprep
according to standard protocol. Isolating products were subjected
to subset sorting.

2.3. Sorting for T-cell subset

T-cell isolations were performed using magnetic beads (Miltenyi
Biotec, Bergisch Gladbach, Germany) coated with monoclonal an-
tibodies specific for the CD4+-/CD8+ T-cell subset. First, monocytes
were removed from the isolated PBMCs using anti-CD14 microbe-
ads. Next, CD4+ and CD8+ T-cells were isolated using positive se-
lection with anti-CD4 and anti-CD8 microbeads, respectively. All
isolated CD4+ and CD8+ T-cell samples containing more than 2000

cells were stored immediately in Trizol reagent at —80 °C until
analysis.

2.4. Sequencing of the TCRB

Total RNA from sorted cells was extracted according to the Trizol
manufacturer's protocol. Complementary DNA was prepared using
200 ng total RNA template and TRBC-specific reverse transcrip-
tional primers (5-ATCTCTGCTTCTGATGGCTCA-3'). One set of
primers with incorporated sequencing adaptors/barcodes was
introduced to perform multiplex PCR. The following PCR conditions
were used: 94 °C, 5 min; (94 °C, 30 s; 62 °C, 1 min; 72 °C, 90 s)*35
cycles, 72 °C, 5 min; and 16 °C, hold. Amplicon of CDR3-region in
TCRB was purified and sequenced using the Ion Torrent PGM
platform.

2.5. Sequence alignment and statistics

Raw sequences with recognizable barcode identities were con-
verted to a FASTQ format and imported into MATLAB 2014a soft-
ware (MathWorks). A MATLAB script was introduced to assemble
each raw read into a functional TCRB molecular structure. The CDR3
region in TCRB was identified according to the definitions of the
ImMunoGeneTics (IMGT) collaboration [11]. Further analyses were
performed using MATLAB 2014a. P values below 0.05 were
considered significant in all tests.

3. Results
3.1. TRBV/] usage of the TIL repertoire

To investigate any ccRCC-associated repertoire reformations in
the TRBV/] usage patterns, we evaluated deviations in TRBV/] usage
frequency of TILs between patients and compared these results
with the inter-renal and inter-blood repertoires as controls. The
Kolmogorov—Smirnov test (KS test) was introduced to evaluate the
difference of TRBV/] usage between two patients. Resulting p-
values (pKS) were used to estimate whether the usage patterns
were significant difference. TRBV usage of the CD4+- TILs repertoire
in this analysis exhibited significantly divergent patterns compared
to the counterparts from renal and blood repertoires (Fig. 1A).
Despite falling short of statistical significance, we still observed
higher divergent propensity for TRB] segment usage (Fig. 1C). Sur-
prisingly, we failed to identify any divergent usage pattern for
CD8+ TIL subsets (Fig. 1B, D). Therefore, although it is believed that
CD8+ TILs should recognized TAAs and expand subsequently in the
tumor site, we found that the CD4+ TIL repertoire exhibited a
significantly divergent TRBV/] usage pattern in TIL repertoire,
indicating a robust repertoire reforming process.

3.2. Enrichment of highly expanded clones within the tumor
microenvironment

Given our findings of divergent CD4+ TIL TRBV/] usage in ccRCC
patients, we postulated that this phenomenon is caused by the
selective expansion of TAA-reactive clones in anti-tumor responses.
Here, we defined T-cell populations that contained identical amino
acid sequences in the CDR3 region as CDR3 AA clonotypes [12]. We
selected highly expanded clones (HECs, defined by CDR3 AA clonal
abundances exceeding certain threshold) from the TIL, renal and
blood repertoires for each patient and assessed their cumulative
proportions to determine whether HECs were enriched in the tu-
mor site. We assigned this threshold across a rationale range from
0.1% to 5% and performed the statistical test under each threshold.
This measure can help reflect the lurking tendencies towards clonal
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Fig. 1. Divergent usage in the CD4-+ T-cell repertoires. Overall usage of the rearranged TRBV/] segments within the tumor (CA), adjacent healthy renal tissue (RE) and the peripheral
blood (PB) repertoires for each T-cell subset in ccRCC patients. Kolmogorov—Smirnov test was utilized to evaluate differences in the usage frequencies between every pair of
repertoires from a common tissue origin. P-values of Kolmogorov—Smirnov test (pKS) were chosen as indicators for this evaluation. (A, C) Significantly divergent usage patterns
observed in the CA repertoire compared to the RE/PB repertoires for CD4+ T-cells. (B, D) Indistinguishable usage frequencies between the observed CD8+ T-cell repertoires.
Higher —10g10 (pKS) value, significant divergent usage; lower —log10 (pKS) value, undistinguished usage.

expansion because of possible insufficient statistical significance
yielding in some HEC cutoff settings. These observations identified
a general trend toward oligo-clonal expansion of the CD4+ TIL
compared to the renal and blood repertoires (Fig. 2A). In contrast,
no such trends were found at any cutoff values for the CD8+ TILs
(Fig. 2B).

Based on our observations that over-expanded CD4+ T-cell
populations accumulated in tumor sites, we reasoned that these TIL
repertoires should exhibit relatively restricted and contracted
repertoire compositions. Therefore, we calculated the normalized
Shannon diversity entropy (NSDE) [ 13] and Simpson diversity index
(SDI) [14] for each sample to quantify the expansion extent of
repertoires. Expanded-experienced repertoire expected to show a
lower diversity value than paired control repertoire. As expected,
the CD4+ TIL showed a much lower diversity index according to
both the NSDE and SDI (Fig. 2C, E). In contrast, the diversity index
observed for the CD8+ TIL repertoires of distinct tissue origins were
indistinguishable by the NSDE and SDI indicators (Fig. 2D, F), albeit
the general diversity of the CD8+ TILs was much lower than the
CD4+ counterparts (Supplemental Fig. 1).

3.3. Signatures of selective-expansion in CD4+ TILs

Based on previous observations, we next focused our analysis on
the CD4+ TIL subset. To confirm the TAA-specific T-cell expansion
during tumorigenesis, we introduced the concept of ‘antigen-
driven expanded clones’ (ANDECs) into our analysis. An ANDEC
clone should meet three independent criteria, i.e., high clonal
abundance in its repertoire, complex coding degeneration of the
CDR3 AA sequence and complex TRBV usage. First, it is reasonable
to assume that reactive clones should be expanded in the response.
Second, facing the driving force from TAA-TCR encountering, it's

reasonable to expect that TILs containing certain TAA-specific CDR3
region would prime and proliferate regardless of their TCRB
nucleotide coding strategy (certain CDR3 AA could translate from
several coding degenerated 3-nt codon in the entire TCRB locus).
Third, if the selective TAA-specific expansion is primarily based on
selective pressure on the CDR3 AA sequence, it is conceivable that a
complex panel of TRBV segments should contribute to ANDECs if
they share common CDR3 regions. If T-cell expansion occurs in an
antigen-independent manner without CDR3-specificity, e.g., only
as a consequence of the prolonged infiltration in inflammatory
mellitus or pro-inflammatory cytokine exposure, complex coding
degeneration and diverse TRBV usage would not be observed
compared with a control repertoire.

Firstly, we defined ANDEC clones as frequencies greater than 1%
with no less than five coding strategies in the CDR3-region and at
least two TRBV usages. All CDR3 AA clonotypes were analyzed in
three tissue compartments from ten patients (Fig. 3A—C). Correla-
tions among all three parameters were observed, but an over-
whelming uptrend in the distribution of clones for the TIL
repertoire was found, which represented an expansion pattern.
Furthermore, we applied this analysis to the repertoire of each in-
dividual, and the total percentages of ANDECs in different reper-
toire types were evaluated (Fig. 3D). We observed remarkably
higher proportions of ANDECs in the TIL repertoires. Additionally,
we also assessed the clonotype abundances (Fig. 3E), number of
coding strategies (Fig. 3F) and TRBV usage (Fig. 3G) of ANDECs in
each tissue. These analysis confirmed our speculation that the
ANDEGCs in the TIL repertoires exhibited significant antigen-driven
associated signatures: high clonal abundance, complex coding
strategies and diverse TRBV segment composition.

Notably, the definitions of ANDEC populations were an empir-
ical selection in the above analysis. Therefore, we performed a
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Fig. 2. Enrichment of expanded CD4+ clones in tumor niches. Enrichment of highly expanded clones in tumors. (A, B) Proportions of HECs were determined according to certain
threshold values for each patient. Solid line indicates the statistical significance (p-value, transformed to —log10 based on two-tailed Mann—Whitney U-tests) against the threshold
values that defined the HEC populations for CD4+ (A) and CD8+ (B) T-cells. (C—F) Comparisons of the normalized Shannon diversity entropy (NSDE) and Simpson diversity index
(SDI) for the CDR3 clonotypes of CD4+ and CD8+ T-cells. Higher value, flat repertoire; lower value, expanded repertoire. Horizontal bars, median value.

criteria screening to test the robustness and reproducibility of our
findings in TIL ANDECs. Surprisingly, we observed an accumulation
of ANDECs in the TIL repertoire in a wide range of settings, with the
exception of several extremes, which demonstrated the credit-
ability of our findings (Supplemental Fig. 2).

3.4. Heterogeneity of ANDEC antigen specificity in CD4+ TILs

To further investigate whether there were public TCRs that
responded to ccRCC-associated antigens, we examined the overlap
of the CD4+ ANDEC TILs among patients (Supplemental Table 3).
We observed 68 unique ANDECs in TIL repertoires that contained
42 different TRBV segment families. Only five ANDECs (5.88%, 5/68)
appeared in more than half of the patients, and the majority of

them (86.76%, 59/68) were simultaneously detected in no more
than three patients. Additionally, clone ‘CASQGYTEAF was
observed across the entire cohort with only two exceptions, but the
extremely low clonal abundance makes it difficult to judge whether
there was a public ANDEC TILs that is specific to a common TAA that
has not yet been determined.

Following these findings, we speculate that the lack of a
detectable consensus CDR3 AA sequence within the CD4+ TIL
repertoires might have resulted from the highly diverse and
individual-dependent TAA-encountering experiences during
tumorigenesis. Kidera factors capture uncorrelated physico-
chemical properties of peptide chains, which has been shown to
delineate the structural properties of proteins that are encoded by
distinct AA compositions [15]. Completely different CDR3 AA
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Fig. 3. Signatures of antigen-driven clonal expansion. (A—C) For the CD4+ T-cells, the clonal abundance, TRBV compositions (i.e., the numbers of different TRBV segments that
contributed to each clonotype) and level of coding degenerations (i.e., the numbers of unique TCRB nucleotide sequences bearing a common CDR3 amino acid sequence) for each
CDR3 clone were determined for each tissue type. (D) Comparison of the accumulated proportions of ANDECs in each tissue type. Tested with a two-tailed Wilcoxon matched test.
(E—G) Comparison of the properties of each of the CD4+ clones between different tissue types. The ANDECs in the tumor group exhibited antigen-driven signatures that were
characterized by higher clonal abundance, more complex CDR3 coding strategies and more TRBV segment usages. Test on two-tailed Mann—Whitney U-tests.

sequence with similar structural properties may respond to a
common epitope. We adopted this scoring system in combination
with the PCA method [16], which was used to facilitate visualiza-
tion, to uncover the hidden and important notions regarding the
antigen-specificity of CD4+ ANDEC TILs. Coefficient matrixes for
the first three components were listed in Table 1. Notably, there
were no measurable differences in the clonal distributions between
the ANDECs and their CD4+ TIL backgrounds according to PCA
analyses (Fig. 4A, B). These results suggest that ANDEC TILs might

have been randomly sampled from background T-cell pools ac-
cording to their histories of TAA-exposure and diverse driving
potentials.

4. Discussion

Beginning with the first understanding that TAAs could be
recognized by the adaptive immune system, progress has emerged
from the identification and characterization of TAAs for therapeutic
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Table 1

Composition of principal component.
No Properties 1st 2nd 3rd

Component  Component Component
1 Helix/bend preference 0.045 0.571 0.150
2 Side-chain size 0.414 —0.195 —0.341
3 Extended structure 0.099 0.429 —0.359
preference

4 Hydrophobicity 0.435 0.161 -0.363
5 Double-bend preference 0.187 0.248 0.570
6 Partial specific volume 0.455 0.251 —0.070
7 Flat extended preference —0.265 -0.016 -0.172
8 Occurrence in alpha region —0.360 0.129 -0.138
9 pK-C 0.286 —0.528 0.023
10 Surrounding hydrophobicity —0.322 0.078 -0.470

purposes. The identification of autologous TAAs and corresponding
generation of spontaneous anti-tumor T-cell responses in vivo are
of critical importance for reinforcing our target selection in the
design of T-cell-based immunotherapies. These urgent needs pro-
mote the development of comprehensive screening strategies to
discover antitumor-potential T-cell clones [17].

Facilitate by the analytical power of repertoire sequencing, we
defined compositions of CD4+ and CD8+ TIL TCRB repertoires for
ccRCC patients and investigated the reformation of these reper-
toires. To the best of our knowledge, this study is the first general
characterization of the CD4+/CD8+ subsets of T-cell repertoires in
ccRCC patients. We found that the divergent signatures of the CD4+
TIL repertoire were likely a consequence of TAA-driven expansion

A All CDR3 AA clone in TIL repertoire

3rd component
bl

-5

0
1st component

0
2nd component 5

B ANDECs TIL repertoire

3rd component
b

0

1st component
2nd component 5

5

Fig. 4. Heterogeneous properties of CDR3-region for CD4+ ANDEC TILs. PCA analysis
was used to visualize the Kidera vectors and show the overall structural information of
the CDR3 AA clonotypes. (A) The first three principle components for the CDR3 AA
clones for a combined sequencing data from all patients' TIL repertoire. (B) The
properties of the ANDECs as shown in (A).

with heterogeneous antigen-specificity. Since the TCR molecule
formed as a TCRA/TCRB heterodimer, we cannot perform screening
assay now only based on a TCRB candidate list of ANDECs. Thus,
further TCRA/B combing sequencing and experimental identifica-
tion is needed to validate these observations. Conclusively, these
observations suggest the possibility that inter-patient heteroge-
neity hinders the efficacy of adoptive anti-tumor treatments, which
might provide novel avenues for personalized therapeutic
interventions.

Consistent with previous findings that TIL repertoires exhibit a
lower diversity index [18], we found a significantly modified TIL
repertoire, and focused further on CD4+ subset for ccRCC. It is
known that HLA II molecule expressed on ccRCC tumor cells
abundantly for the majority of patients [19]. These expression
characteristics of HLA II approved for the effective anti-tumor
helper T-cell anti-tumor response [20] and aid in the prediction
of treatment response [21]. Due to the highly diverse population
and dual characteristics (i.e., immune effective and regulatory)
within the CD4+ T-cell, it is presently difficult to provide a defini-
tive answer of which phenotype or functional orientation of T-cells
contributes most to our observations. However, previous studies
may provide valuable evidence on the properties of CD4+ TILs in
ccRCC. First, Wang et al. demonstrated that approximately 65% of
CD4+ TILs were the effector memory phenotype (TEM: CD62L-
CD45R0O-+), and these expanded TEM clones could mediated MHC
II-restricted anti-tumor reactivity [22]. Second, Siddiqui demon-
strated that, increased proportion of CD4+CD25-+Foxp3-helper T-
cells correlated with poor prognosis, suggesting a reliable tumor-
helper TIL interaction in ccRCC [23]. In conclusion, it is reasonable
to consider that, at least for ccRCC patients, CD4+ TILs exhibit TAA-
specific expansion in response to tumor challenge.

Some patients generate effective T-cell responses spontane-
ously, but the majority do not. Further, the quantities and qualities
of such anti-tumor responses seem to be highly heterogeneous and
mounted in individual-dependent fashions [24]. Our analysis using
a combination of the Kidera scoring system [15] and PCA visuali-
zation revealed that, in terms of the TCRB CDR3 structural prop-
erties, the random and unbiased ANDEC distribution fully
overlapped with the background repertoire. This heterogeneous
antigen specificity certainly agrees with previous observations of
the heterogeneous expression of ccRCC-associated antigens for
different patients, and it is consistent with the study that the ma-
jority driver mutation was highly individual-dependent. Notably,
we defined strict criteria for antigen-driven event which could lead
to the loss of sensitivity (too less clones involved) of this ANDEC list.
Further effort would be needed to burden the molecular identifi-
cation of ccRCC-reactive clones for therapeutic purpose.

Taken together, our findings strongly suggested that TAA-driven
CD4+ TILs form a heterogeneous population. Although the detailed
mechanisms remain unclear, these observations demonstrated a
heterogeneous intra-tumoral T-cell response in tumor sites, and
provides a novel understanding for the enhancement of personal-
ized anti-tumor treatments.
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