Oncolmmi gy Taylor & Francis
W 4 b . ’ Taylor & Francis Group

Oncolmmunology

@===  |SSN: (Print) 2162-402X (Online) Journal homepage: http://china.tandfonline.com/loi/koni20

High-throughput T cell receptor sequencing
reveals distinct repertoires between tumor and
adjacent non-tumor tissues in HBV-associated HCC

Yunging Chen, Ying Xu, Miaoxian Zhao, Yu Liu, Mingxing Gong, Cantao Xie,
Hongkai Wu & Zhanhui Wang

To cite this article: Yunging Chen, Ying Xu, Miaoxian Zhao, Yu Liu, Mingxing Gong, Cantao
Xie, Hongkai Wu & Zhanhui Wang (2016) High-throughput T cell receptor sequencing reveals
distinct repertoires between tumor and adjacent non-tumor tissues in HBV-associated HCC,
Oncolmmunology, 5:10, e1219010, DOI: 10.1080/2162402X.2016.1219010

To link to this article: http://dx.doi.org/10.1080/2162402X.2016.1219010

A
h View supplementary material &

% Accepted author version posted online: 05
Aug 2016.
Published online: 05 Aug 2016.

\J
CA/ Submit your article to this journal &

||I| Article views: 25

P

(&) View Crossmark data &

CrossMark

Full Terms & Conditions of access and use can be found at
http://china.tandfonline.com/action/journalinformation?journalCode=koni20

(Download by: [Southern Medical University], [ZHAO MIAOXIAN] Date: 18 November 2016, At: 02:28)



http://china.tandfonline.com/action/journalInformation?journalCode=koni20
http://china.tandfonline.com/loi/koni20
http://china.tandfonline.com/action/showCitFormats?doi=10.1080/2162402X.2016.1219010
http://dx.doi.org/10.1080/2162402X.2016.1219010
http://china.tandfonline.com/doi/suppl/10.1080/2162402X.2016.1219010
http://china.tandfonline.com/doi/suppl/10.1080/2162402X.2016.1219010
http://china.tandfonline.com/action/authorSubmission?journalCode=koni20&show=instructions
http://china.tandfonline.com/action/authorSubmission?journalCode=koni20&show=instructions
http://crossmark.crossref.org/dialog/?doi=10.1080/2162402X.2016.1219010&domain=pdf&date_stamp=2016-08-05
http://crossmark.crossref.org/dialog/?doi=10.1080/2162402X.2016.1219010&domain=pdf&date_stamp=2016-08-05

ONCOIMMUNOLOGY
2016, VOL. 5, NO. 10, 1219010 (10 pages)
http://dx.doi.org/10.1080/2162402X.2016.1219010

Taylor & Francis
Taylor & Francis Group

ORIGINAL RESEARCH

High-throughput T cell receptor sequencing reveals distinct repertoires between
tumor and adjacent non-tumor tissues in HBV-associated HCC

Yunging Chen®*, Ying Xu®*, Miaoxian Zhao®, Yu Liu?, Mingxing Gong®, Cantao Xie®, Hongkai Wu®, and Zhanhui Wang®

“Department of Infectious Diseases and Hepatology Unit, Nanfang Hospital, Southern Medical University, Guangzhou, China; PState Key Laboratory of
Respiratory Disease, The First Affiliated Hospital of Guangzhou Medical University, Guangzhou Medical University, Guangzhou, China

ABSTRACT

T lymphocytes, which recognize antigen peptides through specific T cell receptors (TCRs), play an
important role in the human adaptive immune response. TCR diversity is closely associated with host
immune response and cancer prognosis. Although tumor-infiltrating T lymphocytes have implications for
tumor prognosis, few studies have performed a detailed characterization of TCR diversity in both tumor
and non-tumor tissues in hepatitis B virus (HBV)-associated hepatocellular carcinoma (HCC). Here, we
performed high-throughput sequencing of the TCRB chain complementarity determining region 3 (CDR3)
of liver-infiltrating T cells from 48 HBV-associated HCC patients. A significantly higher average number of
CDR3 aa clonotypes (2259 vs. 1324, p < 0.001), and significantly higher TCR diversity (Gini coefficient,
p < 0.001; Simpson index, p < 0.01; Shannon entropy, p < 0.001) were observed in tumor tissues
compared with adjacent non-tumor tissues. The ratio of highly expanded clones (HECs) was significantly
higher in non-tumor tissues than in tumor tissues when the HEC threshold was defined as 2% or greater
(p < 0.05). Our analysis of the median Morisita-Horn index indicated weak TCR repertoire similarity
between tumor and matched non-tumor tissues. The median number of shared clones in tumor tissue and
matched non-tumor tissue from each patient was 360.5, representing 5.1-15.8% (10.6 & 0.4%) of all clones
in each patient. We observed extensive heterogeneity of T lymphocytes in tumors and higher HEC ratios in
adjacent non-tumor tissues of HCC patients. The differential T cell repertoires in tumor and non-tumor
tissues suggest a distinct T cell immune microenvironment in patients with HBV-associated HCC.

Abbreviations: CDR3, complementarity-determining region 3; CHB, chronic hepatitis B; HBV, hepatitis B virus;
HCC, hepatocellular carcinoma; HEC, highly expanded clone; MHSI, Morisita-Horn similarity index; NSDE, normalized
Shannon diversity entropy; PLC, primary liver cancer; TCR, T cell receptor
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Introduction

Primary liver cancer (PLC) is the sixth most common cancer in
the world. More than 700,000 new cases occur every year
worldwide, and approximately half of these cases are in China.
Hepatocellular carcinoma (HCC) accounts for more than 80%
of PLC, and more than half of HCC cases in China are caused
by hepatitis B virus (HBV).>?

Although HBV is the most prominent etiology associated
with HCC development, it is not directly involved in hepatocar-
cinogenesis. The pathogenesis of HBV-associated HCC remains
unclear. Previous studies have demonstrated that viral factors,
including HBV DNA integration, HBV genotype, HBx protein
transactivation, preS gene deletion, and HBV genomic mutation,
may contribute to HBV-associated HCC development.*® Fur-
thermore, host immune attacks caused by HBV infection may
lead to hepatocyte inflammation, necrosis, and proliferation.
Repeated cycles of this destructive-regenerative process may
activate signaling pathways of cell proliferation, leading to

oncogenic transformation. Multi-causative factors in hepatocar-
cinogenesis suggest that aberrant neoantigens are expressed in
cancer cells, resulting in the presentation of peptides on the cells
that can be bound by T cell receptors (TCRs) of T lymphocytes.

T lymphocytes play an important role in human adaptive
immune responses and recognize antigen peptides via specific
TCRs on the cell surface. More than 90% of TCRs consist of an
a and B chain. The diversity of TCRs originates from the ran-
dom combination of variable (V) and joining (J) gene segments
in the o-chain and V, diversity (D) and J gene segments in the
B-chain germline gene. Random insertions and deletions of
non-template nucleotides at the junctions of V-(D)-] gene seg-
ments further increase the diversity of TCRs, and up to 10"
TCR types have been reported. The specificity and diversity of
TCRs predominantly depend on the complementarity deter-
mining region 3 (CDR3), which is encoded by V(D)] recombi-
nation and interacts with the peptide presented by the major
histocompatibility complex (MHC).”
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TCR diversity is closely related to treatment effectiveness
and patient prognosis in different diseases.*'' The analysis
of TCR diversity in diseases might also facilitate the eluci-
dation of pathogenesis and the development of cellular
immunotherapy approaches that target specific tumors and
neoantigens.'>"> Although tumor-infiltrating T lymphocytes
have implications for tumor prognosis, information on the
TCR diversity of HBV-associated liver cancer remains lim-
ited."*'® A recent investigation of HBV-associated HCC
indicated that the highly expanded clone (HEC) ratio of
TCRB CDR3 (TRB CDR3) was significantly different in
liver cancer compared to healthy and hepatitis B patients."”
The comparison of TRB CDR3 among three histological
types of liver cancer samples revealed that the consistency
between tumor tissues and adjacent non-tumor tissues was
related to tumor malignancy. However, because HBV-asso-
ciated HCC develops as a result of HBV infection, the
immune microenvironments differ between tumor and adja-
cent non-tumor tissues, and the consequent TRB CDR3
diversity should be elucidated, respectively. Furthermore,
there is an urgent need for data regarding whether CDR3
diversity in tumor tissues is correlated with HCC progres-
sion and prognosis. In addition, determining the heteroge-
neity of T lymphocytes in tumors is essential to further
characterize the mechanisms of diverse neoantigens.
Addressing these questions would help improve the efficacy
of immunotherapy for HBV-related HCC. Consequently,
TCR diversity and clinical parameters were compared
between tumors and adjacent non-tumor tissues of HBV-
associated HCC patients.

Results
Profiling of TRB CDR3 in HCC

Our study cohort consisted of 48 patients with HBV-associ-
ated HCC (Table S1). The total number of reads was
13,719,931, with an average of 142,916 reads per sample
(Table S2). We identified 64 distinct VB gene segments,
which could be merged into 30 Vg gene families, and 14
distinct JB gene segments, which could be merged into 2 J8
gene families from the 96 samples. The average number of
distinct VB gene segments in each sample was 53, with a
range of 47 to 59. The numbers of VB gene segments dif-
fered significantly between tumor and non-tumor tissues
(56 vs. 53, p < 0.001, pair-wise t-test, Fig. 1). The most fre-
quent VB gene segments in both tissues were TRBV20-1
(14.31%), TRBV29-1 (8.42%), TRBV5-1 (5.64%), TRBV7-2
(5.63%), TRBV28 (5.24%), and TRBV7-9 (5.12%) (Figs. S1A
and B). The most frequent JB segments were TRBJ2-1
(22.39%), TRBJ2-7 (21.57%), TRBJ2-3 (11.12%), and
TRBJ2-5 (10.07%) (Figs. SIC and D). Notably, TRBV20-1
and TRBJ2-1 were also the most frequent gene segments in
other studies of tumors and healthy subjects.'®"

The usage patterns of V3 and J3 gene segments were
similar between tumors and adjacent non-tumor tissues

According to the heatmap of V] gene segments (Fig. 2),
the usage patterns of VB and JB gene segments were
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Figure 1. Numbers of TRBV gene segments used in tumor and adjacent non-tumor
tissues. C, tumor tissues; NC, adjacent non-tumor tissues. “** p < 0.001, according
to a pair-wise t-test. The error bars indicate the median with the interquartile
range.

similar between tumors and adjacent non-tumor tissues,
whereas some VB and JB gene segments exhibited signifi-
cantly higher frequency in non-tumor tissues, such as
TRBV20-1, TRBVY9, TRBV10-3, TRBV5-4, TRBV10-2, and
TRBJ2-7, TRBJ2-1, and TRBJ1-5. After comparing the
usage frequency, significant differences in a total of 25 V8
gene segments were observed between tumor and non-
tumor tissues (all p-values were < 0.05, Wilcoxon signed
rank test, Fig. 3A). Among them, TRBV7-4, TRBV7-7, and
TRBV10-3 were used more frequently in adjacent non-
tumor tissues, whereas the others (22 V§ segments, 88.8%)
exhibited an increased usage frequency in tumor tissues.
However, only 2 JB gene segments, TRBJ1-2 and TRBJ1-4,
had significant usage frequency differences, and both of
these segments exhibited increased frequency in tumor tis-
sues (Fig. 3B).

Most VJ and VDJ gene combinations were used more
frequently in tumors compared with adjacent non-tumor
tissues

A total of 781 V] gene combinations and 2,100 VDJ gene com-
binations were identified from the 96 samples. There were 301
(38.5%) VJ gene combinations exhibited significant usage dif-
ferences between tumors and adjacent non-tumor tissues
(p < 0.05, Wilcoxon signed rank test; Fig. S2A, Table S3). Most
of the VJ combinations (91.3%) were used more frequently in
tumors than in non-tumor tissues, whereas only 26 V] combi-
nations (8.7%) were used more frequently in adjacent non-
tumor tissues. Similarly, significant differences were observed
in a total of 673 VDJ combinations (32.0%, all p-values were <
0.05) between tumors and non-tumor tissues (Fig. S2B). Only
61 VDJ gene segment combinations (9.1%) exhibited increased
usage frequency in non-tumor tissues, whereas the remainder
(90.9%) exhibited opposite patterns.
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Figure 2. Heatmap of VB and J8 gene segments usage in tumors and adjacent non-tumor tissues of HBV-associated HCC. The heatmap bar indicates the usage frequency
of VB or JB gene segments in each sample.

Higher TRB CDR3 diversity in tumors compared with

adjacent non-tumor tissues 1803 (range 638-9,468), and the median CDR3 aa clonotype

was 1704 (range 617-8,585).

In our study, 105,895 distinct CDR3 nucleotide (nt) clonotypes The TRB CDR3 nt lengths in most samples were 30-60 bp,
and 90,228 distinct CDR3 amino acid (aa) clonotypes were with an average length of 45 & 2 bp (mean + SD). However,
identified in 96 samples. The median CDR3 nt clonotype was CDR3 length did not discriminate tumor from non-tumor
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Figure 3. Comparison of VB and J8 gene segments used in tumors and adjacent non-tumor tissues. (A) Twenty-five VS gene segments with different usage frequencies
between tumor and non-tumor tissues (all p-values were less than 0.05, Wilcoxon signed rank test). Fold change = the mean frequency in tumor tissues divided by the
mean frequency in non-tumor tissues. (B) Two JB gene segments with different usage frequencies between tumor (C) and non-tumor tissues (NC). “p < 0.05, “*p < 0.001.
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Figure 4. CDR3 aa clonotype comparisons. (A) Comparison of CDR3 aa clonotype numbers between tumors and adjacent non-tumor tissues. (B) Comparisons of CDR3 aa
clonotype numbers between different age groups. (C) Comparison of CDR3 aa numbers between tumor and non-tumor tissues in different age groups. (D) Comparison of
CDR3 aa numbers between the two gender groups. C, tumor tissues; NC, adjacent non-tumor tissues. “p < 0.05; “**p < 0.001; n.s, no statistical significance.

tissues. The length distributions of TRB CDR3 were nearly
identical in both tissues (Fig. S3).

To further analyze the TRB CDR3 diversity between tumors
and adjacent non-tumor tissues, we compared the numbers of
distinct CDR3 aa clonotypes. The number of CDR3 aa clono-
types was significantly higher in tumors compared with non-
tumor tissues (2,259 vs. 1,324, p < 0.001, Fig. 4A), and identical
results were obtained in different age groups (< 40 y, 40-60 y,
and > 60y, all p-values < 0.001, Fig. 4C). However, compared
with patients whose ages ranged from 40 to 60 y, patients older
than 60 y of age exhibited higher counts of CDR3 aa clonotypes
(2,410 vs. 1,494, p = 0.020, Fig. 4B), whereas no significant dif-
ferences were noted between the other 2 groups (<40 y vs.>
60y, p = 0.745; < 40 y vs. 40-60 y, p = 0.609). No significant
difference was observed in the number of CDR3 aa clonotypes
between male and female subjects (p = 0.073, Fig. 4D).

The heatmap of the VB and JB segments suggested oligo-
clonal expansions in the tissues. Therefore, we first assessed
the TRB diversity in samples by analyzing the proportions
of the top five CDR3 aa clonotypes. The proportions of the
top five CDR3 aa clonotypes were significantly higher in
adjacent non-tumor compared with tumor tissues (42.0%
vs. 22.0%, p < 0.001, Wilcoxon signed rank test; Fig. 5A,

Fig. S4). Because the top five CDR3 aa clonotypes might
include some oligo clones, we then selected HECs (defined
by a CDR3 aa clonotype clonal frequency exceeding a cer-
tain threshold) from the tumor and non-tumor tissues from
each patient and assessed their numbers to determine
whether HECs were enriched in non-tumor tissues. We
assigned this threshold across a rational range from 1% to
10% because only 50-100 mg tissue was used to amplify the
TCR repertoire and perform the statistical test under each
threshold. When we defined the HEC threshold as 2%, the
numbers of HECs in tumors and non-tumor tissues were
significantly different (6 vs. 9, p = 0.018, Fig. 5B). An iden-
tical result was obtained when we defined the threshold as
3%, 4%, 5%, or even 10% (Fig. 5C). The HEC counts were
less in tumor tissues. These results suggest that the tumor
tissues might have more extensive heterogeneity and, poten-
tially, higher TRB diversity. Therefore, we used the Gini
coefficient, Simpson index and normalized Shannon diver-
sity entropy (NSDE) to compare TCR CDR3 diversity in
tumors and adjacent non-tumor tissues. All results indicated
that the tumor tissues exhibited significantly higher TCR
CDR3 diversity compared with non-tumor tissues (all p-val-
ues were < 0.01, Fig. 6).
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Figure 5. Comparison between tumor and adjacent non-tumor tissues. (A) Comparison of the top five CDR3 aa ratios between tumor and non-tumor tissues. (B) Compari-
son of HEC numbers between tumor and non-tumor tissues. (C) The cutoff for HEC. C, tumor tissues; NC, adjacent non-tumor tissues. “p < 0.05; “**p < 0.001.

Weak similarity and overlap between tumors and adjacent
non-tumor tissues

To assess the similarity between the tumor and matched adja-
cent non-tumor tissues from each patient, we calculated the
Morisita-Horn similarity index (MHSI) of each pair of samples
using the abundance or frequency of CDR3 aa sequences of
each patient. The median MHSI of tumors and non-tumor tis-
sues was 0.035 (the upper and lower quartiles were 0.119 and
0.007, respectively; Fig. S5), indicating that the similarity
between the tumor and non-tumor tissue from each patient
was very weak in most patients.

Because the tumor tissue and matched adjacent non-tumor
tissue were obtained from the same patient, we hypothesized
that certain CDR3 aa clonotypes might be shared by the tissues
of the same patient. In this study, CDR3 aa clonotypes that
were shared by tumor and non-tumor tissues or shared by
more than half of the samples were named shared clones. The
median number of shared clones in tumor and paired non-
tumor tissues from each patient was 360.5, with a range of
142-967, accounting for 5.1-15.8% (10.6% =+ 0.4%, mean =+
std. error) of all clones in each patient. Most of the shared
clones appeared with low frequency, generally less than 0.1%
(Fig. S6). The percentage of shared clones was higher in

adjacent non-tumor tissues than in tumor tissues (25.9% vs.
16.4%, p < 0.001, Wilcoxon signed rank test, Fig. 7A).

Three groups of clones were divided as C > NC, C < NC,
and C = NC according to their CDR3 aa clonotype frequency
in tumors and non-tumor tissues (Figs. 7B and C). The number
and percentage of clonotypes in group C>NC were higher
compared with the other 2 groups, suggesting that most clones
(including shared clones and those clones that exclusively
appeared in tumor tissues) were used more frequently in tumor
tissues.

We then analyzed the shared clones in 48 tumor tissues or
48 adjacent non-tumor tissues. The numbers and percentages
of CDR3 aa shared clones in the 48 samples were extremely
low, particularly those clones whose frequency was > 0.1%,
0.5%, or 1% (Fig. S7).

Tumor and adjacent non-tumor tissues can be well
classified by multi-dimensional scaling (MIDS)

To further distinguish tumors from adjacent non-tumor tis-
sues, we compared the two groups using multi-dimensional
scaling (MDS) of VD] gene combination and CDR3 aa
abundance. The abundances of the VDJ and CDR3 aa
clones were scaled for normalization and used to calculate
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Figure 6. TCR CDR3 diversity between tumor and adjacent non-tumor tissues. Comparison of TCR CDR3 diversity by the Gini coefficient (A), Simpson index (B), and
normalized Shannon diversity entropy (NSDE) (C). C, tumor tissues; NC, adjacent non-tumor tissues. “*p < 0.01; ***p < 0.001.
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log2-fold changes of shared clones between each pair of
samples. The distance between each pair of samples was the
root-mean-square deviation for the log2-fold changes of
shared clones. MDS of VDJ gene combination abundance
distinguished tumor tissues from non-tumor tissues
(Fig. 8A). Although we could not discriminate tumors from
adjacent non-tumor tissues by MDS of CDR3 aa abundance
(Fig. 8B), the greater dispersion of tumor tissues suggested
differences between the two tissues.

The correlation between TCR diversity and tumor
characteristics was weak

To further analyze the relationship between TCR diversity and
tumor characteristics, we divided the patients into two or three
groups according to the tumor TNM stage, degree of differenti-
ation and metastasis. MHSI and NSDE were compared between
groups. The MHSI of stage I was higher compared with stage II
(p = 0.025), but no significant differences were observed
between the other two groups (Fig. 9A). There were no signifi-
cant differences in MHSI between the differentiation and
metastasis groups (Figs. 9B and C). Similarly, no significant dif-
ferences were observed among these groups by comparing
NSDE, which measures the immune diversity of the patients
(Figs. 9D-F).

Discussion

The TCR diversity of chronic hepatitis B and other diseases has
been previously estimated by flow cytometry, spectratyping,
and Sanger sequencing.’*** These techniques have aided the
analysis of TCR diversity to some extent but are associated
with disadvantages. These techniques are not suitable for large

ONCOIMMUNOLOGY e1219010-7

samples with millions of sequences and can only be used to
analyze the dominant V gene segments, not all probable V gene
segments. In addition, these techniques cannot be used to thor-
oughly analyze CDR3 sequences. High-throughput sequencing
can simultaneously sequence millions of molecules and has
been proven to be helpful to analyze the true TCR or BCR rep-
ertoires in patients.** To reduce PCR bias as much as possible
in this study, 5’ rapid amplification of cDNA ends (5 RACE)
was used as described.”

In China, most cases of HCC result from HBV infection.
Because HCC is highly heterogeneous, varying immune
responses are observed in different patients, and the immune
microenvironment differs between tumor and adjacent non-
tumor tissues. Therefore, it is meaningful to analyze the TCR
diversity in tumors and non-tumor tissues of HCC patients to
aid the analysis of the pathogenesis and immune response in
patients and identify new biomarkers that might be related to
the tumor antigens.

The VB and JB gene segments are the main components of
the TCR repertoire. In this study, more diverse V8 gene seg-
ments and CDR3 aa clonotypes were observed in tumors com-
pared with adjacent non-tumor tissues, whereas the percentage
of top five CDR3 aa clonotypes and the ratio of HECs were
higher in non-tumor tissues. These results are consistent with
the Gini coefficient, Simpson index, and NSDE and suggest
that TCR diversity is higher in tumor tissues. In addition, some
oligo-clonal expansions were observed in adjacent non-tumor
tissues underlying HBV infection. Studies of other tumors,
such as clear cell renal cell carcinomas and colorectal tumors,
have indicated that TCR diversity in tumor tissues is much
lower compared with adjacent non-invasive renal tissues or
adjacent mucosal tissues.”®”’ Research on esophageal squa-
mous cell carcinoma (ESCC) has demonstrated that the tumor
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tissues were not significantly more oligo-clonal than adjacent
normal tissues and blood samples.”® The discrepancies between
the results of these studies and our study might be attributable
to HBV infection, which might cause inflammation and necro-
sis in adjacent non-tumor tissues. In addition, years or decades
are needed for hepatitis or cirrhosis to advance to HCC; thus,
the immune environment in hepatitis B patients is not identical
to that in other tumors.

The percentage of shared clones was 5.1-15.8% (10.6 =+
0.4%) in each HCC patient. These values are smaller than the
degree of tumor and normal tissue overlap in ESCC, which
accounted for approximately 25% of samples, but similar to the
degree of tumor and adjacent mucosal tissue overlap in colorec-
tal tumors, which ranged from 0.2 to 38%.>”° This difference
might be related to the different starting materials and
approaches for TCR profiling. Although starting from genomic
DNA and multiplexed PCR strategies is relatively easier for per-
forming, these techniques are associated with significant bias.
Thus, approaches starting with mRNA and 5" RACE are more
reliable for TCR repertoire analysis. While, all these data con-
firmed that the number of clones shared between tumors and
non-tumor tissues is low, regardless of the tumor type. There-
fore, to further elucidate the pathogenesis of cancer, it is essen-
tial to analyze the microenvironment of tumors and non-
tumor tissues.

Although some shared clones were detected in our study, a
majority of these shared clones were used with low frequency,
generally less than 0.1%. Whether the low frequency is related
to T cell exhaustion in response to tumor and HBV antigen
requires further study.”’ In addition, the low frequency of
shared clones suggests that HCC is a heterogeneous disease
and highlights neoantigen heterogeneity. McGranahan et al.
recently explored the impact of neoantigen intratumor hetero-
geneity (ITH) on antitumor immunity in early-stage non-small
cell lung cancer and determined that tumors with both a high
clonal neoantigen burden and low neoantigen ITH were associ-
ated with significantly longer progression-free survival.”> Our
data imply that the TCR diversity in tumor tissues is high and
that the percentage of shared clones is low. This finding might
help explain the poor prognosis of HCC because clonal neoan-
tigens are rarely shared by all HCC patients.

With the exception of the shared clones, we analyzed V]
combinations in 48 HCC patients. Some fixed V] combinations
were observed in liver cancer tissues. For example, TRBV17
just assembled with J1-2, J2-1, and J2-6 in all 96 samples, and
TRBV22-1 just assembled with J1-3, J2-2, J2-3, J2-4, and J2-7
(Fig. S8). We identified 60 V] combinations that exclusively
appeared in tumor tissues and 12 V] combinations that
appeared exclusively in adjacent non-tumor tissues. However,
these specific V] combinations appeared with low frequency
(0.001 to 0.4%). Whether these specific V] combinations and
the shared clones are related to tumor antigens requires further
study.

Recent studies have focused on adoptive cell therapies
(ACT) that target specific tumors, and neoantigens have been
ideal targets for cancer immunotherapy. ACT has resulted in
obvious regressions in leukemia, lymphoma, melanoma, cervi-
cal cancer, bile duct cancer, and neuroblastoma.>® Tumor-spe-
cific neoantigens arise from gene mutations and could be

recognized by T cells after processing and presentation on the
cell surface.”* TCR sequences obtained from tumor tissues by
high-throughput sequencing might allow potential neoantigens
that are specific for TCR to be identified and used for TCR
immunotherapy.” Our study successfully screened out shared
clones, particularly those clones that appeared exclusively in
tumor tissues. Whether these clones are specific for HCC
requires further study.

Some researchers have indicated that TCR diversity is
related to disease prognosis. VanHeijst et al. reported that
CD4™" T cell diversity was higher in DUCB (double-unit umbil-
ical cord blood transplantation) recipients compared with TCD
(T cell-depleted peripheral-blood stem cell transplantation)
patients after 6 months of treatment. DUCB recipients had a
lower incidence of infection, higher CD4" T cell numbers and
a reduced rate of leukemia relapse compared with TCD recipi-
ents.® Muraro et al. reported that CD4"T and CD8'T TCR
diversity in response patients was increased compared with
non-response patients before and after haematopoietic stem
cell transplantation.” Jia et al. reported that high NSDE of the
mucosal T cell repertoire in gastric cancer correlates with
patient short-term and overall survival time."" These results
suggest that TCR diversity might be a new biomarker for the
prediction of the prognosis of different diseases. In addition,
comparing TCR diversity might enable the selection of a suit-
able therapy for a specific patient, such as chemotherapy, radio-
frequency ablation, transcatheter arterial chemoembolization,
and surgery resection. However, as our study is a cross-sec-
tional study, the overall survival and relapse of HCC patients
after tumor resection is unknown. Whether TCR diversity can
predict HCC patient prognosis must be further analyzed in a
large, longitudinal study.

In conclusion, using high-throughput sequencing technol-
ogy in combination with 5" RACE, we successfully analyzed the
TCR repertoire in tumors and adjacent non-tumor tissues of
HBV-associated HCC patients. Our findings suggest that TCR
diversity is higher in tumors compared with adjacent non-
tumor tissues. The similarity and overlap between tumor and
non-tumor tissues was low. Further longitudinal studies and
functional examination of specific CDR3 sequences or gene
combinations are needed.

Materials and methods
Patients

A total of 48 HBV-associated HCC patients were enrolled in
this study. Paired HCC tumor tissues and adjacent non-tumor
tissues (at least 2 cm x 2 cm x 2 c¢cm) were obtained from all
patients who underwent liver resection. All HCC diagnoses
were confirmed by pathological examination. The exclusion
criteria were as follows: (1) patients with hepatitis C virus or
human immunodeficiency virus co-infection; (2) tumor radia-
tion treatment or chemotherapy; (3) previous or current use of
molecular targeted anti-cancer drugs; and (4) secondary liver
cancer or with other tumors. The tumor specimens were imme-
diately frozen at —80°C or in liquid nitrogen until RNA extrac-
tion. The study was conducted in accordance with the Helsinki



Declaration of 1975 and approved by the Ethics Committee of
Nanfang Hospital.

RNA extraction and cDNA synthesis

Total RNA was isolated from 50-100 mg of tissue using
TRIzol reagent (Invitrogen, USA) according to the manu-
facturer’s instruction. RNA concentrations were determined
using a NanoDrop 2000 spectrophotometer. Unbiased TCR
c¢DNA libraries for high-throughput sequencing were pre-
pared by 5 rapid amplification of ¢cDNA ends (RACE)
using the SMARTer PCR ¢cDNA synthesis kit (Clontech,
USA) as previously described by Mamedov et al.*® Briefly,
1.5 ug of total RNA was mixed with the primer BCIR
(CAGTATCTGGAGTCATTGA), which is specific for
human TCR B cDNA synthesis. To denature RNA and
anneal the priming oligonucleotides, RNA was incubated at
72°C for 3 min and then at 42°C for 2 min. The SMARTer
ITA oligonucleotide and SMARTScribe reverse transcriptase
were added for 5'-template switching and the cDNA synthe-
sis reaction, which was performed at 42°C for 60 min.

TCR library preparation

Two-round PCR was performed for TCR library prepara-
tion as described with slight modification. Briefly, for the
first round of PCR amplification, 2 puL of cDNA from the
synthesis reaction was mixed with Advantage 2 polymerase
mix (Clontech, USA), the wuniversal primer Smart20
(CACTCTATCCGACAAGCAGTGGTATCAACGCAG), and
the TCR B-specific primer BC2R (TGCTTCTGATGGCT-
CAAACAC). The reaction was performed for 18 cycles
using the following temperature regimen: 95°C for 20s,
65°C for 20s, and 72°C for 50s.

For the second round of PCR amplification, the product
from the first round of PCR was purified by magnetic beads
(Beckman, USA), and one fifth of the purified product was
used in each 50 uL PCR reaction. The primers TRB-stepl
(CACTCTATCCGACAAGCAGT) corresponding to the 5
end and Hum-b¢j (ACACSTTKTTCAGGTCCTC) corre-
sponding to the 3’ end of the libraries were used. The reac-
tion was performed for 16-18 cycles with the following
temperature regimen: 95°C for 20s, 65°C for 20s, and 72°C
for 50s. PCR products were identified on 2% agarose gels,
and bands centered at 500-600 bp were excised and puri-
fied using Qiaquick Gel Extraction kit (Qiagen, Germany).
[lumina adaptors were ligated using NEBnext Ultra DNA
Library Prep kit (New England BioLabs, USA) according to
the manufacturer’s protocol. Libraries were amplified using
Mlumina sequencing primers with different sample barcodes.
Then, the purified PCR product was subjected to high-
throughput sequencing using the Illumina HiSeq3000 plat-
form with a read length of 2 x 150 bp.

Data processing and analysis

The original data obtained from high-throughput sequencing
were converted to raw sequence reads by base calling, and the
results were stored in FASTQ format. Low-quality sequences
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were discarded. TCRB V, D, and | gene identification; CDR3
sequence extraction; and error corrections in clean reads were
performed using miXCR.>®

Statistical analysis

A paired t-test was used to compare matched samples between
tumors and adjacent non-tumor tissues in populations assumed
to be normally distributed. The Wilcoxon signed rank test was
used to compare matched samples between tumor and non-
tumor tissues. The Wilcoxon rank-sum test was used to com-
pare independent samples in tumor or non-tumor tissues. The
Kruskal-Wallis H test was used to compare three or more sam-
ples. The Morisita-Horn similarity index was used to measure
the similarity between pairs of variables. Two-sided p-values
< 0.05 were considered statistically significant.
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