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Abstract Type 1 diabetes mellitus (T1D) is an immune-mediated disease. The autoreactive T cells
in T1D patients attack and destroy their own pancreatic cells. In order to systematically investigate
the potential autoreactive T cell receptors (TCRs), we used a high-throughput immune repertoire
sequencing technique to profile the spectrum of TCRs in individual T1D patients and controls.
We sequenced the T cell repertoire of nine T1D patients, four type 2 diabetes (T2D) patients,
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and six nondiabetic controls. The diversity of the T cell repertoire in T1D patients was significantly
decreased in comparison with T2D patients (P = 7.0E08 for CD4+ T cells, P = 1.4E04 for
CD8+ T cells) and nondiabetic controls (P = 2.7E09 for CD4+ T cells, P = 7.6E06 for
CD8+ T cells). Moreover, T1D patients had significantly more highly-expanded T cell clones than
T2D patients (P = 5.2E06 for CD4+ T cells, P = 1.9E07 for CD8+ T cells) and nondiabetic
controls (P = 1.7E07 for CD4+ T cells, P = 3.3E03 for CD8+ T cells). Furthermore, we identified a group of highly-expanded T cell receptor clones that are shared by more than two T1D
patients. Although further validation in larger cohorts is needed, our data suggest that T cell receptor diversity measurements may become a valuable tool in investigating diabetes, such as using the
diversity as an index to distinguish different types of diabetes.

Introduction
Type 1 diabetes mellitus (T1D) is an autoimmune disease characterized by infiltration of leukocytes into the islets of the pancreas, resulting in progressive pancreatic b-cell destruction and
loss of insulin production [1–3]. The infiltrating cells are a
heterogeneous population, composed mainly of CD4+ and
CD8+ T lymphocytes, as well as some B lymphocytes, macrophages, and dendritic cells [4–7]. The most direct evidence of
the pathogenic role of T cells in T1D is from the biobreeding
rat and the nonobese diabetic (NOD) mouse models [8,9].
Extensive studies in mouse models have demonstrated that T
cells play crucial roles in the pathogenesis of T1D, as the disease can be transferred by T cell clones or a heterogeneous T
cell population [10–12]. For example, Wicker et al. transferred
splenocytes of NOD mice to young mice. Consequently these
recipient mice develop diabetic at a higher frequency and at
a younger age than their controls [10]. Notably, CD4+ and
CD8+ T cell subpopulations play different roles in the process
of T1D initiation. CD4+ T cells mostly recognize insulin and
are the main cellular effectors, whereas CD8+ cytotoxic T cells
recognize peptide epitopes presented on the b cell surface and
directly contribute to b cell death [13,14].
The diversity of the T cell immune repertoire is critical in
maintaining an effective immune response, and decreased
diversity of the T cell immune repertoire has been linked to
several autoimmune diseases, such as rheumatoid arthritis
[15] and multiple sclerosis [16,17] and aging [18].
Over the past two decades, researchers have shown that
restricted T cell expansion and reduced T cell diversity in pancreatic islets is a common phenomenon in T1D. In early work,
the biased usage of some T cell receptor (TCR) gene segments
was found in islet-infiltrated T cells [19]. In 2009, Li et al. [19]
performed single-cell PCR to analyze the TCR sequences of
218 T cells in NOD mice and discovered a restricted repertoire
dominated by one or two clones, suggesting the monoclonal
expansion of T cells in pancreatic islets of NOD mice [20].
In 2011, another group cloned 139 different TCR
complementarity-determining region 3 (CDR3) sequences
and revealed the monoclonal expansion of T cells in human
pancreatic islets [21]. These studies mainly used traditional
cloning and sequencing methods to identify TCRs when examining the T cell composition in the islet infiltrate in T1D. However, this traditional approach has some limitations in studying
TCR restriction. For example, the size of the TCR repertoire
in a human being is estimated to be as many as 107 clones,
whereas current cloning and sequencing can only identify a
few hundreds of sequences [22], which only account for a tiny
fraction of the total repertoire. Therefore, the overall diversity

of the TCR repertoire in T1D patients has not been studied
yet, due to the technical limitations.
Here, we applied a recently-developed high-throughput
immune repertoire sequencing technique to investigate the T
cell immune repertoire diversity in T1D patients. Immune
repertoire sequencing is a powerful technique which is able
to sequence millions of TCR or B cell receptor sequences in
parallel in a single sample [23–26]. We sequenced an average
of 105 TCR sequences per sample, which covers all the dominant TCR clones in the sample. By analyzing a large number
of TCR sequences, we characterized the overall diversity of
the immune repertoire, V gene usage bias, VDJ recombination
pattern, and CDR3 length distribution in both CD4+ and
CD8+ T cell subtypes. We also identified common T cell
clones that are shared by multiple T1D patients. Considering
TCRs and human leukocyte antigen (HLA) are closely related,
we also investigated HLA genotyping in some T1D patients.

Results
Nine T1D patients, four T2D patients, and six nondiabetic
controls were recruited for this study. Peripheral blood
mononuclear cells (PBMCs) were isolated from blood samples
to sort CD4+ and CD8+ T cells. Multiplex PCR was
performed to amplify the CDR3 regions for construction of
libraries, which were sequenced on the Illumina HiSeq
2000/Miseq platform. Sequencing reads were analyzed
using our in-house bioinformatics pipeline and the online
ImMunoGeneTics (IMGT)/HighV-QUSET tool [27,28].
A total of 16,376,727 merged sequencing reads were
obtained from raw sequencing data. Sequencing reads were
aligned against the reference sequences of genes encoding
human T cell receptor beta variable (TRBV), diversity
(TRBD), and joining (TRBJ) [29]. Reads with a high identity
score (>70%) were selected and identified as TCRb chain
sequences. As a result, we identified 4,875,520 TCRb sequencing reads from control samples, 4,738,895 reads from T2D
samples, and 1,500,011 reads from T1D samples, respectively.
Relatively more highly-expanded T cell clones found in T1D
TCR clones with frequency P1% of total reads in a sample
were defined as highly-expanded clones (HECs). As shown in
Figure 1 and Figure S1, T1D patients have more HECs compared to T2D and control samples for both CD4+ and
CD8+ T cells (Figure 1A and B). In the CD4+ T cell population, T1D patients have 22 HECs (median, range of 12–28),
which is much higher than those in T2D (median of 1 HEC,
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Figure 1 HECs and diversity in T1D
Scatterplot showing distribution of all TCR clone sequences from CD4+ (A) and CD8+ T cells (B) of T1D, T2D, and control samples.
Each data point represents a CDR3 clone. Y axis shows the frequency of each clone observed in different samples, expressed as the
number of a specific TCR clone against the total number of CDR3 sequences in respective samples (%). HECs (frequency P1%) are
shown in red and LECs (frequency <1%) are shown in black. C.–H. Statistical analysis of TCR clones of CD4+ and CD8+ T cells using
Shannon entropy, HEC number, and HEC ratio in T1D, T2D, and nondiabetic control samples. HEC counts indicates the sum of HECs
in a sample, and HEC ratio indicates the ratio of total sequence counts of HECs relative to the total sequence counts of the sample. All
statistical analyses were performed with unpaired two-tailed t-test using R software package. CDR, complementarity-determining region
3; HEC, highly-expanded clone; LEC, lowly-expanded clone; T1D, type 1 diabetes mellitus; T2D, type 2 diabetes mellitus; TCR, T cell
receptor.
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range 0–2) and control samples (Figure 1C). As shown in
Figure 1D, HECs accounted for 77% of total sequencing reads
in the T1D patients (median, range 52%88%), which is much
higher than those in T2D patients (median of 3.9%, range
0–6.8%) and controls (median of 1.7%, range 0–5.7%).
Similar trend was also observed in the CD8+ T cell population
(Figure 1F and G).
We applied a normalized Shannon entropy index to quantitatively measure the diversity of the entire TCR repertoire in different groups [30]. The normalized Shannon entropy index
ranges from 0 to 1, in which ‘‘1” indicates the most diversity
and ‘‘0” indicates no diversity at all. The normalized Shannon
entropy of T1D samples was significantly lower than that of
T2D and control samples for both CD4+ (Figure 1E) and
CD8+ T cells (Figure 1H). These data indicate that the overall
diversity of the entire TCR repertoire of T1D patients is significantly decreased compared with T2D and nondiabetic controls.
Collectively, these findings show that although thousands
of TCR clones were observed in T1D, the TCR repertoire of
T1D is dominated by a few HECs. Our results are consistent
with previous studies using T1D mouse models, in which
HECs are frequently observed in islet-infiltrating T cells
[31–33]. The significant difference in the number and percentage of HECs between T1D and T2D samples indicates that the
quantification of HECs and diversity could be a potential
indicator of T1D.
Shared TCR clones among T1D samples
The second finding in our study is that several HECs observed
in one T1D patient were also observed in other T1D patients.
In CD4+ T cells, 4 HECs are expressed in all T1D samples
tested and 52 HECs are detected in over half of the samples.
In CD8+ T cells, 2 HECs are expressed in all T1D samples
tested and 36 HECs are detected in over half of the samples.
These data suggest that T1D patients share some common
HECs. The shared or common T cells are of long-term interest
both in health and disease [34]. To investigate the possible
common TCRs that are shared in T1D pathogenesis, we analyzed the CDR3 amino acid sequence of all HECs in all the
samples tested. The HECs were then ranked according to the
number of patients sharing these HECs (Figure 2). As a result,
we observed two types of HECs. The first type of HECs were
HECs shared in T1D samples, which are present but not identified as HECs in T2D or control samples. For example, the
TCR CDR3 sequence ASRTGAGTDGYT was observed as
a HEC in CD4+ T cells of four T1D patients (first row, shown
in orange in the left panel, Figure 2A). Although this sequence
is also present in T2D and control samples, it is not classified
as a HEC (shown in gray or green) in any T2D (middle panel)
or control samples (right panel, Figure 2A). The second type of
HEC is unique to T1D samples, which are not observed in any
T2D or control sample. For example, the TCR clone CDR3
sequence ASSEAGTGSYSPLH is classified as a HEC in two
T1D patients (15th row, shown in orange in the left panel),
but it is not present in any of the T2D or control samples
(shown in gray in the middle and right panels, Figure 2A).
Among the total 185 observed CDR3 HECs (by amino acid
sequences) in CD4+ T cells, the first type accounts for
32.4%, whereas the remaining 67.3% falls into the second category, which is only observed in T1D samples.
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In CD8+ T cells, there are totally 203 observed CDR3
amino acid HECs, including 43.8% for the first type and
56.2% for the second type (Figure 2B). It should be noted that
we only have a limited number of control and T2D samples
included in this study. Some of the second type HECs may
turn out to be the first type HECs, if more T2D and control
samples could be sequenced in future.
V and J gene usage in T1D samples
To identify potential V or J gene usage bias in T1D samples,
we then investigated the germline gene usage in T1D and
T2D patient as well as nondiabetic control samples (Figure 3).
Our data showed that the V gene family usage pattern was very
similar between the control and T2D patient samples. However, the V gene family usage patterns of T1D patients were
highly heterogeneous in CD4+ T cells (Figure 3A). This
heterogeneity may be explained by the observation that different T1D patients have different HECs (Figure 2). For the
CD8+ T cells, T1D, T2D, and control samples all display a
heterogeneous pattern (Figure 3A). Similar phenomenon is
also observed in J gene usage for both CD4+ and CD8+ T
cells (Figure 3B). We then performed statistical analysis to
identify any V gene families that were significantly overused
in T1D. Consequently, we observed V gene usage biases in different samples. The V and J gene usage pattern of control and
T2D samples were highly correlated, particularly in CD4+ T
cells (Figure 3C). The average correlation between any 2 samples in control and T2D groups was 0.97 (Figure 3D). Conversely, the T1D samples displayed less correlation in V and
J gene usage pattern, probably due to patient-specific clonal
expansion.
The skewed clonotype composition in T1D samples is also
observed in the global VJ combination. The global VJ
combination usage of three representative samples is shown
in Figure 4. CD8+ T cells in the control (C5) and T2D (P4)
samples display high diversity of immune repertoire that is
represented by a broad usage of VJ combinations (Figure 4A and B). On the other hand, the T1D sample (P12)
has a dominant VJ combination (TRBV15 and TRBJ2-5),
which accounts for 27.5% of total reads. The HEC sequence
which corresponds to protein sequence ATAGLAGETQY is
present in this dominant VJ combination, indicating a strong
clonal expansion (Figure 4C). The global VJ combination
usage of all samples is shown in Figure S2. The comprehensive
analysis of V gene usage and VJ combinations in T1D samples
is shown in Figures S3 and S4, respectively.
Skewed CDR3 length distribution in T1D
CDR3 length influences the structure of TCRs, in which one
amino acid differences can lead to conformational remodeling
of the receptor [22]. Hence, we perform the statistical analysis
of the length distribution of CDR3 here. The CDR3b length
distribution of T1D displays a distorted pattern in both
CD4+ and CD8+ T cells (Figure 5). The T2D and control
samples have a Gaussian distribution of CDR3b length. However, distorted distribution of CDR3b length is observed in the
T1D samples. This provides further evidence that the immune
repertoires of T1D patients are skewed, probably owing to
patient-specific clonal expansion.
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Figure 2 Shared HECs are detected in different T1D patients
HECs that are observed in multiple T1D patients are shown for CD4+ (A) and CD8+ (B) T cells. Only HECs significantly shared by
multiple patients are shown, the complete list of shared HECs can be found in Figure S5. Orange and green represent HECs (P1% of total
reads) and LECs (<1% of total reads), respectively, while gray represents sequences not found in the sample. HEC, highly-expanded
clone; LEC, lowly-expanded clone; T1D, type 1 diabetes mellitus; T2D, type 2 diabetes mellitus.

PCR amplification bias validation
As the full repertoire of TCR is amplified by multiple PCR primers, differences in amplification efficiency can affect the real
amount of individual TCRs. So first of all, we need to validate
the primers amplification level to make sure the designed primer set have similar amplification efficacy. We validated the
TCRb primers of their amplification efficiency using a method
developed by Robins et al. [35] with detailed procedure

described previously [22]. We amplified the same DNA
extracted from T cells of one individual by using the same primer set with 15, 20 and 25 PCR cycles respectively, and compared the number of reads for the same TCR clones (Figure 6).
We observed a linear correlation between the numbers of reads
obtained (106,999 reads for the 15-cycle amplification and
703,443 reads for the 25-cycle amplification; Figure 6A–C).
For sequences observed with a given read number in the
15-cycle amplification, the variance of read number at
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Figure 3 V and J gene usage analysis in T1D, T2D, and control samples
A. Stacked bar chart for the frequency of 23 V gene family usages in T1D, T2D, and control samples expressed as percentages. The V gene
families are color-coded as shown in the figure. B. Stacked bar chart for the frequency of 14 J gene family usages in T1D, T2D, and control
samples expressed as percentages. The J gene families are color-coded as shown in the figure. C. Pairwise correlation of V/J gene family
usage between different samples. Pearson’s correlations were calculated for the frequency of 23 V gene families (left panel) and 14 J gene
families (right panel). The intensity of correlation was color-coded as shown in the figure. D. Box plot of pairwise correlation of samples in
the same group. T1D, type 1 diabetes mellitus; T2D, type 2 diabetes mellitus. Individual points in the box mean the outliers.

25-cycle amplification could be due to the PCR bias. As shown
in Figure 6D, the regression coefficient k = 2.09 represents the
bias value after 10 PCR cycles from 15-cycle amplification to
25-cycle amplification. Therefore, a bias of average magnitude
1.07 was introduced in each PCR cycle, eventually resulting in
a total accumulated variation about 2.09-fold after 10 more
cycles (1.07610 = 2.09). However, the abundance of V gene
usage of the 20-cycle amplification and that of the 25-cycle
amplification are very similar, with 15% deviation for the
top 20 V gene families on average. This result indicates that
the efficiency of the primers used are very close to each other,
and the PCR bias are thus random events (Figure 6E).

Discussion
We present here quantitative measurement of the TCR repertoire of T1D and T2D patients as well as nondiabetic controls.
We observed a significant increase in highly-expanded TCR

clones and decrease of TCR diversity in T1D patients. The
increase in HECs is also observed in other autoimmune diseases, including systemic lupus erythematosus and rheumatoid
arthritis [24], indicating that the increase of HECs may be a
common phenomenon in autoimmune diseases. Our data suggest that the HECs could be used to distinguish autoimmune
T1D from T2D and nondiabetic controls. Nonetheless, it
should be noted that the number of patients in the current
study is far from enough to distinguish the autoreactive T cells
that are related to diabetes. To create the common clone and
apply these findings to T1D diagnosis, validation in a larger
cohort with more patients is required. Here, our pilot study
illustrates the application of the immune repertoire sequencing
in screening the candidate common clones.
Interestingly, we observed the sharing of HECs between different T1D patients in this study. Circulation of isletinfiltrating autoreactive T cells responsible for T1D onset in
the peripheral blood had also been noticed by several other
groups [36–38]. Although functional assays were not performed
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Figure 4 Entire VJ repertoire in CD8+ cells for representative samples C5, P4, and P12
Entire VJ repertoire in CD8+ cells for samples C5 (A), P4 (B), and P12 (C) was plotted, which represent nondiabetic control, T2D and
T1D patients, respectively. X and Y axes list all possible V gene and J usages, respectively, while each point in the 2-dimensional space
represents a unique VJ combination. The size of the sphere at each point corresponds to the number of reads matching that particular VJ
combination. CDR3 sequences and read number of dominant clones (TRBV15–TRBJ2-5) were also show in panel C. Other samples are
listed in Figure S2. T1D, type 1 diabetes mellitus; T2D, type 2 diabetes mellitus.

to verify the targets of HECs in this study, a few HECs were
shared by more than 3 T1D patients, suggesting that they
may be derived from the autoreactive TCR immune response
to common autoantigens in T1D. The combination of highthroughput screening and functional assay may facilitate the
identification of autoreactive T cells. This study will facilitate
the understanding of the pathogenesis of auto immune diseases,
and help developing potential markers to diagnose the preclinical autoimmune disorders [39]. Once the HEC library in T1D
identified in this study is validated by immunophenotyping or
other methods, we can use mass spectrometry to identify the
associated autoantigens that are not described previously.

The shared HECs between T1D and controls may illustrate
the origin of autoreactive TCRs. Two theoretical models could
explain the origin of autoreactive TCRs [40,41]. The first
model hypothesizes that the high-affinity T cells to the
autoantigens in T1D patients may bypass the deletion process
in thymus, migrate to the periphery, and become autoreactive
T cells [40]. According to this model, the autoreactive T cells in
T1D should only exist in T1D patients and should not be
observed in non-T1D patients. The second model proposed
that both healthy individuals and T1D patients have autoreactive T cells, whereas only autoreactive T cells in T1D are
triggered and react to autoantigen [41]. From our data, we

Tong Y et al / Decreased Diversity of T Cell Receptors in T1D

345

Figure 5 CDR3 amino acid length distribution
Histogram of CDR3 length distribution in CD4+ and CD8+ T cells from control, T2D, and T1D samples was calculated from the
sequencing reads and shown in A and B, respectively.

observed the co-existence of two types of HECs. The first type
of HECs observed in T1D exists also in controls, whereas the
second type of HECs is observed in T1D patients only. Our
results may thus suggest the co-existence of both models.
There are slight differences in CD4+ and CD8+ T cells with
regard to the HEC numbers, V gene usage pattern, and
CDR3 length distribution, which may be associated with the
different biological functions of these two types of T cells
[42,43]. However, the immune system is very sensitive to the
environment and infection, e.g., by flu in the past 2–3 weeks,
which would result in some dominant clones [25]. Although
we obtained HECs that are shared in most T1D patients, careful validation need to be done before we can draw the conclusion that these HECs are really T1D-associated.
HLA/peptide complex and TCR binding determines the
specificity of immune response [44–46]. HLA genotyping in 6
T1D patients (Table S1) indicated that alleles such as
A*24:02, B*58:01:01, C*03:02, DRB1*03:01, DRB1*09:01:02,
DQB1*03:02:01, and DQB1*02:01:01 are frequently expressed
in these patients, suggesting that these types of HLAs may play
roles in T1D biogenesis.
The immune repertoire sequencing in the T1D samples opens
a new vision for investigation of T1D and related immune disorders. However, at present, the work is still on the initial stage.
Considering the mismatch in age and gender of subjects between
different groups may lead to bias in data interpretation, a larger
patient size is needed to achieve a more solid conclusion. With
more diabetic samples included in the similar work, as well as
the follow-up experimental validation, animal model, and

clinical data, the immune repertoire sequencing can provide
new diagnostic and therapeutic markers for T1D.
In conclusion, deep sequencing of the CDR3 region of TCR
populations using immune-repertoire sequencing can be a powerful tool to access the majority of TCR diversities in peripheral
blood of both diabetic patients and controls. The large volume
of TCR sequencing data allows us to obtain a snapshot of the
entire repertoire. By quantitatively measuring the diversity of
the immune repertoire, immune repertoire sequencing maybe
helpful to narrow down the potential CDR3 sequences that
are related to the autoreactive T cells in T1D.

Methods
Ethics
The study was performed according to the principle of declaration of Department of Endocrinology, Zhujiang Hospital of
Southern Medical University, China. Study protocol was
approved by the medical ethics committee of this university.
All participants gave written informed consent.
Patients
Nine T1D patients, 4 T2D patients, and 6 nondiabetic controls
were included in this study. All diabetic patients fulfilled the
classification criteria for either T1D or T2D respectively
(Table S2) [47]. We acquired 10 ml of peripheral blood from
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Figure 6 PCR bias assessment
A.–C. Assessment of PCR bias. Each point represents a single unique CDR3 sequence, which is plotted according to the number of reads
observed in the 15-cycle, 20-cycle, and 25-cycle PCR amplifications. Density of sequences for each dot in the plot is color coded, with red
the lowest density and purple the highest. Solid line represents a linear regression of the data, and the dotted lines represent the standard
deviations. D. The mean variation between the number of reads after 15-cycle PCR and 25-cycle PCR is plotted in this figure. Data points
indicate the mean variation of read number in 25-cycle PCR is represent, and solid line represents a linear regression of the data. The
CDR3 sequences observed after 15-cycle PCR with the same frequencies are observed with different frequencies after 25-cycle PCR. The
mean variation in the number of observations represents the PCR bias, i.e., the same number of sequences can be amplified to more or less
extent. E. The frequency of each TRBV gene segments after 15, 20, and 25 cycles of PCR amplification.

all subjects. The glucose level and C-peptide concentration
were calculated according to the methods recommended by
the WHO (https://www.staff.ncl.ac.uk/philip.home/w-ho_
dmc.htm). To eliminate the potential influence from other
autoimmune disease or infection, we only selected the candidate samples from patients without other autoimmune diseases
or infections in the past 4 weeks.
HLA genotyping
Five major HLA types, namely, HLA-A, HLA-B, HLA-C,
HLA-DRB1, and HLA-DQB1, were tested for patient genotyping. Briefly, 2 ml of human blood samples were collected
in EDTA anticoagulant tube and DNA samples were
extracted. The resulting genomic DNAs were sent to CapitalBio Technology (Beijing, China) for PCR amplification.
The PCR condition used is: heating at 96 °C for 3 min, 35
cycles of denaturation at 96 °C for 25 s, annealing at 62 °C
for 45 s, and extension at 72 °C for 45 s, and then a final extension at 72 °C for 5 min. The remaining primers in the PCR
products were then digested by incubation with ExoI at 37 °
C for 15 min. Afterward, ExoI was inactivated by incubation
at 80 °C for 20 min. PCR products were then purified and
sequenced using high-resolution ABI 3730XL sequencer
(Applied Biosystems, Tampa, CA). Sequencing results were
analyzed using ATF genotyping software (Conexio Genomics,
Fremantle, Australia).

Isolation of PBMCs, CD4+, CD8+ T cells
We used LymphoPrepTM (Axis-shield, Dundee, Scotland, UK)
to isolate PBMCs as described previously [22]. CD4+ and
CD8+ T cells were isolated from PBMCs using magnetic
microbeads according to the manufacturer’s instructions (Miltenyi Biotec, Bergisch Gladbach, Germany, Cat. No.: 130-045101 and 130-045-201). Firstly, PBMCs were aliquoted into 2
eppendorf tubes and incubated with either CD4 MicroBeads
or CD8 MicroBeads for 15 min at 4 °C in the dark to magnetically label the CD4+ T cells and CD8+ T cells, respectively.
Then, the cell suspensions were loaded onto a MACS column
and placed in the magnetic field of a MACS separator (Miltenyi Biotec, Bergisch Gladbach, Germany). The
magnetically-labeled CD4+ and CD8+ T cells were retained
within the column while the unlabeled cells run through the
column. The magnetically-retained T cells in the column were
then eluted as the positively-selected cell fraction.
TCRb primer design and validation
Human TCRb sequences (GenBank accession No. NG_001333)
were downloaded from the international IMGT database [28].
We designed multiple primers for the TCRb sequences and validated the primers using the similar method as described previously [22]. Primer sequences are listed in Table S3.
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heating at 98 °C for 1 min, followed by 25 cycles of denaturation at 98 °C for 20 s, annealing at 65 °C for 30 s, and extension at 72 °C for 30 s, with a final extension at 72 °C for
7 min. PCR products were then subjected to gel electrophoresis
for separation and the corresponding bands were excised for
DNA purification by using QIAquick Gel Extraction Kit
(Qiagen, Hilden, Germany). The resulting DNA was used as
the library for sequencing on the Illumina HiSeq 2000/Miseq
sequencing platform (Illumina, San Diego, CA).
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A total of 18,976,912 pair-end reads were generated by the Illumina sequencing platform (Table S4). We used FLASH software [48] to merge overlapping paired-end reads and
obtained 16,376,727 raw reads. IgBLAST was used to perform
the alignment of the merged reads to V, D, and J gene in germline references [49]. The reference sequences of V, D, and J
gene in germline were obtained from IMGT. Reads with low
alignment identity (<70%) to germline references were
excluded. After read filtering, 11,114,426 reads were retained
for further analysis. The starting and ending positions of the
CDR3 region, reading frame, and productivity were identified
according to the definition of IMGT [28].
We followed previous studies and defined that TCR clones
with a frequency P1% were considered to be HECs [24,50].
Normalized Shannon entropy was used as an index to evaluate
the diversity of the TCR repertoire:
n
X
pðxi Þlogðpðxi ÞÞ
i¼1
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