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Background: Hepatitis B (HepB) vaccination can effectively prevent the prevalence of hepatitis B virus (HBV) infection. However,
the incidence of vaccination failure is about 5~10% and the underlying molecular mechanisms are poorly understood. T cells have an
essential role in the recipient’s immune response to vaccine, which could be elucidated by high-throughput sequencing (HTS) and
bioinformatics analysis.
Methods:We conducted HTS of the T cell receptor β chain (TRB) complementarity-determining region 3 (CDR3) repertoires in eighteen
positive responders (responders) and 10 negative responders (non-responders) who all had HepB vaccination, the repertoire features of BV,
BJ and V-J genes and their diversity, respectively, were compared between the positive and negative responders using the Mann–Whitney
test. Moreover, the relatively conserved motifs in CDR3 were revealed and compared to those in the other group’s report.
Results: The diversity of TRB CDR3 and the frequencies of BV27 and BV7-9 are significantly increased for HepB vaccine
responders compared to those in non-responders. The motifs of CDR3s in BV27/J1-1, BV27/J2-5, and BV7-9/J2-5, respectively,
were most expressed as “NTE”, “QETQ”, and “GG-Q (E)-ETQ”. Moreover, the motif “KLNSPL” was determined in nearly 80%
CDR3s in BV27/J1-6 from HepB vaccine responders for the first time.
Conclusion: Our results present the comprehensive profiles of TRB CDR3 in the HepB vaccine responders and non-responders after
standard vaccination protocol and determine the relatively conservative motifs of CDR3s that may respond to the HepB vaccine.
Further results suggest that the profile of TRB repertoire could distinguish the HepB vaccine responders from non-responders and
provide a new target for optimizing and improving the efficiency of the HepB vaccine.
Keywords: hepatitis B vaccination, hepatitis B surface antibody, complementarity-determining region 3, immune repertoire, high-
throughput sequencing

Introduction
Hepatitis B virus (HBV) infection is a global health threat, which affects 257 million people worldwide according to the
2017 Global Hepatitis Report. Chronic HBV infection could progress into liver cirrhosis, hepatocellular carcinoma
(HCC), and even liver failure, if the patients could not be treated effectively and in a timely manner.1,2 Vaccination is one
of the safest and most effective measures to prevent infectious diseases. Hepatitis B (HepB) vaccination could effectively
prevent and control HBV infection and dissemination.3,4 However, about 5~10% of the individuals could not secrete
a protective level of anti-hepatitis B surface antibody (anti-HBs) after a standard vaccine course,5 in which the internal
mechanisms are far from being fully elucidated. Moreover, there is seldom research into the profile of T cell receptor
(TCR, TR) repertoire in recipients of HepB vaccination.6 So that it is urgent to comprehensively and accurately analyze
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the effect of vaccination on the profile of immune repertoire (IR) of recipients after the vaccine, which could contribute to
grasping the molecular mechanism of the recipient responding to the HepB vaccine.7

Following vaccination, antigen-presenting cells (APCs) capture segments from the vaccine (recombinant hepatitis
B surface antigen, rHBsAg) that are hydrolyzed after inoculation. Major histocompatibility complex class II (MHC-II) of
APCs present the segments to the TCR of CD4+ T cells and activate them, hereafter CD4+ T cells transform into
T helper 2 (Th2) cells. Subsequently, the Th2 could activate B cells and the activated B cells differentiate into plasma
cells that secrete protective anti-HBs against HBV infection.8 Although CD4+ T cells play an important role in the
process of HepB antibody production, the CD8+ T cells are closely related to the immunobiology and pathogenesis of
HBV infection.9 Simultaneously, effective vaccination could produce long-lived immune memory cells that are capable
of recognizing and rapidly responding to HBV infection again.10

The function of T cells could be represented by the TR on its cell membrane. Most TRs of peripheral blood mature
T cells are composed of alpha and beta chains (TRAV, TRBV), and a few consist of gamma and data chains. TRBVs are
directly interaction with specific antigen peptide presented by MHC.11,12 There are three high variable regions in TRBV
and defined as CDR1, CDR2 and CDR3. Among them, CDR3 is the most variable and directly determines the antigen
binding specificity of TRBV. Moreover, CDR3 with different sequences or lengths represents different clonotypes and
functions of T cells. Therefore, the analysis of TRBV CDR3 can profile the clonal diversity of T cells and the immune
property of the recipients after HepB vaccination.13,14

In the present study, based on the CDR3 property and enlarged cases, we determined the profile of diversity and
similarity of TRBV for HepB vaccine responders and non-responders using HTS and bioinformatics analysis, and
analyzed the differences of diversity and similarity indices between the two groups and revealed the relatively
conservative motifs of dominant CDR3 in HepB vaccine responders. These results provide comprehensive characteristics
of TRBVand the special motif of dominant CDR3 in HepB vaccine responders, which would contribute to improving the
favorable outcome of the recipients of the vaccination.

Materials and Methods
Subjects
The present study was conducted between March and December in 2019 at the First Affiliated Hospital, Zhejiang
University School of Medicine. The peripheral venous blood (PVB) was taken from 135 recipients of HepB vaccination,
and the anti-HBs were quantitated in their sera. According to anti-HBs titre (>10 mIU/mL), among 135 recipients,
eighteen subjects were selected as positive responders (responders), and 10 subjects (anti-HBs titre <10 mIU/mL) were
selected as negative responders (non-responders). In their medical history, each of the 28 subjects was only immunized
with three separate 10-µg doses of a recombinant HepB (surface) vaccine (Heptavax-II®; MSD K.K) during their lives.
The vaccine was delivered via subcutaneous injections at 0, 1, and 6 months after they were born, and the first
vaccination was given within 12 hours of their birth.15 Moreover, the ten non-responders denied that the anti-HBs had
been positive (detectable) when they were asked for their vaccination history.

Additionally, the 28 subjects displayed no clinical or laboratory evidence for any illnesses, and did not receive any
HepB and non-HepB vaccinations for the duration of the study. Moreover, except positive anti-HBs, the serological
HepB markers were all negative in the eighteen responders, however, the HepB markers were all negative (including
negative anti-HBs) in the ten non-responders. Moreover, the HBV DNA levels of the 28 subjects were below the
detection limit and the more clinical characteristics are shown in Table 1. Additionally, the project and protocols were
approved by the ethics committee of the First Affiliate Hospital, Zhejiang University School of Medicine, and complies
with the Declaration of Helsinki (2018). The participants approved and signed an informed consent form.

PBMCs Isolated and RNA Extracted
The peripheral blood mononuclear cells (PBMCs) were isolated from 5 mL of PVB using Ficoll density gradient
centrifugation. The total RNA was extracted from PBMC by using Trizol reagent (Invitrogen, MA, USA) in accordance
with the manufacturer’s specifications. The RNA concentration was determined using spectrophotometry (Nano Drop
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2000, Thermo, MA, USA), the RNA integrity was examined by visualization of the 28S and 18S RNA transcripts on
a 1.2% agarose gel, and the quality of RNA was evaluated using an Agilent 2100 Bioanalyzer (Agilent Technologies,
CA, USA).

cDNA Synthesis and Sequencing Library
In the present study, we used a 5’-RACE unbiased amplification protocol to synthesise cDNA. For the preparation of
sequencing libraries of TRBV, two-round nested amplicon arm PCR was performed with a Multiplex PCR Assay Kit
Ver. 2 (TaKaRa, Dalian, China) with specific primers against each variable and constant gene fragmentation. The first
round of PCR was carried out using cDNA templates in a 50 μL reaction system with the following PCR parameters: first
cycle of 94 °C for 60 seconds, 30 cycles of denaturation at 94 °C for 30 seconds and annealing at 60 °C for 60 seconds,
and a final extension at 72 °C for 10 minutes, and the second round of PCR, the first round PCR product (5 μL) was used
as a template, and the same PCR protocol was used, the more steps were shown.16

High-Throughput Sequencing
Using the Illumina Novaseq platform, the products established via the TRBV sequencing library were sequenced and
analyzed. Subsequently, the raw sequence was screened, and the low quality sequences were deleted, the sequencing
background was filtered17 and the international ImMunoGeneTics (IMGT) database (www.imgt.org) was used as
standard reference sequences and the sequences obtained were compared with the IMGT database in the present study,
please refer to our previous report for more detailed steps.18

Sequencing Results Analysis
Taking the nucleotide and amino acid (AA) sequences of TRBVs in the IMGT database as reference, the expression of V,
J and D segments, V-J combination and V-D-J combination in each sample were investigated, and the diversity of CDR3AA
clones and the similarity between samples were evaluated. The resulting nucleotide and AA sequences of TRB CDR3 were
determined and the identified CDR3s were compared to that of another group’s report.19 The Shannon diversity index was

Table 1 Demographic and Clinical Characteristics in Hepatitis B Vaccine Responders and Non-Responders

Characteristics Responders Non-Responders P-value

No. subjects 18 10 –
Gender (M/F) 8/10 5/5 0.7776

Age (years) 24.83±0.60 25.61±2.33 0.2849

ALT (U/L) 11.00 (9.00~16.25) 9.5 (8.0~16.0) 0.4402
AST (U/L) 17.00 (15.00~19.50) 16.00 (13.00~18.25) 0.4116

GloB (g/L) 24.16±2.76 24.73±2.11 0.5899

TBil (umol/L) 12.54±4.76 9.48±4.07 0.1066
HBV DNA (IU/mL) UD UD –

HBsAg (IU/mL) 0.02 (0.00~0.02) 0.00 (0.00~0.01) –
Anti-HBs (mIU/mL) 122.19 (45.26~325.71) 1.88 (1.74~5.24) <0.0001

HBcAb (S/CO) 0.10 (0.07~0.12) 0.12±0.08 0.7320

HBeAg (PEIU/mL) 0.07 (0.07~0.08) 0.08 (0.06~0.20) 0.9515
HBeAb (S/CO) 1.77±0.06 1.88±0.21 0.0714

ADA (U/L) 7.65±1.37 9.04±2.60 0.1172

GGT (U/L) 14.00 (9.50~20.25) 9.0 (8.0~10.5) 0.0240

Notes: Non-normal data expressed as median (IQR, interquartile range), normal distribution data expressed as mean ± SD (standard deviation),
unless otherwise indicated. Normal values: ALT (U/L) ≤50; AST (U/L) ≤40; TBil (μmol/L) ≤21. Negative values: HBsAg (IU/mL) <0.05; anti-HBs
(mIU/mL) <10; HBcAb (S/CO) <1.00; HBeAg (PEIU/mL) <0.18; HBeAb (S/CO) >1.00; Detection limit of HBV DNA (IU/mL) <30.
Abbreviations: ALT, alanine transaminase; AST, aspartate aminotransferase; GloB, globulin; TBil, total bilirubin; ADA, adenylate deaminase;
GGT, γ-glutamyl transpeptidase; UD, undetectable.
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calculated based on the clonal abundance of all productive TCR sequences, which could reflect both the relative number of
clonotypes and the relative abundance of each clonotype.20 The formula of Shannon entropy (SE) is following:

SE ¼ � ∑
n

i¼1
PilnPi

Where “Pi” is the frequency of the i-th clone in the TR repertoire with n clones. Additionally, the similarity was
calculated based on the expression feature of CDR3 AA clones, such as, Morisita-Horn similarity index (MHSI) is used
to determine similarities of TCR repertoires between samples.20 The MHSI ranged from 0 to 1, with 0 and 1 representing
minimal and maximal similarity, respectively.21

Statistical Analysis
Statistical analyses were performed using Prism, version 8.0 Package (GraphPad Software Inc., San Diego, CA, USA).
Data for the non-normal distribution were presented as the mean ±SEM (standard error of the mean) and a Mann–
Whitney test was performed to compare the values. The difference between groups was determined using a t-test (two-
tailed), if the data was normal distribution and equal variance. Regarding the counting data, a Chi-square test was used.
Significance was accepted at p < 0.05.

Results
Gene Amplification and CDR3 Profile
The median of CDR3 reads, for each sample of responders and non-responders, as 4,296,707.5 and 4,387,580 and there
was no significant difference between the reads (p = 0.0574, Supplementary Table S1). Additionally, there was no
significant difference in other amplification indices, such as, QC-reads of CDR3, unique CDR3, and unique CDR3/CDR3
(Supplementary Table S1, Figure 1A and B). However, there were significant differences in the diversity indices, such as,
Shannon index (Figure 1C)and clonality (Figure 1D), which were based on the CDR3 AA frequency. Moreover, the
significantly low CF100 (cumulative frequency of top 100 CDR3s) was found in the responders compared to that in non-
responders (Figure 2A), which suggests that the distribution of TRBV diversity presents deviation in the non-responders.

Additionally, the number of CDR3 distributions with respect to the different frequency range were compared between
responders and non-responders and the significant difference was only found in the range (>1%) (Figure 2B).
Interestingly, the cumulative frequencies of CDR3 distribution with respect to the different range present as
a Gaussian distribution for responders (p = 0.0836, by Shapiro–Wilk test), but not for non-responders (p = 0.0015,
Figure 2C). Furthermore, the average of CDR3 length in each subject was 14 AA or so, and there was no significant
difference between the two groups (Figure 2D). Simultaneously, the length distribution of CDR3 is almost a Normal
distribution (Gaussian distribution) in both responders and non-responders, and there was no significant difference
between them (Figure 3A), which demonstrated similar distribution with a dominant CDR3 of a length comprising
7~22 AA.

Frequency of BV, BJ Genes and Comparison
Regarding the TRBV families, sixty BV sub-families were classed into 26 BV families and the detail of 8 sub-families of
BV7 was presented (Figure 3B, 3C). Among the 60 BV sub-families, TRBV27, BV7-9 demonstrated significantly higher
expression frequencies in HepB vaccine responders compared to those in non-responders (Figure 3B and C).
Furthermore, the CDR3 motifs in TRBV27/BJn, TRBV7-9/BJn from HepB vaccine responders and non-responders are
presented in Tables 2 and 3. Additionally, there is no one out of 13 TRBJ families with significantly different frequency
between the two groups (Figure 3D).

Profile of V-J Gene Combinations
We estimated the gene usage of BV and BJ combinations (60×13) in responders and non- responders, and a series of
V-J combinations were identified for differential abundance in the two groups (Figure 4). In the heat map, there was an
obvious difference for the TRBJ family cluster between responders and non-responders, in brief, there was no obvious
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classification of the 13 BJ families in responders (Figure 4A), however, the 13 BJ families were obviously divided into
two clusters for non-responders (Figure 4B), the two BJ clusters (in detail), C1: BJ2-5, BJ2-2, BJ2-3, BJ1-2, BJ1-1, BJ2-
1, BJ2-7; C2: BJ1-5, BJ1-6, BJ1-3, BJ1-4, BJ2-4; BJ2-6. Similarly, the 60 TRBV sub-families were obviously classified
as four clusters for non-responders (Figure 4B), but not in responders (Figure 4A). Moreover, among 751
V-J combinations of the HepB vaccine responders and non-responders, there are 56 V-J combinations with higher
frequency in responders than those in non-responders (all p < 0.05, Supplementary Table S2).

Comparison of the Number of V/D/J Combinations
We also compared the number of V, D, J gene various combinations and demonstrated no significant difference of
V-J combinations between HepB vaccine responders and non-responders (Figure 5A). Similarly, there was no significant
difference of the number of V/D/J, V(CDR3)J combinations between the two groups (Figure 5B and C). Furthermore, we
analyzed the number of different TRBV clonotypes of distribution with respect to the different frequency of V/D/J. The
number of V/D/J combinations were divided into five groups (>1%, 0.1~1%, 0.01~0.1%, 0.001~0.01%, and <0.001%,
respectively) and there was no remarkable difference between the two groups (Figure 5D).

Special CDR3 Motif Also Reported by Others
The special CDR3 motifs of BV27/J1-1, /J2-5, and BV7-9/J2-5 were also identified in Deulofeut H’s report.19 In their
report, the motifs were presented as “NTE”, “QETQ”, and “GG-Q (E)-ETQ”, although they used the first generation

Figure 1 Clonal distribution and diversity of TRBV repertoires in HepB vaccine responders and non-responders. (A) The number of unique CDR3s. (B) Ratio of counts
between unique CDR3 and total CDR3s identified in HepB vaccine responders and non-responders. Data points represent the counting ratio between unique CDR3 and
total CDR3 in the TR repertoire of each individual. The bars depict the mean (±SEM) of the groups when data are non-normal distribution, and the differences compared
using the Mann–Whitney test. (C) The distribution of TRBV frequencies are presented through the measurement of Shannon index (diversity) and (D) clonality. Each dot
represents the diversity or clonality of each subject, and bars show the mean (±SD) of the groups. The differences are compared using two-tail unpaired t-test when data are
normal distribution.
Abbreviations: SEM, standard error of the mean; SD, standard deviation.
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sequencing method (ABI 373) and the given V, J and CDR3 shown in Supplementary Table S3. These motifs were
also determined in most CDR3s of identical V-J combinations in the present study (Table 2 and 3). Additionally, the
motif “KLNSPL”, “GNEQ”, “LLRWYGY” were determined in the most CDR3s in BV27/J1-6, BV27/J2-7, and BV7-
9/J1-2, respectively, for responders in the present study (Tables 2 and 3), to our knowledge, which is reported for the
first time. Furthermore, we compared the similarity of CDR3 clonotypes, regarding the Morisita-Horn similarity index
(MHSI), intra responder comparison was significantly higher than that of inter groups (responders vs non-responders)
comparison (Figure S1A). Additionally, for BUB index, demonstrated no significant difference among them
(Figure S1B).

Discussion
The present study provides a comprehensive profile of the IR (TRB) in PBMCs from HepB vaccine responders and non-
responders, and reveals several preferential CDR3 motifs that may be related to HepB vaccine positive response,
although it needs further confirmation that the dominant motifs of CDR3 are specific to the HepB vaccine. The results
will contribute to interpreting the underlying immune mechanism of recipient positive responses to the HepB vaccine and
the developing of an optimized HepB vaccine.

HepB vaccination can play an efficacious preventive and control effect on HBV infection and effectively reduce the
infection rate of hepatitis B.22 HepB vaccine, like the common antigen, enters the host, activates and makes B cells to
produce antibodies through a series of processes. In the series of immune response processes, CD4+ Th2 is required to
assist in the normal activation of B cells, thus the B cells transform into plasma cells and production of antibody against

Figure 2 Comparison of the frequency, counts, and length distribution of TRB CDR3 between HepB vaccine responders and non-responders. (A) Cumulative frequency of
top 100 CDR3s (CF100) in HepB vaccine responders and non-responders. Data points represent the CF100 in the total repertoire of each subject, and bars depict the mean
(±SD) of the percentages of each subject. (B) The number of CDR3s with different frequency distribution range. Data are presented as Box and whiskers (5–95% percentile)
of each subject, in which the middle solid line is the median count of CDR3s, the highest and lowest horizontal lines represent the 5th, and 95th percentiles. The p values of
comparisons were calculated using the Mann–Whitney test, *p < 0.05. (C) Cumulative frequency of CDR3 distributions range. Data are presented as mean (±SD) of each
subject using histogram. Normality of average value of cumulative frequency is detected by the Shapiro–Wilk test. (D) Comparison of the average of CDR3 length
distribution between HepB vaccine responders and non-responders. Data points represent the CDR3 length average of each individual, and bars depict the mean (±SD) of
subjects.
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HBV occurs.23 Moreover, the T cell demonstrates a special binding of the hydrated antigen presented by APCs using
CDR1~3 (CDR3 mainly), which results in T cell activation and converts to antigen-specific T cell clones embodied by
CDR3 on the cell membrane.24,25 Meanwhile, CD8+ T cells are also involved in the specific immune responses to the
various antigens of HBV.9,26

HTS has the features of sensitivity, efficiency and accuracy, and is widely used to determine the IR of BCR and TCR
in recent years.27,28 In the immune system, the higher the diversity of immune cells, the higher their stability, so the
stronger their ability to resist the foreign antigen invasion of pathogens. On the contrary, if the diversity of immune
systems is low, that is, the number of clonotype is less, which indicates that it is more susceptible to foreign
pathogens and infections.29 In our previous study, we reported the diversity and distribution characteristics of the IR
(TRB) based on the V(CDR3)J of TRBV with small cases, and there are no significant differences between the subjects
with and without responding to HepB vaccination.18 However, the Shannon index based on CDR3 is significantly higher
in the HepB vaccine responders compared to that in non-responders. Similarly, the CF100 is significantly lower in
responders. These suggest that responder resistance to HBV infection is associated with higher TCR diversity. Moreover,
the expression of V-J combinations are clustered in the non-responders, not in the responders, which confirms the greater
the diversity of TRB present in the responders. Therefore, the changing CDR3 sequences can be used as biomarkers for
promising clinical applications of diagnosis and vaccine development.30 Moreover, the diversified distribution of the
V-J gene combinations could be associated with positively responding to HepB vaccine in recipients.

Under normal circumstances, the recipients will have an immune response to a vaccine and produce a specific
antibody against vaccine segments with the help of T cells (binding to specific TCR).31 In the present study, high
frequency usage of the TRBV28 family was found in the HepB vaccine responders and non-responders, and the

Figure 3 Distribution features of CDR3 length, TRBV, and BJ gene of the T cell clonotypes in HepB vaccine responders and non-responders. (A) The profile of CDR3 length
distribution. (B) Percentage frequency of TRBV sub-families merged. The number after “*” represents the number of sub-families in this TRBV family, such as TRBV7*8
means the TRBV7 family including 8 sub-families. (C) The detail of 8 sub-families of the TRBV7. (D) Thirteen BJ families. Data show mean (± SEM) frequency of each subject.
Data were compared using the Mann–Whitney test, *p < 0.05. Among all TRBV families, only the TRBV27 and BV7-9 have significantly different expression between the two
groups (p = 0.0338, 0.0258), and the TRBV17, BV23-1, BV26 are low expressions or even undetectable in the most individuals.
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Table 2 CDR3 Motif of High Expression in TRBV27 Combined with BJ1-1/J1-2/J1-4/J1-6, and BJ2-5/J2-7 in Hepatitis B Vaccine
Responders Compared with Those in Non-Responders (Frequency >0.02% Shown Only)

V Gene J Gene CDR3 Number Frequency (%)

TRBV27*01 TRBJ1-1*01 CASSLGQGKAF 8171 0.18690

TRBV27*01 TRBJ1-1*01 CASSAVRGGNTEAF 3361 0.10082

TRBV27*01 TRBJ1-1*01 CASSLGGGLTEAF 4058 0.09733
TRBV27*01 TRBJ1-1*01 CASSNNRGWGKTEAF 4076 0.09402

TRBV27*01 TRBJ1-1*01 CASSPRTNTEAF 1944 0.05831

TRBV27*01 TRBJ1-1*01 CASSLAGPDTTRNTEAF 1355 0.04064
TRBV27*01 TRBJ1-1*01 CASAQWDMNTEAF 1636 0.03924

TRBV27*01 TRBJ1-1*01 CASRRSGTEAF 828 0.02698
TRBV27*01 TRBJ1-1*01 CASTGSTEAF 1163 0.02660

TRBV27*01 TRBJ1-1*01 CASSLRTGNTEAF 835 0.02016

TRBV27*01 TRBJ1-2*01 CASSLTALNYGYTF 1656 0.03865
TRBV27*01 TRBJ1-2*01 CASRKTGAGYTF 1282 0.02932

TRBV27*01 TRBJ1-2*01 CASSYGQGLGYTF 1165 0.02719

TRBV27*01 TRBJ1-2*01 CASSLVGDYGYTF 1164 0.02662
TRBV27*01 TRBJ1-2*01 CASTDRDRGYGYTF 1035 0.02367

TRBV27*01 TRBJ1-2*01 CASSLSGGLGYTF 938 0.02189

TRBV27*01 TRBJ1-2*01 CASSFQGNYGYTF 929 0.02168
TRBV27*01 TRBJ1-2*01 CASKGSYGYTF 940 0.02150

TRBV27*01 TRBJ1-2*01 CASSFVGQYYGYTF 643 0.02095

TRBV27*01 TRBJ1-2*01 CASSPAQGAGYTF 915 0.02093
TRBV27*01 TRBJ1-4*01 CASRSFSGGGEKLF 4253 0.10268

TRBV27*01 TRBJ1-4*01 CASMGSGEKLF 943 0.02157

TRBV27*01 TRBJ1-6*01 CASSKLNSPLHF 16464 0.38215 a

TRBV27*01 TRBJ1-6*02 CASSKLNSPLHF 16023 0.37191
TRBV27*01 TRBJ1-6*01 CASSLRGNSPLHF 1592 0.03734

TRBV27*01 TRBJ1-6*02 CASSLRGNSPLHF 1591 0.03731
TRBV27*01 TRBJ2-5*01 CASRSTGLYQETQYF 9661 0.23483
TRBV27*01 TRBJ2-5*01 CASSPEQWGETQYF 6236 0.15158

TRBV27*01 TRBJ2-5*01 CASSLLAGNPGTQYF 5373 0.12378
TRBV27*01 TRBJ2-5*01 CASSSAGTAQETQYF 1786 0.04189

TRBV27*01 TRBJ2-5*01 CASIHPTQYF 1199 0.02812

TRBV27*01 TRBJ2-5*01 CASSLGQGMAETQYF 986 0.02255
TRBV27*01 TRBJ2-7*01 CASSFLPSRQGNEQYF 11354 0.26605
TRBV27*01 TRBJ2-7*01 CASSHHTDEQYF 7877 0.18283

TRBV27*01 TRBJ2-7*01 CASSRDSSYEQYF 6583 0.15438
TRBV27*01 TRBJ2-7*01 CASSRRGSRADEQYF 3822 0.08871

TRBV27*01 TRBJ2-7*01 CASSFESNYEQYF 3372 0.08085

TRBV27*01 TRBJ2-7*01 CASSLRWGSSGSYEQYF 2746 0.06374
TRBV27*01 TRBJ2-7*01 CASSSRLAGGTYEQYF 2367 0.05494

TRBV27*01 TRBJ2-7*01 CASIYEQYF 2394 0.05476

TRBV27*01 TRBJ2-7*01 CASSTPGVSLYEQYF 2028 0.04929
TRBV27*01 TRBJ2-7*01 CASRYAGGPMAEQYF 1610 0.03776

TRBV27*01 TRBJ2-7*01 CASSKLAGEQYF 1330 0.03087

TRBV27*01 TRBJ2-7*01 CASSSAPWDREGYEQYF 1256 0.03053
TRBV27*01 TRBJ2-7*01 CASSRRTGSYEQYF 1299 0.03015

TRBV27*01 TRBJ2-7*01 CASRTRPDRDEQYF 1206 0.02892

TRBV27*01 TRBJ2-7*01 CASSAGTAFYEQYF 1205 0.02756
TRBV27*01 TRBJ2-7*01 CASSLNPQVEQYF 1130 0.02709

TRBV27*01 TRBJ2-7*01 CASRRDPYEQYF 1156 0.02644

TRBV27*01 TRBJ2-7*01 CASSLLGGRTYEQYF 1113 0.02610

(Continued)
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percentage of the BV27 and BV7-9 gene families were significantly increased for responders, which suggested that the
highly expressed TRB families are involved in the immune response to the HepB vaccine, although there is a lack of
a non-vaccinated control group. Furthermore, the higher frequencies of CDR3s with “NTE”, “QETQ” and “GG-Q (E) -
ETQ” motifs, respectively, were presented in BV27/J1-1, BV27/J2-5, and BV7-9/J2-5 for the responders after HepB
vaccination, whereas those were lower in non-responders, indicating that the CDR3 motifs were related to vaccine
immunity32,33. Furthermore, the three CDR3 motifs were also reported by another group, although the report had only
two samples and used the first generation sequencing technique.19 It was speculated that the antigen segments of HepB
vaccine stimulated and promoted the special proliferation of T cells with determined CDR3 motifs, although the
specificity of T cells needs further be investigation in a future study.25

Additionally, there are several limitations to the study, we could not obtain the structure characteristics of the antigens
targeted by the dominant CDR3 determined here, although we could use bioinformatics analysis tools to predict the
antigens based on the motif of dominant CDR3.34 We did not investigate the role of the TRAV immune repertoire in

Table 2 (Continued).

V Gene J Gene CDR3 Number Frequency (%)

TRBV27*01 TRBJ2-7*01 CASSFQVSYEQYF 1076 0.02523

TRBV27*01 TRBJ2-7*01 CASSLAGSSYEQYF 1048 0.02397

TRBV27*01 TRBJ2-7*01 CASRSLGHEQYF 1004 0.02355
TRBV27*01 TRBJ2-7*01 CASSFSGGYYEQYF 964 0.02261

TRBV27*01 TRBJ2-7*01 CASSSSLAVAYEQYF 944 0.02214

TRBV27*01 TRBJ2-7*01 CASSFGPGLAGEQYF 915 0.02194
TRBV27*01 TRBJ2-7*01 CASSSRTGRYEQYF 945 0.02162

TRBV27*01 TRBJ2-7*01 CASSLGGQTSSYEQYF 867 0.02033

Note: a Frequency >0.2% displayed in bold.

Table 3 CDR3 Motif of High Expression in TRBV7-9 Combined with BJ2-5/J1-6/J1-2 in Hepatitis B Vaccine Responders
Compared with Those in Non-Responders (Frequency >0.02% Shown Only)

V Gene J Gene CDR3 Number Frequency (%)

TRBV7-9*05 TRBJ2-5*01 CASRNHRGGQETQYF 7076 0.1632

TRBV7-9*02 TRBJ2-5*01 CASRNHRGGQETQYF 5796 0.1337
TRBV7-9*07 TRBJ2-5*01 CASRNHRGGQETQYF 1305 0.0301

TRBV7-9*02 TRBJ2-5*01 CASSSASGGAPQETQYF 1174 0.0269

TRBV7-9*02 TRBJ2-5*01 CASSLGQGEYQETQYF 3416 0.0788
TRBV7-9*01 TRBJ2-5*01 CASSLGQGEYQETQYF 3183 0.0734

TRBV7-9*01 TRBJ1-6*01 CASSLGDSGSPLHF 3052 0.0732

TRBV7-9*01 TRBJ1-6*02 CASSLGDSGSPLHF 2999 0.0719
TRBV7-9*02 TRBJ1-6*02 CASSLGDSGSPLHF 2869 0.0688

TRBV7-9*02 TRBJ1-6*01 CASSLGDSGSPLHF 2760 0.0662

TRBV7-9*02 TRBJ1-2*01 CASSLLRWYGYTF 9710 0.2156 a

TRBV7-9*01 TRBJ1-2*01 CASSLLRWYGYTF 9051 0.2010
TRBV7-9*01 TRBJ1-2*01 CASSVNLRGYTF 1136 0.0252

TRBV7-9*02 TRBJ1-2*01 CASSVNLRGYTF 1055 0.0234
TRBV7-9*02 TRBJ1-2*01 CASSFSLAEHNYGYTF 2013 0.0483

TRBV7-9*01 TRBJ1-2*01 CASSFSLAEHNYGYTF 1180 0.0283

TRBV7-9*01 TRBJ1-2*01 CASSFNYGYTF 780 0.0254
TRBV7-9*02 TRBJ1-2*01 CASSFNYGYTF 619 0.0202

Note: a Frequency >0.2% displayed in bold.
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responding to the HepB vaccine, which could be helpful in explaining the failure of the HepB vaccine. Moreover, it is
significant to isolate subsets of T cells (such as the CD4+, CD8+ and CD45+ subsets) and perform a more detailed
analysis, and the single cell sequencing technique may better solve this item at present.35 Additionally, we found that the
relatively conservative motifs “KLNSPL”, “GNEQ”, “LLRWYGY” were separately determined in the most CDR3s of
BV27/J1-6, BV27/J2-7, BV7-9/J1-2 combinations in HepB vaccine responders for the first time, which should be
confirmed in a future study.

Conclusion
In the present study, the effect of HepB vaccination on the diversity and immunological characteristics of TRB CDR3 in
the recipient can be effectively analyzed by HTS and bioinformatics analysis. Our results prove the feasibility of using
TRBV IR for distinguishing the HepB vaccine responders from non-responders and suggest the high diversity and
Gaussian distribution of components in the TRB CDR3 library be associated with a favorable response to the HepB
vaccine and the specific CDR3 motifs determined could be potential novel targets with promising clinical and therapeutic
applications, especially in the designing of HepB vaccines.

Figure 4 Profile of TRBV/BJ combination in HepB vaccine responders and non-responders. (A) Heat map of V-J gene combinations for the HepB vaccine responders, and
(B) non-responders from IMGT/Stat clonotype analysis shows there are some different V-J gene combinations between the two groups. Such as, the 60 TRBV families are
obviously clustered into four groups in non-responders, and the 13 TRBJ families are obviously divided into two groups, which both are not found in responders.
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