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Primary biliary cholangitis (PBC) is considered as a model of organ-specific autoimmune disease based on the
serological findings of anti-mitochondrial antibodies (AMA), infiltrates of T cells, and selective destruction of
epithelial cells in the liver. T-cell-mediated autoimmune mechanisms are considered to be involved in the pa-
thogenesis of primary biliary cholangitis (PBC). In this context, we used a combination of multiplex-PCR,
Illumina sequencing and IMGT/HighV-QUEST for a standardized analysis of the T cell receptor -chain (TCRf)
repertoire of CD4 *naive T cells in PBC patients compared with healthy volunteers. Nonfunctional TCRs were
used to study the pre-selection TCR repertoire, as they are not subject to functional selection (positive and
negative selection). Functional TCRs were used to study the post-selection TCR repertoire. The results showed
that there was not significant difference between PBC patients and healthy volunteers in TCRP diversity, CDR3
length distributions, degree of sequence sharing, and usage frequency of TRBV and TRBJ segments, no matter in
Pre-selection or Post-selection repertoires. In conclusion, early events in thymic T cell development and re-
pertoire generation are not abnormality in PBC patients. The breakdown of self-tolerance to autoantigen may be

derived from other immunological dysregulation or environmental agents.

1. Introduction

Primary biliary cholangitis (PBC) is an autoimmune chronic chole-
static liver disease characterized by the presence of progressive in-
flammation, antimitochondrial antibodies (AMA), and destruction of
interlobular bile ducts in the liver (Tanaka et al., 2019). The major
antigens recognized by AMA have been identified as the E2 component
of the pyruvate dehydrogenase complex (PDC-E2) (Younossi et al.,
2018). Although the causative factors of PBC are still unknown, sus-
ceptibility genes and environmental risk factors such as infections (i.e.
Escherichia coli) have been reported as important for the development of
the disease (Koutsoumpas et al., 2014; Im et al., 2018). The mechanisms
involved in the breakdown of self-tolerance is one of the most im-
portant issues in defining the basis of PBC. T lymphocytes play a pivotal
role in this process (Jiang et al., 2018). The ability of the human T cell
repertoire to recognize vast array of pathogens and initiate specific
adaptive immune responses depends on the versatility of the T cell
receptor (TCR), which consists of two disulphide- linked a and {3 chains

both containing a variable (V), joining (J) and constant region together
with a diversity (D) region in the B-chain (Hou et al., 20164, b, c). Three
hypervariable complementary determining regions (CDRs) (CDRI1,
CDR2, CDR3) have been found in the variable regions of -chain. The
CDR3 loops, which are somatically hypervariable, are generated by
recombination of the germline V, D, and J gene segments and the de-
letion and insertion of nucleotides at the V(D)J junctions (Hou et al.,
20164, b, c). As CDR3 interacts most closely with the antigenic peptide,
the diversity of CDR3 sequences provide a measure of T cell diversity. It
is worth noticing that TCR locus recombination events can produce
nonfunctional (out-of-frame) TCRs with frameshifts or stop codons
(Zvyagin et al., 2014; Larimore et al., 2012). In this case, the T cell tries
to arrange the second allele, and if the successful (in-frame) TCR for-
mation occurs, the T cell carries both functional and nonfunctional TCR
genes (Zvyagin et al., 2014). Although the nonfunctional TCR genes do
not translate into functional TCRP chains, the corresponding RNA is
still present in the T cell at some concentration. Nonfunctional TCRs can
be representative of the pre-selection TCR repertoire, as they are not
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Table 1

Clinical data of patients with PBC.
Case Age Sex ALT AST GGT ALP AMA

(U/L) (U/L) (U/L) (U/L) (RU/ml)

1 64 F 32 41 82 131 1079
2 48 F 15 18 78 70 266
3 55 F 15 23 96 107 765
4 65 F 46 58 652 274 537
5 44 F 16 18 162 64 125
6 60 F 26 27 174 102 542
7 41 F 7 17 146 52 916
8 51 F 41 33 184 169 576

ALT, alanine transaminase, normal: 5~ 35U/L; AST, aspartate transaminase,
normal: 8 ~40U/L; GGT, Gamma-glutamyl transpeptidase, normal: 7 ~ 32U/L;
ALP, alkaline phosphatase, normal: 40 ~150U/L; AMA, antimitochondrial an-
tibody, normal < 20RU/ml.

subject to functional selection (positive and negative selection)
(Murugan et al., 2012; Robins et al., 2010, 2009). In addttion, func-
tional TCRs can be used to study the post-selection TCR repertoire.

A recent study shown that type 1 diabetes (T1D) patients present
alterations in the pre-selection TCRp repertoire, indicating that early

Table 2
TCRf3 CDR3 sequence statistics.

Molecular Immunology 116 (2019) 167-173

events in thymic T cell development and repertoire generation are ab-
normal in T1D (Gomez-Tourino et al., 2017). As similar to T1D, PBCis a
chronic inflammatory autoimmune disease. In this study, we used deep
sequencing technologies to study the TCRB CDR3 repertoire of per-
ipheral CD4 +naive T cells in PBC patients compared with healthy
volunteers, and focused on both functional and nonfunctional TCRf
sequences, to clarify whether the early differentiation and development
of T cell is abnormal in PBC patients.

2. Material and methods
2.1. Study group

Eight female patients with PBC of early histological stages (stage I-
II) were studied. All the patients were diagnosed according to estab-
lished criteria (Carey et al., 2015), and did not have other serious dis-
eases or health problems, such as tumors, hepatitis infection, obesity,
diabetes, circulatory system diseases, cardiorenal dysfunction, or ner-
vous system diseases. All of the PBC patients were AMA-positive (mean
age 54 years, range 41-65). Patient characteristics at the time of study
were shown in Table 1. In addition, some patients underwent ultra-
sonically guided liver biopsy, which also showed cholestatic features

Sample name Total reads (pair) Filter rate (%) All reads number

Total input sequences

Total good sequences Unique CDR3 nucleotide Out of frame Clones

sequences (%)
PBC-1 6095193 0.13% 6087072 5999209 3163341 218575 4.58
PBC-2 8099529 0.14% 8088305 7962843 4385175 563370 3.64
PBC-3 6855542 0.11% 6847993 6767743 3961804 299799 6.11
PBC-4 6438729 0.17% 6427496 6328257 6209473 579667 5.82
PBC-5 7232730 0.15% 7221705 7109229 4414385 195672 4.72
PBC-6 7629463 0.19% 7615296 7492513 7349347 652858 4.71
PBC-7 8093578 0.14% 8082523 7955482 3404486 354860 4.66
PBC-8 7889480 0.20% 7873842 7713814 7571239 466052 7.23
HC-1 8781091 0.14% 8768909 8632742 4487429 347615 7.31
HC-2 9385995 0.12% 9374287 9231362 5234419 307521 5.37
HC-3 8297001 0.16% 8283897 8116398 3876389 311737 5.47
HC-4 5741439 0.19% 5730349 5668463 5569711 453239 5.55
HC-5 3602206 0.11% 3598274 3551444 3412236 540826 5.68
HC-6 6893352 0.18% 6880663 6783193 6014041 523693 4.81
HC-7 8339048 0.16% 8325850 8213666 4897343 218476 7.30
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(Fig. S1). Seven healthy, volunteer members of staff (mean age 55
years, range 43-63, five female), all AMA negative, were tested as
normal controls.

This study was conducted in accordance with the tenets of the
Declaration of Helsinki and was approved by the Ethics Committee of
the First Affiliated Hospital, College of Medicine, Zhejiang University,
China (Ref No 2015-313). All the participating individuals provided
their written informed consent.

2.2. T cell isolation and RNA extraction

Peripheral blood mononuclear cells (PBMCs) were isolated from
20 mL of whole blood from healthy volunteers and PBC patients using
Ficoll gradients (Hou et al., 2017). CD4*CD45RA™ T cells were iso-
lated using the BD FACSAria cell-sorting system (BD Biosciences) with
the following antibodies: anti-CD4 PerCP-Cy5.5 (OKT4) and anti-
CD45RA APC (HI100) (Fig. S2). All sorted populations were over 1.5
million cells and > 95% pure as confirmed by FACS-analysis. RNA was
immediately extracted from sorted cells using TRIzol Reagent (In-
vitrogen) according to the manufacturer’s instructions. The final pro-
duct was air dried and dissolved in diethypyrocarbonate-treated water
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for construction of the library and high-throughput sequencing (HTS).

2.3. Sequencing of TCRp repertoires and bioinformatic analyses

We purified RNA (RNEasy, QIAGEN), generated a cDNA template
(Superscript III, Invitrogen). To generate the template library for the
[lumina HiSeq machine (Illumina, San Diego, Calif), a multiplex PCR
system was designed to amplify all possible rearranged TCRf3 CDR3
regions from the whole cDNA sample. The method used 32 forward
primers specific to all TCR VP gene segments and 13 reverse primers
specific to all TCR J gene segments. The details of the method of li-
brary construction and high-throughput sequencing were derived from
earlier published work (Hou et al., 2016a, b, ¢). MiTCR software was
used to correct the sequencing errors and PCR amplification bias
(Bolotin et al., 2013). In addition, algorithms to eliminate PCR and
sequencing errors for the Illumina platform was executed according to
the previous description (Hou et al., 2016a, b, c; Zhang et al., 2015;
Bolotin et al., 2012). Both the TCR3 CDR3 region was delineated ac-
cording to the definition established by the International Im-
MunoGeneTics collaboration (Lefranc, 2003). Sequences that did not
match CDR3 sequences were excluded from the analysis. A standard
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Fig. 2. Clonal abundance distribution of CD4 + naive T cells in patients with PBC and healthy individuals. The abundance of these TCRfs was characterized further
in 3 groups based on the reads detected by sequencing per distinct TCRf: low (1-10 reads), medium (11-100 reads), and high (> 100 reads), as the percentages of
total distinct TCR sequences in the Pre-selection (A) and Post-selection repertoires (B). Data were presented as the mean = SEM values for each group, and

compared using the t-test.
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algorithm was used to identify which V, D, and J segments contributed
to each TCR} CDR3 sequence (Yousfi et al., 2004). In addition, the
frequency of expression of each distinct DNA sequence, amino acid
sequence, and V-J combination was determined. The diversity of the
TCR repertoire was assessed based on earlier published work (Liaskou
et al., 2016).

2.4. Statistical analysis

If not otherwise stated, data were presented as the mean + SD
values or as percentages (%). Statistical significance was calculated
using the unpaired t-test or two-way ANOVA test by SPSS20. P va-
lues < 0.05 were considered significant.

3. Results

Using HTS, we sequenced the TCRf CDR3 repertoires from
CD4*CD45RA™ T cells collected from the peripheral blood of PBC
patients (PBC group) and healthy individuals (NC group). We collected
an average of 7.29 million reads, which met our quality requirements.
Low-quality reads were filtered for quality using previously described
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criteria. On average, 0.15% (range, 0.11-0.20%) of reads were filtered
out, yielding an average of 6.527 (range, 3.132 ~9.549) million reads
per sample. The identified number of clonotypes was different for each
individual, varying from ~190,000 to nearly 650,000. A portion of
each library was comprised by the out-of-frame clonotypes representing
the nonfunctional TCR sequences formed during the recombination
step. The percentage of such sequences was different for each sample,
varying in most cases from 3.64% to 7.31% (mean value, 5.53%). A
detailed description of the reads and clones distribution was displayed
in Table 2.

3.1. Similar diversity of T-cell repertoire

To quantify TCR diversity in each group, several evaluation
methods were implemented. The percentage of unique clonotypes in
the total TCRf} repertoire was calculated in each of the samples. This
percentage was 20.49 * 3.23% and 8.07 = 2.62% in the Pre-selection
and Post-selection repertoires of PBC patients, respectively, and it was
similar for healthy individuals, with 18.24 * 4.51% and
8.14 + 3.55% in the Pre-selection (Fig. 1A) and the Post-selection re-
pertoires (Fig. 1B), respectively. Moreover, clonal expansion was
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Fig. 3. The distribution of CDR3 nucleotide lengths was similar between PBC and NC group. Comparison of TCRf3 CDR3 nucleotide length between the PBC patients
and healthy individuals in the Pre-selection (A) and Post-selection repertoires (B). The mixed effects two-way ANOVA calculated P values for overall differences

between PBC and NC group.
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Fig. 4. Overlap indices were compared between PBC and NC group. Overlap
indices were calculated for the Pre-selection (A) and Post-selection (B) TCRf
repertoires from 7 healthy donors and 8 PBC patients. The TCRf overlap was
calculated based on the number of common nucleotide sequences in each
sharing category (summed across all subjects in which this sequence was
found)—(Percentage(n) = number of common nucleotide sequences appeared
in = n subjects / total number of nucleotide sequences in sample). Data were
presented as the mean + SD values, and compared using the t-test. *P <
0.05, **P < 0.01.
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assessed by calculating the cumulative percentage of the repertoire that
was constituted by the top 100 TCRf nucleotide sequences. We found
that the average fraction of the top 100 TCRP sequences was also si-
milar for PBC group (9.16% and 5.67%) and NC group (8.83% and
6.27%) in the Pre-selection (Fig. 1C) and Post-selection repertoires
(Fig. 1D), respectively. The abundance of TCRfBs was further char-
acterized in 3 groups based on the reads detected by sequencing per
distinct TCRP: low (1-10 reads), medium (11-100 reads), and high (>
100 reads), as the percentages of total distinct TCR} sequences. We
found that there was no difference in each group, no matter in Pre-
selection (Fig. 2A) or Post-selection repertoires (Fig. 2B). Therefore, the
diversity of T-cell repertoire did not differ significantly between the
PBC and NC groups.

3.2. CDR3 length distributions and overlap degree was similar

TCR[3 CDR3 loops can vary in both length and sequence, allowing
for the ability to recognize diverse antigens. The distribution of CDR3
sequence lengths is another feature that provides an overall view of
repertoire composition. However, in this study, we found that the dis-
tributions of CDR3 lengths were similar between the PBC group and NC
groups, no matter in Pre-selection (Fig. 3A) or Post-selection repertoires
(Fig. 3B). Previous studies have shown that TCR CDR3 length was
associated with the degree of sequence sharing (Gomez-Tourino et al.,
2017). To examine this we calculated the overlap indices of TCRf nu-
cleotide sequences in each group. As shown in Fig. 4, the overlap degree
in PBC group did not differ significantly from that of controls, no matter
in Pre-selection (Fig. 4A) or Post-selection repertoires (Fig. 4B), except
one or two subclass were different.

3.3. Similar usage frequency of TRBV and TRBJ segments

Then, to identify whether there was a skewed and restricted VDJ
segment usage in PBC patient, we compared the TRV (Fig. 5) and TRfJ
repertoires (Fig. 6) between PBC group and NC group. First, to avoid
the distortion by dominant clones (high frequency clones), we carried
out on unique nucleotide sequences (irrespective of each clonotype
frequency). We found that the expression patterns of TRBV and TRBJ
repertoires did not differ significantly between PBC group and NC
groups, no matter in Pre-selection or Post-selection repertoires, and P
values were close to 1. In addition, we assessed the expression patterns
of TRBV and TRPBJ repertoires across the overall TCR-f3 repertoires
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Fig. 5. Usage frequency of TRBV segments was similar between PBC and NC group. Comparison of the usage frequency of TRBV segments in PBC patients and healthy
individuals in the Pre-selection (A) and Post-selection repertoires (B). The mixed effects two-way ANOVA calculated P values for overall differences between PBC and
NC group. Significant differences of TRBV segment usage between PBC and NC group were also indicated (unpaired t-test, mean * SD), After Bonferroni correction,

none of TRBV segments was found to be different.
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Fig. 6. Usage frequency of TRBJ segments was
similar between PBC and NC group.
Comparison of the usage frequency of TRBJ
segments in PBC patients and healthy in-
dividuals in the Pre-selection (A) and Post-se-
lection repertoires (B). The mixed effects two-
way ANOVA calculated P values for overall
differences between PBC and NC group.
Significant differences of TRBJ segment usage
between PBC and NC group were also indicated
(unpaired t-test, mean * SD), After
Bonferroni correction, none of TRBJ segments
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(including the abundance of each clonotype). There was still no sig-
nificant difference between the two.

4. Discussion

An essential characteristic of T lymphocytes is their ability, as a
population, to recognize an enormous number of peptide antigens. This
capability is essential to the function of the adaptive immune system
and is attributable to the diversity of the TCR they express (Hou et al.,
20164, b, c). A recent study shown that early events in thymic T cell
development and repertoire generation are abnormal in type 1 diabetes.
Primary biliary cholangitis (PBC) is also a chronic inflammatory auto-
immune disease (Gomez-Tourino et al., 2017). In the present study, we
used next-generation sequencing to comprehensively characterize the
TCR[3 CDR3 repertoire of peripheral CD4 + naive T cells in PBC patients
and healthy volunteers. We found that there was not significant dif-
ference between PBC patients and healthy volunteers in TCRp diversity,
CDR3 length distributions, degree of sequence sharing, and usage fre-
quency of TRBV and TRBJ segments, no matter in Pre-selection or Post-
selection repertoires. Therefore, the TCRf} repertoire of CD4 + naive T
cells was no abnormality in PBC patients, which might indicate that the
early differentiation and development of T cells, including somatic V(D)
J recombination and selection process (positive and negative selection),
was not abnormality in PBC patients.

To our knowledge, the data presented here are the first global TCRf
CDR3 repertoire analysis of PBC patients at the CD4 +naive T cells
level. Relevant to this investigation, Bao and co-workers reported that
the PBC patients showed a lower level of diversity among the peripheral
CD4* TCR VP CDR3 than the healthy volunteers, and patients with
higher level progression of the disease showed a greater lack of di-
versity (Bao et al., 2015). In addition, several reports have been
available concerning the TCR analysis of T cells infiltrating in the liver.
Tsai et al. (1996) found the preferential V3 gene usage and conserved
residues at the CDR3 regions of the TCR B-chain in the liver infiltrating
T cells of two patients with PBC. Here are several possible explanations
for this discordance. Work carried out by Bao et al. (2015). (2015)
studied the TCRB CDR3 repertoire at CD4* T cells level, which in-
cluding naive T cells, effector T cells, and memory T cells. Following
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exposure to antigen, naive cells proliferate rapidly and differentiate into
effector cells, and a small number of them enter the memory pool.
Exogenous antigen (or autoantigen) challenge cause the excessive ab-
normal cloning of one or a few TRBV segments to produce a clone of
daughter cells all encoding the same TCR. Our previous experiments
demonstrated that TCRf} repertoire of CD4+/CD8+ memory T cells
was abnormal in PBC patients, and provided evidence of Escherichia coli
as triggering events in the breakdown of self-tolerance (Hou et al.,
2019). The dominant form of the cloned T cell may suppress the cloning
of other T cells, which may result in a skewed repertoire and decreased
immune function. With regard to the repertoire of T cells infiltrating in
the liver, the autoimmune process in PBC is main restricted to the liver,
and TCRf3 CDR3 repertoire is further shaped by the disease-causing
antigen. However, glycine (G) were common in the CDR3 nDn regions
whether in peripheral blood lymphocyte (PBL) or liver tissue of PBC
patients. In addition, in a study by Okamoto et al., they compared the
TCRJ} repertoire between the liver and PBL, and demonstrated that both
CD4 and CD8 T cell clones were expanded.

In conclusion, we used high-throughput sequencing to study the
TCRP repertoires of CD4* naive T cells from PBC patients, and de-
monstrated that early events in thymic T cell development and re-
pertoire generation was not abnormality in PBC patients. Other sus-
ceptible genes and environmental factors, lead to breakdown of
tolerance to PDC-E2 molecule at the T-cell level. Based on our research,
TCR-based immunotherapy of PBC may be more effective than that of
type 1 diabetes because the origin of TCRJ repertoire is normal.
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Appendix A. Supplementary data

Supplementary material related to this article can be found, in the
online version, at doi:https://doi.org/10.1016/j.molimm.2019.09.019.
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