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Abstract

between active TB and LTBI subjects.

with active TB or LTBI.

Background: T cells are closely linked to the clinical manifestations of subjects with Mycobacterium tuberculosis
(MTB) infection. T cell receptor beta variable (TCRBV) is a signal and indicative molecule on the membrane of

T lymphocytes, reflecting the composition and specificity of T cells. The molecular profiles of TCRBV in peripheral
blood mononuclear cells (PBMCs) and their subpopulations (CD4" and CD8" T cells) from subjects with active
tuberculosis (TB) or latent TB infection (LTBI) have not been well described.

Methods: In 42 subjects with active TB or LTBI, PMBCs and their subsets were separated and sorted. The molecular
profiles of the TCRBV complementarity determining region 3 (CDR3) in the three cell populations were investigated
using our recently developed gene melting spectral pattern (GMSP) assay. The TCRBV members were then cloned
and sequenced when their GMSP image profiles showed a single-peak.

Results: The average number of skewed TCRBV molecules in the CD4" cell subset was significantly higher than that
in PBMCs and CD8" T cells. TCRBV12, BV13.1, BV13.2, and BV24 were expressed more prevalently than other TCRBY
gene families in the three cell populations. In addition, relatively conserved amino acid motifs were identified in
TCRBVS.1 and BV20 CDR3 in PBMCs and its subsets. The monoclonal TCRBV14 and BV23 expressed were different

Conclusions: These results indicate that the T cell immune response is complex and multi-specific in active TB and
LTBI subjects. Analysis of TCRBV expression in CD4™ T cells suggest that it could be useful in assessing the
composition and status of circulating T cells. Furthermore, the expression of TCRBV14, BV23 and the sequencing of
CDR3 amino acid motifs of TCRBV5.1, BV20 could be used in the differential diagnosis and treatment of subjects

Background

Tuberculosis (TB) is the most common opportunistic in-
fection caused by Mycobacterium tuberculosis (MTB), and
is a serious global public health problem. According to the
2012 World Health Organization (WHO) report, about 1.4
million people, of which 500,000 were female, died from
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MTB infection. About 8.7 million subjects were newly
infected with TB in 2011, including 500,000 children [1].
Clinical experience suggests that early diagnosis and
treatment are key to improving the prognosis of TB pa-
tients, and are important factors in controlling the spread
of TB [2], significantly reducing fatality. The commercial
enzyme-linked immunospot assay (T-SPOT.TB) based
on the interferon (IFN)-gamma release assay (IGRA) is
useful in diagnosing subjects infected with MTB, with
high sensitivity and specificity [3,4]. The T-SPOT.TB
assay can help to distinguish subjects with latent TB
infection (LTBI) from those vaccinated with Bacillus
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Calmette-Guerin (BCG) [5,6], but cannot directly distin-
guish between subjects with active TB and LTBI [7,8].

T cells play a key role in the control of MTB infection in
vivo, especially the CD4" T cell population [9-11]. The
T cell receptor (TCR) repertoire can reflect the specificity,
status, and composition of T cell populations. However,
the molecular characterization of TCRBYV in the peripheral
blood of subjects with MTB infection is not well described
[12]. Characterization of the TCR repertoire of T cells and
its subsets (CD4" and CD8" T cells) in MTB subjects may
help clarify the role of T cells in TB pathogenesis. Further-
more, understanding the difference in TCR expression
between active TB and LTBI, may aid diagnosis and the
development of personalized treatment in subjects with
MTB, especially in active TB patients. In this study, CD4"
and CD8" T cell subsets were obtained using a magnetic
bead separation technique, and characterization of the
TCRBV CDR3 in these cell populations as well as in per-
ipheral blood mononuclear cells (PBMCs) from subjects
with active TB or LTBI was investigated using gene melt-
ing spectral pattern (GMSP) assay.

Methods

Subjects

All participants were recruited in the First Affiliated
Hospital, College of Medicine, Zhejiang University over
a 6-month period from November 2011 through April
2012. A heparinized blood sample was drawn following
informed consent. The study was conducted according
to the guidelines of the Declaration of Helsinki. The
medical ethics committee of the First Affiliated Hospital,
Zhejiang University approved all procedures involving
human subjects.

Forty-two subjects with a positive T-SPOT.TB assay
were recruited. Of these, active TB was diagnosed in 22
cases including 15 with pulmonary tuberculosis, 4 with
pulmonary tuberculosis with pleurisy, 2 with pulmonary
tuberculosis and intestinal tuberculosis, and 1 case with
tuberculous pleurisy. These 22 cases had positive spu-
tum/bronchial alveolar lavage (BAL) acid fast bacilli
(AFB) stains and/or culture for MTB. Sputum and BAL
were cultured according to National Center for Clinical
Laboratory Standards for 6 weeks in a liquid (BACTEC
MGIT 960, BD Biosciences) and using a solid medium
(BD Biosciences). The remaining 20 cases had no history
of active tuberculosis, and the clinical diagnosis of latent
tuberculosis infection (LTBI) was based on nucleic acid
specimens tested positive by PCR for MTB and typical
imaging information. This pattern with LTBI was more
described in previously report [13]. Of these subjects, 1
also had irritable bowel syndrome (IBS), 3 had a small
ulcer, 2 had pericardial effusion and 1 had pleurisy, and
the remaining patients with latent pulmonary TB.
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Subjects were excluded if they were co-infected with
other infectious diseases, such as human immunodefi-
ciency virus (HIV), or overt cytomegalovirus (CMV) infec-
tion. Subjects with severe liver disease and kidney failure
were also excluded. None of the enrolled patients used im-
munosuppressive agents or enhancers. Additional infor-
mation on the enrolled subjects is shown in Table 1.

Isolation of PBMCs, CD4" and CD8" T cell sorted
Peripheral blood mononuclear cells (PBMCs) from 42
subjects with active TB or LTBI were obtained from fresh
heparinized blood by density gradient centrifugation on
Ficoll-Paque (CEDARLANE, Netherlands). CD4" and
CD8" T cells were positively selected from PBMCs using
anti-CD4/anti-CD8 monoclonal antibodies coupled to
antibody-coated magnetic beads (Miltenyi Biotec,
Bergisch Gladbach, Germany), according to the manu-
facturer’s instructions. Purity of the separated CD4" and
CD8" T cell populations were tested by Flow Cytometry
(FCM) analysis using FITC-labeled anti-CD4 and PE-
labeled anti-CD8 monoclonal antibodies, respectively. The
T cell subpopulations were found to be more than 95%
purity (data not shown).

RNA extraction and cDNA synthesis

Total RNA was extracted from PBMCs (CD4* and CD8*
T cell subpopulations) using a SV Total RNA Isolation
System (Promega, Madison, W1, USA) according to the
manufacturer’s instructions. RNA was quantified using a
NanoDrop® ND-2000 spectrophotometer (Thermo Fisher
Scientific, Wilmington, Delaware, USA), and its integrity
was confirmed electrophoretically (including 28S and
18S band on 2% agarose gel electrophoresis). Total
RNA was immediately reverse transcribed to cDNA
using the RevertAid First Strand ¢cDNA Synthesis Kit

Table 1 Demographic and clinical characteristics of the
subjects enrolled in the study®

Total number Active TB LTBI
(n=42) (n=22) (n=20)
Age 470+ 141 462+154 486+ 13.1
Male 26 15 1
BCG
Vaccinated 25 13 12
Unvaccinated 14 8 6
NA 3 1 2
T-SPOT. TB
Positive 42 22 20
Negative

2All enrolled subjects are Chinese Han population.

LTBI latent TB infection, TB tuberculosis, BCG Bacillus Calmette - Guerin,
T-SPOT. TB the commercial enzyme-linked immunospot assay,

NA not available.
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(MBI, Fermentas, EU) according to the manufacturer’s
instructions. Briefly, 1-5 pg total RNA was reverse tran-
scribed with OligodT g as primer in a 20 pL reaction
volume and stored at —25°C.

GMSP assay of TCRBV in PBMCs, CD4* and CD8" T cells
The GoTaq® qPCR Master Mix (with Rox™ dye)
(Promega, Madison, W1, USA) was used as the real-time
PCR kit. A Mastermix of 25 pl for each of the 28 reac-
tions containing 0.4 pM reverse primer TCRBC, and
50 ~ 150 ng template cDNA was prepared. For TCRBV
gene families specific amplification, the corresponding
forward primer (TCRBV1 ~ 24) was added to a final con-
centration of 0.4 puM. The real-time PCR reaction pa-
rameters were as follows: 2 min at 95°C to activate the
GoTaq enzyme, followed by 45 cycles at 95°C for 15 s,
56.0°C for 25 s, and 72°C for 35 s with a final extension
at 72°C for 8 min, following the PCR products melting
curve analysis. The peak shape pattern of the melting
curve for 24 TCRBV gene families was determined by
plotting the first negative derivative of the decrease in
fluorescence signal versus temperature (-dF/dT) versus
temperature (Tm), generating gene melting spectral pat-
terns (GMSPs) as previously reported [14,15]. The sim-
ultaneous amplification of TCR beta chain constant 1
(TCRBC1) and glyceraldehyde-3-phosphate dehydrogen-
ase (GAPDH) gene segments were used as positive
(monoclonal) controls.

Relative frequency of TCRBV families

The expressing frequency of each TCRBV family in T-
cell populations was calculated based on signal strength
of the real-time PCR reactions, and expressed as the ra-
tio of the copy number between TCRBV and GAPDH
(Rpvx - 2nCt (GAPDH)-Ct (BV")), where Ct refers to thresh-
old cycle. The relative TCRBVx gene frequency (%) was
calculated according to the following formula [16,17].

TCRBVx(%) = RBVx x 100/3 " RBVx

Identification of skewed TCRBV families

A skewed TCRB gene family was defined using the pro-
file of each GMSP image displayed by the software
(Opticon Monitor 3.0) attached to the M] Opticon 2
DNA engine (Bio-Rad, USA), and included two categor-
ies: 1) “Oligoclonal expansion”, appearing as a main peak
associated with other small peaks on the GMSP, and the
small peak with a height less than half the height of the
main peak; and 2) the “Monoclonal” category, with only
one main peak, and a very short small peak or no add-
itional peak. Further details are described in our previ-
ously published report [15].
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Cloning and sequencing

If a TCRBYV gene family showed a monoclonal GMSP pro-
file (single peak shape), the sample was selected for
cloning and sequencing to determine the degree of homo-
geneity within the CDR3 region. Briefly, the PCR products
were re-amplified using GoTaq DNA polymerase
(Promega, Madison, WI, USA) by touchdown PCR. The
parameters were as follows: pre-incubation at 95°C for
2 min, 95°C for 30 s, 60°C for 40 s, and 72°C for 45 s, for
8 cycles with annealing temperature decreasing 0.5°C per
cycle, and 95°C for 45 s, 56°C for 45 s, and 72°C for 50 s,
for 27 cycles. The cycling was followed by a terminal elong-
ation step at 72°C for 8 min. The nest-PCR products were
separated using 2% (0.5% Tris-buffered EDTA) agarose gels
(FMV BioProducts, Rockland, ME, USA), excised, and puri-
fied using a QIAEX gel extraction kit (Qiagen, Germany).
Purified PCR products were ligated into pGEMT-T using
the pGEM-3Z Cloning Kit (Promega, Madison, W1, USA)
according to the manufacturer’s instructions. Cloning de-
tails have been described previously [18]. The plasmid
DNA was sequenced using an ABI3730 DNA Sequencer
(Applied Biosystems, Foster City, CA, USA).

The resulting sequences (nucleotide) were compared
against sequences in the IMGT-LIGM database (http://
www.imgt.org), and translated into their correspon-
ding amino acids using Chromas software version
2.22 (Technelysium Ltd., South Brisbane, Queensland,
Australia). BLAST (http://blast.ncbi.nlm.nih.gov/Blast.
cgi) was used to define CDR3 and BJ segments in the
TCRBYV gene families [17,19].

Statistical analysis

All data were analysed using SPSS software version 16.0
(SPSS Inc., Chicago, IL, USA). The differences in skewed
TCRBV gene families within PBMCs (CD4" and CDS8"
T cells) from subjects with active TB or LTBI were analysed
using the Kruskal-Wallis H test or nonparametric Mann—
Whitney U test. Differences in the data between two
TCRBV families were examined using a y*-test or Student’s
t-test, with p < 0.05 considered statistically significant.

Results

Skewed TCRBV families within PBMCs, CD4" and CD8"
populations

It is well known that the profile of TCRBV gene families in
PBMCs from healthy donors often shows a multipeak-
shaped pattern (Gaussian distribution) [14]. Moreover, no
significant differences between vaccinated and unvaccin-
ated subjects in both adult groups with active TB and
LTBI were reported. In this study, the skewed TCRBV
families were compared within the PBMCs, CD4" and
CD8" T cell subsets isolated from subjects with active TB
or LTBL Of the three cell populations evaluated, the
TCRBV families in the CD4" T cell subset contained a
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greater number of skewed clonally expanded TCRBV fam-
ilies. Moreover, the average number of skewed (oligoclonal
and monoclonal) TCRBV families in the CD4" T cell
population was higher than that in the PBMCs and the
CD8" T cell subset (p <0.05, 0.01), and there was no sig-
nificant difference between the latter two cell populations
(Table 2).

In addition, there were fewer subjects with a normal
TCRBV pattern in the CD4" T cell population compared
with the two other cell populations, and four TCRBV
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gene families (BV12, BV13.1, BV13.2, and BV24) were
more prevalent than other TCRBV members in the three
cell populations derived from subjects with active TB or
LTBI (Table 2).

Skewed TCRBV profiles within CD4* and CD8"
populations

A greater number of skewed TCRBV families was
expressed in the CD8" T cell population from patients
with active TB than from those with LTBI (p < 0.05), and

Table 2 The frequencies of skewed TCRBV in CD4*, CD8" T cells and PBMCs of the subjects with active TB or LTBI°

TCRBV families CD4" T cells CD8" T cells Total PBMCs
Incidence (%)° Incidence (%)° Incidence (%)°

1 8 5 7

2 9 8 7

3 14 (35.0) 8 11 (282)

4 7 5 7

5.1 15 (37.5) 9 12 (30.8)

52 7 9 8

6 8 5 6

7 7 6 4

8 10 (25.0) 7 6

9 7 5 3

10 7 6 8

" 8 3 7

12 24 (60.0) 16 (41.0) 21 (53.8)

13.1 16 (40.0) 12 (30.8) 12 (30.8)

132 15 (37.5) 13 (333) 15 (385)

14 11 (27.5) 8

15 9 5 7

16 7 5 2

17 6 6 5

18 10 (25.0) 9 8

19 7 7 5

20 14 (35.0) 8 11 (282)

21 7 5 6

22 7 6 5

23 10 (25.0) 7 8

24 16 (40.0) 10 (25.6) 12 (30.8)

Total no. of skewed BV (average ratio for a case) 266 (6.65) © 193 (4.95) « 4 211 (541) < @

No. of subjects examined with normal pattern (ratio, %) 2 (4.76) € 3(7.14) ¢ 3 (7.14)°

No. of subjects examined 42 42 42

“The number of TCRBV gene families showing skewed-clone expansion (oligoclonal or monoclonal) is summarized in subjects with active TB or LTBI.

®The number of samples showing a skewed-clone expansion in total detected samples (percentages of each TCRBV skewed-clone expansion). Sample with normal
GMSP (no skewed-clone expansion pattern in any TCRBV families in a subject) are excluded in the percentage calculation, and the greater than or equal 25%
percentages are shown only.

“The average expansion rate of TCRBV gene families was higher in CD4™ T cell subset than in other two cell populations (P < 0.01, 0.05 by X2 test).

%There was no significant difference between the two groups (P > 0.05 byx2 test). Sample with normal GMSP (no biased-clone expansion pattern) are excluded in
the average ratio calculation.

®The incidence of the normal GMSP was significantly lower in CD4"* T cells than in other two cell populations (P < 0.01 by x* test).
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there was no significant difference in skewed TCRBV
families in the CD4" T cell population between subjects
with active TB or those with LTBI (p >0.05) (Table 3).
To further distinguish the skewed expansion features of
the TCRBV family in active TB and LTBI subjects, the
profile of oligoclonal and monoclonal expansion of
TCRBV families from CD4" and CD8" T cells was
analysed. We found that there was a higher number of
monoclonal expansion TCRBV patterns in the CD4"
fraction compared with the CD8" fraction in active TB
patients (Figure 1). Regarding LTBI subjects, there was
also a higher number of oligoclonal TCRBV patterns in
the CD4" T cell subset (Figure 2).

Relative frequency of each TCRBV family in PBMCs

The relative percentage (%) of a TCRBV family deter-
mined the relative frequency in PBMCs derived from
active TB and LTBI subjects. We observed that the
frequency of most TCRBV families was not significantly
different between the two groups. Furthermore, we
found that the frequency of TCRBV families (BV7) in
the LTBI group was lower than that in the active TB
group (p<0.01). However, the former group had three
TCRBYV families (BV5.1/BV14/BV20) with higher expres-
sion than that of the latter group (p < 0.01) (Figure 3).

TCRBV CDR3 motifs in PBMCs, CD4* and CD8*
populations
When the profile of a TCRBV gene family expressed a
monopeak-shaped pattern, the TCRBV family was
cloned, sequenced and translated to the corresponding
amino acid sequence. Representative amino acid se-
quences of TCRBV CDR3 in PBMCs, CD4" and CD8" T
cell populations from active TB and LTBI subjects are
shown in Tables 4 and 5, respectively.

Of the three cell populations from active TB and LTBI
subjects, four TCRBV gene families (BV12, BV13.1,
BV13.2, and BV24) were more prevalent than others.

Table 3 Average ratio of skewed TCRBV gene families in
CD4* and CD8" T cell subsets of subjects with active TB
or LTBI
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Figure 1 Comparing the number of skewed TCRBV family
between CD4" and CD8" T cell subsets in active TB patients.
Values are means + STD. **P <0.01. CD4™ cell, purified CD4™ T
lymphocytes; CD8" cell, purified CD8" T lymphocytes.

Active TB LTBI
cD4* CD8* (CD4* (CD8*
Tcells Tcells Tcells Tcells
Total no. of skewed TCRBV 143 117 123 76
Total no. of subjects detected 22 22 20 20
No. of subjects examined with 1 1 1 2

normal pattern

Average ratio of skewed TCRBY (no.  6.81 557 647 422
of subjects with skewed TCRBY) D En® (197 (18P

*The rate of skewed TCRBV family was not significantly different between the
two groups (P > 0.05 by x2 test).

PThe rate of skewed TCRBV family was higher in active TB group than that in
LTBI group (P < 0.05 by X2 test).

The amino acid sequence of some mono-clone expan-
sion BV24 CDR3s were expressed as “SDRVSPL” with
BJ1.6 or “QDRAKQ” with BJ2.1, and BV12 CDR3 were
found expressed as “KQGDSYEQ” with BJ2.7 in active
TB patients. Additionally, there were no identical amino
acid sequences found in TCRBV13.1 and BV13.2 gene
families in PBMCs, CD4" and CD8" T cell populations
from active TB or LTBI subjects.

In addition, TCRBV5.1 and BV20, which were mainly
derived from PBMCs or CD4" T cell subsets in active TB
and LTBI subjects, were predominant among all TCRBV
families. Furthermore, the majority of CDR3 amino acid
sequences of TCRBV5.1 and BV20 were expressed as
“LDYSGNTT” with BJ1.3 and “TGTGHSPL” with BJ1.6,
respectively. Similarly, the TCRBV3 family, with the ma-
jority found in PBMCs or CD4" T cell subsets, was more
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Figure 2 Comparing the number of skewed TCRBV family
between CD4" and CD8" T cell subsets in LTBI individuals.
Values are means + STD. **P <0.01. CD4" cell, purified CD4™ T
lymphocytes; CD8" cell, purified CD8" T lymphocytes.
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LTBI individuals were shown as open bars or filled bars respectively. Data are presented as % expression of each TCRBV family relative to the total
expression of all 24 TCRBV genes (1 ~ 24). The data represent the means and standard deviation. **P <0.01.
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prevalent than other TCRBV families, but there were no
identical amino acid sequences found in this family.

However, among all the skewed TCRBV14 families in
PBMCs, CD4" and CD8" T cell populations from active
TB patients, there were no mono-clone TCRBV gene
families detected. Similarly, there were no mono-clone
TCRBV gene families detected among skewed TCRBV23
in LTBI subjects.

Discussion

Tuberculosis (TB), a major cause of global mortality, has
become increasingly prevalent and deadly due to the
emergence of extensive drug resistant strains of MTB
and the HIV/AIDS pandemic [20]. It has been reported
that CD4" T cell-mediated immunity plays a critical role
in controlling chronic bacterial and viral infections
[10,21-24]. In the present study, we showed that the use

Table 4 Representative amino acid sequences of monoclonal TCRBV families within PBMCs and CD4*, CD8* T cell

populations of active TB patients®

Patients® Vbeta CDR3 BJ Ratio®
J1 (CD4+) BV24 AAMYLCATS SDRVSPL HFGNGTRLTVTED 16 21/25
16 (CD4+) BV24 AAMYLCATS QDRAKQ YFGPGTRLLVLED 2.1 20/23
15 BV23 SALYFCASS NTGTSDGY TFGSGTRLTWED 12 21/25
12 (CD4+) BV23 SALYFCASS NTGTSDGY TFGSGTRLTWED 12 20/23
2 BV20 SGFYLCAWS TGTGHSPL HFGNGTRLTVTED 16 25/26
15 BV20 SGFYLCAWS TGTGHSPL HFGNGTRLTVTED 16 23/26
J5 (CD4+) BV20 SGFYLCAWS TGTGHSPL HFGNGTRLTVTED 16 21/26
ns BV13.2 TSVYFCASS YGPSTGEL FFGEGSRLTWED 22 20/23
J11 (CD8+) BV132 TSVYFCASS YSTDEQ YFGPGTRLTVTED 27 18/26
122 BV13.1 TSVYFCASS YWGSDTQ YFGPGTRLTVLED 23 17/25
n3 BV12 TSVYFCAIR KQGDSYEQ YFGPGTRLTVTED 27 14/22
17 (CD84) BV12 TSVYFCAIR KQGDSYEQ YFGPGTRLTVTED 27 18/24
120 (CD4+) BV12 TSVYFCAIR KQGDSYEQ YFGPGTRLTVTED 27 17/22
J5 BV5.1 SALYLCASS LDYSGNTI YFGEGSWLTWED 13 20/26
J1 (CD4+) BV5.1 SALYLCASS LDYSGNTI YFGEGSWLTWED 13 21/25
13 (CD8+) BVS.1 SALYLCASS LDYSGNTI YFGEGSWLTWED 13 19/21
110 BV3 SMYLCASS LGARLSNQPQ HFGDGTRLSILED 15 16/21
J4 (CD8+) BV3 SSNFCSTT LIGRAGATRA YFGPGTRLTVTED 27 20/25

“When the GMSP profile of a TCRBV family displayed a single peak, the corresponding PCR products re-amplified, and the CDR3 were sequenced after cloning.

PThe T cell subsets (CD4* or CD8") for analysis are indicated in brackets.
“The amino acid sequences of the max rate of TCRBV families are shown.
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Table 5 Representative amino acid sequences of monoclonal TCRBV families within PBMCs and CD4", CD8" T cell

populations of LTBI subjects®

Subjects® Vbeta CDR3 BJ Ratio®
124 (CD4+) BV24 AAMYLCATS SDRVSPL HFGNGTRLTVTED 16 22/25
123 BV20 SGFYLCAWS VQVGWGETQ YFGPGTRLLVLED 25 12/21
124 (CD4+) BV20 SGFYLCAWS TGTGHSPL HFGNGTRLTVTED 16 21/25
128 (CD8+) BV20 SGFYLCAWS TGTGHSPL HFGNGTRLTVTED 16 20/24
138 BV20 SGFYLCAWS TGTGHSPL HFGNGTRLTVTED 16 22/25
32 (CD4+) BV14 SLYFCASS PGTTQETQ YFGSGTRLLVLED 25 18/23
125 BV14 SLYFCASS PGTTQETQ YFGPGTRLTVLED 25 15/23
128 (CD8+) BV14 SLYFCASS RHTGGTEA FFGQGTRLTWED 11 19/30
129 BV132 TSVYFCASS YDENEQ FFGPGTRLTVLED 2.1 16/22
131 (CD4+) BV132 TSVYFCASK TKPVGEQ FFGPGTRLTVLED 2.1 15/23
142 BV13.1 TSVYFCASS YSAGGPNEQ FFGPGTRLTVLED 2.1 18/25
134 (CD4+) BV12 TSVYFCAIR KQGDSYEQ YFGPGTRLTVTED 27 17/23
135 BV12 TSVYFCASR VRLITNYGY TFGSGTRLTWED 12 24/24
139 (CD4+) BV12 TSVYFCATA GGAPGQPQ HFGDGTRLSILED 15 16/24
123 BJS.1 SALYLCASS LDYSGNTI YFGEGSWLTWED 13 22/27
125 (CD8+) BJS5.1 SALYLCASS LDYSGNTI YFGEGSWLTWED 13 22/27
130 BJS.1 SALYLCASS LDYSGNTI YFGEGSWLTWED 13 22/25
124 BV3 SMYLCASG PNYYEQ YFGPGTRLTVTED 27 23/25

*When the GMSP profile of a TCRBV family displayed a single peak, the corresponding PCR products re-amplified, and the CDR3 were sequenced after cloning.

PThe T cell subsets (CD4" or CD8") for analysis are indicated in brackets.
“The amino acid sequences of the max rate of TCRBV families are shown.

of our gene melting spectral pattern (GMSP) assay to
study TCRBV gene families in PBMCs, CD4" and CD8"
T cell subsets from subjects with active TB or LTBI was
helpful in the differential diagnosis and treatment of
active TB or LTBI. However, this will need to be further
confirmed in a larger cohort.

T cells are a core component of adoptive immunity.
They are divided mainly into two subsets, CD4" and CD8"
T cells, and there are characteristic TCR molecular chains
expressed on their respective cell membranes [25,26]. In
the peripheral blood of healthy donors, the TCR in more
than 95% of T cells is composed of alpha and beta chain
heterodimers. Each T cell clone expresses a unique TCR
that recognizes antigen-derived peptides bound to the
major histocompatibility complex (MHC). The TCR has
three complementary determining regions (CDR1, CDR2
and CDR3). CDR3 is the key determinant of T cell antigen
specificity and mediates T cell diversity [27,28].

Analysis of the TCRBV repertoire has been widely
used to characterize alterations in T cell repertoires in
the peripheral blood of subjects infected with bacteria or
viruses [29,30]. For instance, Wang et al. reported that a
highly diverse TCR repertoire may be an important
benchmark and target in the success of immune treat
human CMYV infection [31]. Vigano et al. described that
the increased TCR renewal may provide the mechanistic
basis for the generation of high-avidity HIV-specific

CD8 T cells [32]. That the initial antiviral response in
humans is maintained for many years in latent virus
infected individuals was reported by Klarenbeek et al.
[33]. In addition, Naumov et al. examined the TCR rep-
ertoire of CD8 T cells reactive against the influenza A
viral epitope M1 (58-66) [34]. These studies were carried
out usually using the high throughput sequencing (HTS),
flow cytometry or molecular cloning techniques. In a pre-
vious study, we developed a GMSP assay to determine the
clonal expansion status of TCRBV genes in PBMCs, and
found that TCRBV11 may be associated with HBV replica-
tion in patients with chronic hepatitis B [15,35]. In the
present study, the GMSP assay was used to determine the
molecular property of skewed TCRBV gene families in
PBMCs and CD4" and CD8" T cell subsets from active TB
and LTBI subjects.

We directly analysed the degree of clonally expanded
skewed TCRBYV families in PBMCs, CD4" and CD8" T cell
subpopulations from subjects with active TB or LTBL We
found that the average number of skewed TCRBV families
for the three cell populations was 5.41, 6.65 and 4.95, re-
spectively. Also, the average number of skewed TCRBV
genes in the CD4" T cell subset was significantly higher
than that in the other two cell populations. This indicates
that more CD4" T cells contribute to the immune re-
sponse in active TB or LTBI subjects than the other two
cell populations. In addition, analysis of the TCR variable
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gene repertoire in blood or tissues may provide important
information about the immune response against patho-
gens or immunopathological mechanisms [30,36]. More-
over, it has been reported that multispecific CD4" T cells
correlate with the control of MTB infections [9,12,37].
This suggests that the prevalent CD4" T cells may be asso-
ciated with the kind of CD4" T cells controlling MTB in
active TB or LTBI subjects, although, this will need to be
determined in more cases.

In addition, we found that in patients with active TB, a
higher number of monoclonal expansions were detected
in CD4" T cells compared with the CD8" T cell subset.
In LTBI subjects, the higher number of oligoclonal
expansions was found in the CD4" T subset too. This
further suggests that CD4" T cells may be associated
with the host immune response to MTB infection and
the different clinical manifestations between active TB
and LTBI [38,39].

The T-SPOT.TB assay has been used to diagnose sub-
jects with active TB or LTBI with high specificity and sen-
sitivity. However, the assay does not permit distinction of
active TB from LTBI [7,40], which has been tried by many
researchers. Sester, et al. attempted to distinguish active
TB from non-active states by the analysis of antigen-
specific CD4" T-cell cytokine profiles in peripheral blood
[41], and Nemeth, et al. also want to discriminate between
active TB and other diseases using cytokine profile [42].
Delogu, et al. reported that the T cell response to a recom-
binant and methylated heparin-binding haemagglutinin
(HBHA) of MTB produced in M. smegmatis was useful in
discriminating between active and non-active TB disease
[43]. In this study, we found that the monoclonal expan-
sion of TCRBV23 was only detected in the peripheral
blood of patients with active TB, and TCRBV14 was only
detected in LTBI, which may help distinguish patients with
active TB from those with LTBI, although further studies
are needed, with a larger sample size to improve accuracy
of the method. In addition, between active TB and LTBI,
the average number of skewed TCRBYV in the CD4" T cell
subset did not differ significantly, but in the CD8" T cell
subset, there was a statistically significant difference.

Recent studies have reported on the development of
TCR gene-modified T cells that allow the rapid gener-
ation of large numbers of cells with antigen-specificity
and functional avidity, with the potential for clinical
application [44-48]. The results of Luo showed that
M. tuberculosis 38-kDa antigen-specific HLA class I and
class II-restricted TCR genes can be successfully cloned
and transduced into primary CD4" and CD8" T cells
which result in T cells with stronger anti-MTB activity
[49]. Thus, characterization of the MTB-specific T cells,
especially their TCR gene usage [50], is essential for elu-
cidation of the pathogenesis of active TB or LTBI and
for the development of individualized treatment.
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In the present study, we found that the skewed popula-
tions expressing the TCRBV12/BV13.1/BV13.2 or BV24
molecule were most prevalent compared with cell popula-
tions expressing other TCRBV gene families, regardless of
the CDR3 in PBMCs, CD4" or CD8" subsets from active
TB patients or LTBI individuals. Additionally, the fre-
quency of three TCRBV families (BV5.1/BV14/BV20) in
T cell populations in the LTBI group was higher than that
in the active TB group. It was reported that the repertoire
of TCRBV families present in patients with active TB
might be considered defective in controlling the pathogen,
since these patients are not able to control their infection.
Whereas those patients with LTBI have a TCRBV reper-
toire that shows differences in public or private TCR fam-
ilies, rendering them capable of controlling the growth of
the pathogen [11,51]. This indicates that high frequency
TCRBV families (BV5.1/BV14/BV20) may be associated
with immune control of the growth of MTB in LTBI
subjects.

We further analysed CDR3 amino acid sequences in
the monoclonal expansion TCRBV gene families, and
found that there were no identical sequences of CDR3
among the four TCRBV gene families, which indicates
that different T cell clones are involved in the immune
response to MTB. The reasons for this may include the
following: (1) there are different HLA phenotypes among
different MTB subjects, which lead to different epitopes in
MTB-specific immune T-cells, resulting in the prolifera-
tion of corresponding T cell clones; (2) there are various
and scattered antigenic epitopes in MTB that are related
to their pathogenicity and immunity; (3) the different se-
quences of CDR3 with similar spatial structure are likely
to recognize the same epitope. However, we found that
two CDR3 amino acid sequences had a relatively con-
served motif (BV5.1, “LDYSGNTI”; BV20, “TGTGHSPL”)
in PBMCs and CD4" T cell populations from subjects with
MTB infection, although, at present, it is not clear if or
how the emergence of the relatively conserved TCRBV
gene families influence the course of active or latent MTB
infection and their prognoses.

Conclusions

In the present study, we showed that the role of T cells
in the immune pathogenesis of active TB or LTBI was
complex and multi-specific. Analysis of TCRBV expres-
sion in CD4" T cells was more useful in assessing the
status and specificity of circulating T cells in subjects
with active TB or in those with LTBI. The expression of
TCRBV14, BV23 and the sequencing of CDR3 amino
acid motifs of TCRBV5.1, BV20 could help in the differ-
ential diagnosis and treatment of active TB or LTBI,
although, this should be confirmed in more cases, and
with non-TB being excluded from LTBI subjects [11].



Yang et al. BMC Infectious Diseases 2013, 13:423
http://www.biomedcentral.com/1471-2334/13/423

Abbreviations

CDR3: Complementarity determining region 3; GMSP: Gene melting spectral
pattern; IGRA: IFN-gamma release assay; LTBI: Latent TB infection;

MTB: Mycobacterium tuberculosis; TB: Tuberculosis; TCRBV: T cell receptor beta
variable.

Competing interests
The authors declare that they have no competing interests.

Authors’ contributions

JZ contributed to the study design, data collection, most experiments, and
the writing the initial draft and revising the manuscripts. JQ and HJ collected
the preliminary data, and helped to perform some experiments. ZK and WL
participated in the study design and interpretation of the data. YP and KJ
assisted in experimental design and help to data collection. LJ contributed
to the study coordination, technical issues and revision of the manuscript. All
authors read and approved the final manuscript.

Acknowledgements

This work was supported by the Program for Zhejiang Leading Team of S&T
Innovation (2011R09041-02), and the National Scientific and Technological
Major Project of China (Grant No.20112X10004-901), the National Natural
Science Foundation of China (Grant No.81070285), and the Fundamental
Research Funds for the Central Universities.

Author details

'State Key Laboratory for Diagnosis and Treatment of Infectious Disease, the
First Affiliated Hospital, College of Medicine, Zhejiang University, Hangzhou,
China. *Collaborative Innovation Center for Diagnosis and Treatment of
Infectious Diseases, Zhejiang University, Hangzhou, China. *Department of
Infectious Disease, Zhejiang Provincial People’s Hospital, Hangzhou, China.

Received: 26 July 2012 Accepted: 4 September 2013
Published: 8 September 2013

References

1. Organization WH: WHO Global Tuberculosis Report 2010. Geneva Swiss:
WHO; 2010.

2. Wilson ML: Recent advances in the laboratory detection of
mycobacterium tuberculosis complex and drug resistance. Clin Infect Dis
2011, 52(11):1350-1355.

3. Richeldi L, Losi M, Cerri S, Casali L, Fabbri LM, Ferrara G: Using ELISpot
technology to improve the diagnosis of tuberculosis infection: from the
bench to the T-SPOT.TB assay. Expert Rev Respir Med 2008, 2(2):253-260.

4. Kim SH, Song KH, Choi SJ, Kim HB, Kim NJ, Oh MD, Choe KW: Diagnostic
usefulness of a T-cell-based assay for extrapulmonary tuberculosis in
immunocompromised patients. Am J Med 2009, 122(2):189-195.

5. Lesho E, Forestiero FJ, Hirata MH, Hirata RD, Cecon L, Melo FF, Paik SH,
Murata Y, Ferguson EW, Wang Z, et al- Transcriptional responses of host
peripheral blood cells to tuberculosis infection. Tuberculosis 2011,
91(5):390-399.

6. Marin ND, Paris SC, Rojas M, Garcia LF: Functional profile of CD4+ and
CD8+ T cells in latently infected individuals and patients with active TB.
Tuberculosis 2013, 93(2):155-166.

7. Brodie D, Lederer DJ, Gallardo JS, Trivedi SH, Burzynski JN, Schluger NW: Use
of an interferon-gamma release assay to diagnose latent tuberculosis
infection in foreign-born patients. Chest 2008, 133(4):869-874.

8. Lange C, Pai M, Drobniewski F, Migliori GB: Interferon-gamma release
assays for the diagnosis of active tuberculosis: sensible or silly? Eur Respir
J 2009, 33(6):1250-1253.

9. QiuZ Zhang M, Zhu Y, Zheng F, Lu P, Liu H, Graner MW, Zhou B, Chen X:
Multifunctional CD4 T cell responses in patients with active tuberculosis.
Sci Rep 2012, 2:216.

10. Hodapp T, Sester U, Mack U, Singh M, Meier T, Wiech E, Fisch P, EhI S, Sester
M: Massive monoclonal expansion of CD4 T-cells specific for a M.
tuberculosis ESAT-6 peptide. Eur Respir J 2012, 40(1):152-160.

11. Adekambi T, Ibegbu CC, Kalokhe AS, Yu T, Ray SM, Rengarajan J: Distinct
effector memory CD4(+) T cell signatures in latent mycobacterium
tuberculosis infection, BCG vaccination and clinically resolved
tuberculosis. PLoS One 2012, 7(4):e36046.

20.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

Page 9 of 10

Qiao D, Li L, Guo J, Lao S, Zhang X, Zhang J, Wu C: Mycobacterium
tuberculosis culture filtrate protein 10-specific effector/memory CD4 and
CD8 T cells in tubercular pleural fluid, with biased usage of T cell
receptor Vbeta chains. Infect Immun 2011, 79(8):3358-3365.

Tully G, Kortsik C, Hohn H, Zehbe |, Hitzler WE, Neukirch C, Freitag K, Kayser K,
Maeurer MJ: Highly focused T cell responses in latent human pulmonary
Mycobacterium tuberculosis infection. J Immunol 2005, 174(4):2174-2184.
Yang JZ, Li MW, Wang JG, Lu HF, Yao XS, He JQ, Li LJ: Rapid detection of
clonal expansion of T-cell receptor-beta gene in patients with HBV using
the real-time PCR with DNA melting curve analysis. Hepatol Res 2010,
40(4):407-414.

Yang J, He J, Lu H, Wei L, Li S, Wang B, Diao H, Li L: Molecular features of
the complementarity determining region 3 motif of the T cell
population and subsets in the blood of patients with chronic severe
hepatitis B. J Trans/ Med 2011, 9(1):210.

Ochsenreither S, Fusi A, Busse A, Nagorsen D, Schrama D, Becker J, Thiel E,
Keilholz U: Relative quantification of TCR Vbeta-chain families by real time
PCR for identification of clonal T-cell populations. J Trans/ Med 2008, 6:34.
Sun W, Nie H, Li N, Zang YC, Zhang D, Feng G, Ni L, Xu R, Prasad S,
Robinson RR, et al: Skewed T-cell receptor BV14 and BV16 expression and
shared CDR3 sequence and common sequence motifs in synovial T cells
of rheumatoid arthritis. Genes Immun 2005, 6(3):248-261.

Sing GK, Li D, Chen X, Macnaughton T, Lichanska AM, Butterworth L,
Ladhams A, Cooksley G: A molecular comparison of T lymphocyte
populations infiltrating the liver and circulating in the blood of patients
with chronic hepatitis B: evidence for antigen-driven selection of a
public complementarity-determining region 3 (CDR3) motif.

Hepatology 2001, 33(5):1288-1298.

Risitano AM, Maciejewski JP, Green S, Plasilova M, Zeng W, Young NS:
In-vivo dominant immune responses in aplastic anaemia: molecular
tracking of putatively pathogenetic T-cell clones by TCR beta-CDR3
sequencing. Lancet 2004, 364(9431):355-364.

Wells CD, Cegielski JP, Nelson LJ, Laserson KF, Holtz TH, Finlay A, Castro KG,
Weyer K: HIV infection and multidrug-resistant tuberculosis: the perfect
storm. J Infect Dis 2007, 196(Suppl 1):586-107.

Cooper AM: Cell-mediated immune responses in tuberculosis. Annu Rev
Immunol 2009, 27:393-422.

Ciuffreda D, Comte D, Cavassini M, Giostra E, Buhler L, Perruchoud M, Heim MH,
Battegay M, Genne D, Mulhaupt B, et al: Polyfunctional HCV-specific T-cell
responses are associated with effective control of HCV replication. £ur J
Immunol 2008, 38(10):2665-2677.

Darrah PA, Patel DT, De Luca PM, Lindsay RW, Davey DF, Flynn B, Hoff ST,
Andersen P, Reed SG, Morris SL, et al- Multifunctional TH1 cells define a
correlate of vaccine-mediated protection against Leishmania major.

Nat Med 2007, 13(7):843-850.

Du G, Chen CY, Shen Y, Qiu L, Huang D, Wang R, Chen ZW: TCR repertoire,
clonal dominance, and pulmonary trafficking of mycobacterium-specific
CD4+ and CD8+ T effector cells in immunity against tuberculosis.

J Immunol 2010, 185(7):3940-3947.

Garcia KC, Degano M, Stanfield RL, Brunmark A, Jackson MR, Peterson PA,
Teyton L, Wilson IA: An alphabeta T cell receptor structure at 2.5 A and
its orientation in the TCR-MHC complex. Science 1996, 274(5285):209-219.
Leimgruber A, Ferber M, Irving M, Hussain-Kahn H, Wieckowski S, Derre L,
Rufer N, Zoete V, Michielin O: TCRep 3D: an automated in silico approach
to study the structural properties of TCR repertoires. PLoS One 2011,
6(10):226301.

Marrack P, Kappler J: Positive selection of thymocytes bearing alpha beta
T cell receptors. Curr Opin Immunol 1997, 9(2):250-255.

Miqueu P, Guillet M, Degauque N, Dore JC, Soulillou JP, Brouard S:
Statistical analysis of CDR3 length distributions for the assessment of T
and B cell repertoire biases. Mol Immunol 2007, 44(6):1057-1064.

Sabet S, Ochoa MT, Sieling PA, Rea TH, Modlin RL: Functional
characterization of a T-cell receptor BV6+ T-cell clone derived from a
leprosy lesion. Immunology 2007, 120(3):354-361.

Miles JJ, Douek DC, Price DA: Bias in the alphabeta T-cell repertoire:
implications for disease pathogenesis and vaccination. Immunol Cell Biol
2011, 89(3):375-387.

Wang GC, Dash P, McCullers JA, Doherty PC, Thomas PG: T cell receptor
alphabeta diversity inversely correlates with pathogen-specific antibody
levels in human cytomegalovirus infection. Sci Transl Med 2012,
4(128):128ra-142.



Yang et al. BMC Infectious Diseases 2013, 13:423
http://www.biomedcentral.com/1471-2334/13/423

32,

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

Vigano S, Bellutti Enders F, Miconnet |, Cellerai C, Savoye AL, Rozot V,
Perreau M, Faouzi M, Ohmiti K, Cavassini M, et al: Rapid perturbation in
viremia levels drives increases in functional avidity of HIV-specific CD8 T
cells. PLoS Pathog 2013, 9(7):e1003423.

Klarenbeek PL, Remmerswaal EB, Ten Berge IJ, Doorenspleet ME, Van Schaik BD,
Esveldt RE, Koch SD, Ten Brinke A, Van Kampen AH, Bemelman FJ, et al Deep
sequencing of antiviral T-cell responses to HCMV and EBV in humans
reveals a stable repertoire that is maintained for many years. PLoS Pathog
2012, 8(9):21002889.

Naumov YN, Naumova EN, Yassai MB, Kota K, Welsh RM, Selin LK: Multiple
glycines in TCR alpha-chains determine clonally diverse nature of human
T cell memory to influenza A virus. J Immunol 2008, 181(10):7407-7419.
Yang J, Chen J, Mao H, Yi P, Yan D, He J, Li L: Skewed T-cell receptor beta
chain variable gene (TCRBV) usage among different clinical types of
patients with chronic HBV infection. FEMS Immunol Med Microbiol 2012,
65(3):448-455.

Turner SJ, La Gruta NL, Kedzierska K, Thomas PG, Doherty PC: Functional
implications of T cell receptor diversity. Curr Opin Immunol 2009,
21(3):286-290.

Caccamo N, Guggino G, Joosten SA, Gelsomino G, Di Carlo P, Titone L,
Galati D, Bocchino M, Matarese A, Salerno A, et al: Multifunctional CD4(+)
T cells correlate with active Mycobacterium tuberculosis infection. fur J
Immunol 2010, 40(8):2211-2220.

Hessmann M, Rausch A, Ruckerl D, Adams PS, Simon M, Gilfillan S, Colonna M,
Ehlers S, Holscher C: DAP10 contributes to CD8(+) T cell-mediated cytotoxic
effector mechanisms during mycobacterium tuberculosis infection.
Immunobiology 2011, 216(5):639-647.

Caccamo N, Guggino G, Meraviglia S, Gelsomino G, Di Carlo P, Titone L,
Bocchino M, Galati D, Matarese A, Nouta J, et al: Analysis of mycobacterium
tuberculosis-specific CD8 T-cells in patients with active tuberculosis and in
individuals with latent infection. PLoS One 2009, 4(5)€5528.

Lalvani A, Pathan AA, McShane H, Wilkinson RJ, Latif M, Conlon CP, Pasvol G,
Hill AV: Rapid detection of Mycobacterium tuberculosis infection by
enumeration of antigen-specific T cells. Am J Respir Crit Care Med 2001,
163(4):824-828.

Sester U, Fousse M, Dirks J, Mack U, Prasse A, Singh M, Lalvani A, Sester M:
Whole-blood flow-cytometric analysis of antigen-specific CD4 T-cell
cytokine profiles distinguishes active tuberculosis from non-active states.
PLoS One 2011, 6(3):¢17813.

Nemeth J, Winkler HM, Zwick RH, Muller C, Rumetshofer R, Boeck L,
Burghuber OC, Winkler S: Peripheral T cell cytokine responses for
diagnosis of active tuberculosis. PLoS One 2012, 7(4):¢35290.

Delogu G, Chiacchio T, Vanini V, Butera O, Cuzzi G, Bua A, Molicotti P,
Zanetti S, Lauria FN, Grisetti S: Methylated HBHA produced in M.
smegmatis discriminates between active and non-active tuberculosis
disease among RD1-responders. PLoS One 2011, 6(3):e18315.

Kerkar SP, Sanchez-Perez L, Yang S, Borman ZA, Muranski P, Ji Y,
Chinnasamy D, Kaiser AD, Hinrichs CS, Klebanoff CA, et al: Genetic
engineering of murine CD8(+) and CD4(+) T cells for preclinical adoptive
immunotherapy studies. J Immunother 2011, 34(4):343-352.

Bendle GM, Haanen JB, Schumacher TN: Preclinical development of T cell
receptor gene therapy. Curr Opin Immunol 2009, 21(2):209-214.

Morgan RA, Dudley ME, Wunderlich JR, Hughes MS, Yang JC, Sherry RM,
Royal RE, Topalian SL, Kammula US, Restifo NP, et al: Cancer regression in
patients after transfer of genetically engineered lymphocytes.

Science 2006, 314(5796):126-129.

Spranger S, Jeremias |, Wilde S, Leisegang M, Starck L, Mosetter B, Uckert W,
Heemskerk MH, Schendel DJ, Frankenberger B: TCR-transgenic
lymphocytes specific for HMMR/Rhamm limit tumor outgrowth in vivo.
Blood 2012, 119(15):3440-3449.

Linnemann C, Schumacher TN, Bendle GM: T-cell receptor gene therapy: critical
parameters for clinical success. J Invest Dermatol 2011, 131(9):1806-1816.

Page 10 of 10

49. Luo W, Zhang XB, Huang YT, Hao PP, Jiang ZM, Wen Q, Zhou MQ, Jin Q, Ma L:

Development of genetically engineered CD4+ and CD8+ T cells expressing
TCRs specific for a M. tuberculosis 38-kDa antigen. J Mol Med (Berl) 2011,
89(9):903-913.

50. Jorritsma A, Schotte R, Coccoris M, De Witte MA, Schumacher TN: Prospects
and limitations of T cell receptor gene therapy. Curr Gene Ther 2011, 11
(4):276-287.

51, Axelsson-Robertson R, Magalhaes |, Parida SK, Zumla A, Maeurer M: The

immunological footprint of Mycobacterium tuberculosis T-cell epitope
recognition. J Infect Dis 2012, 205(Suppl 2):5301-315.

doi:10.1186/1471-2334-13-423

Cite this article as: Yang et al: Molecular characterization of T cell
receptor beta variable in the peripheral blood T cell repertoire in
subjects with active tuberculosis or latent tuberculosis infection. BMC
Infectious Diseases 2013 13:423.

-
Submit your next manuscript to BioMed Central
and take full advantage of:
¢ Convenient online submission
¢ Thorough peer review
* No space constraints or color figure charges
¢ Immediate publication on acceptance
¢ Inclusion in PubMed, CAS, Scopus and Google Scholar
* Research which is freely available for redistribution
Submit your manuscript at ( -
www.biomedcentral.com/submit BiolVed Central

&




	Abstract
	Background
	Methods
	Results
	Conclusions

	Background
	Methods
	Subjects
	Isolation of PBMCs, CD4+ and CD8+ T cell sorted
	RNA extraction and cDNA synthesis
	GMSP assay of TCRBV in PBMCs, CD4+ and CD8+ T cells
	Relative frequency of TCRBV families
	Identification of skewed TCRBV families
	Cloning and sequencing
	Statistical analysis

	Results
	Skewed TCRBV families within PBMCs, CD4+ and CD8+ populations
	Skewed TCRBV profiles within CD4+ and CD8+ populations
	Relative frequency of each TCRBV family in PBMCs
	TCRBV CDR3 motifs in PBMCs, CD4+ and CD8+ populations

	Discussion
	Conclusions
	Abbreviations
	Competing interests
	Authors’ contributions
	Acknowledgements
	Author details
	References


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV <>
    /HUN <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.440 793.440]
>> setpagedevice


