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Abstract T cells play an important role in the onset and
progression of systemic lupus erythematosus (SLE), and the
biases in T cell receptor beta variable (TRBV) region families
and complementarity determining region three (CDR3) com-
position in SLE patients and mouse models have been widely
reported. However, the relationship between the composition
and variation in the TCR β-chain CDR3 repertoire and SLE
has not been established. Here, we compared and analyzed the
thymic and splenic TCR β-chain CDR3 mRNA sequences by
Roche 454 high-throughput sequencing from MRL/lpr mice
at different ages. Our results indicate that diversity in the TCR
CDR3 repertoire from the thymus and spleen from MRL/lpr
mouse was significantly decreased with increased age (disease
progression) and showed a bias in usage of common TRBV
and TRBJ families. The N1 region insertions in the highly
expressed CDR3s significantly increased with disease pro-
gression. This study provides a new perspective for studying
SLEwith progression of disease in clonal level of TCR, which
may provide a basis for studying the mechanism of the MRL/
lpr autoreactive T cells response and tailor an individualized
treatment targeting these T cells.

Keywords SLE .MRL/lpr mouse . Roche 454
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Introduction

Systemic lupus erythematosus (SLE) manifests as a disruption
of immune tolerance resulting from imbalanced humoral im-
munity and cellular immunity. Proliferation and activation of
T cell-dependent autoreactive B cells are extensive, which
produce large amounts of multiple autoantibodies that target
the individual’s own tissue antigens. The numbers and func-
tion of helper and regulatory T cells in the peripheral blood of
SLE patients are abnormal and are closely related to the stage
and state of disease (Mok and Lau 2003).

The MRL/lpr mouse line is an inbred mouse model com-
monly used in SLE studies and shows a spontaneous mutation
of the apoptosis-related gene Fas that affects lymphocyte
apoptosis. The lpr mutation causes proliferation and activation
of Tcells and plays a role in the development of autoimmunity
in MRL/lpr mouse (Watanabe-Fukunaga et al. 1992). Disease
onset in MRL/lpr mouse is at approximately 8 weeks of age,
and the disease course progresses rapidly with no gender-
related differences. The average lifespan of a female mouse
is 17 weeks with a mortality of 50 % at 5 months of age,
(Andrews et al. 1978), and 12- to 24-week-old mice have
severe lupus nephritis (Zhou et al. 2004). All MRL/lpr mice
share the same MHC genetic background, and it has been
shown that T cells play a role in pathogenesis by providing T
cell help to autoimmune B cells (Peng and Craft 1996). It has
been recently confirmed that Th1, Th2, Th17, Treg, Th22, and
T follicular helper (Tfh) cells (Craft 2012; Nakashima et al.
2006; Scheinecker et al. 2010; Shin et al. 2011) play a role in
the onset of SLE. Holbrook et al. (Holbrook et al. 1996)
discovered biased usage of several SLE-related TRBV gene
families using CDR3 spectratyping. Using RT-PCR and
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sodium dodecyl sulfate polyacrylamide gel electrophoresis
(SDS-PAGE), Kolowos et al. (Kolowos et al. 1997) found a
restrictive usage of certain TCR β-chain CDR3s in CD4+ T
cells in peripheral blood of SLE patients. Luo et al. used
CDR3 spectratyping to analyze PBMC populations from
SLE patients and found biased usage of certain TRBV gene
families and common CDR3 amino acid motifs in SLE pa-
tients (Luo et al. 2006). Zhou et al. studied two SLE mouse
models and observed a restricted usage of TRBV2, TRBV6,
TRBV8.1, TRBV10, TRBV16, and TRBV18 in the CD4+ T
cells of MRL/lpr mice and restricted usage of TRBV6 and
TRBV7 in the CD4+ T cells of (NZB×NZW) F1 mice. There
are conserved amino acid sequences (I, D, E, and G) in the
CDR3 region of these TRBV families, indicating that these
clonotypes may be the T cells that recognize restricted
autoantigen epitopes and may be involved in the SLE-
specific autoimmune response (Zhou et al. 2004). These data
obtained from CDR3 spectratyping and clone sequencing are
considerably limited, and features such as the biased usage of
certain TRBVs in T cell repertoire, the highly expressed of
certain CDR3 sequences, and base insertion in the CDR3
region need to be further characterized and analyzed with
respect to the role they may play in the development of SLE.
With the successful application of high-throughput sequenc-
ing in analyzing TCR CDR3 repertoire, (Klarenbeek et al.
2012; Meier et al. 2013; Wu et al. 2012) it is now possible to
study the relationship between the complete TCR CDR3
repertoire and SLE. This study used Roche 454 high-
throughput sequencing to analyze and compare the T cell
(mRNA) TCR β-chain CDR3 repertoire from the thymuses
and spleens of 1-, 3-, and 5-month-old MRL/lpr mice.

Materials and methods

Experimental animals and reagents Female MRL/lpr (H-2K)
mice of two different ages (4-weeks old with a body weight of
12–14 g and 10- to 11-weeks old with a body weight of 18–
20 g) were purchased from Shanghai Laboratory Animal
Center, Chinese Academy of Sciences. The mice were bred
in the SPF experimental animal breeding center of Zunyi
Medical University, and animals of different ages (1-month-,
3-month-, and 5-month-old mice) were randomly selected for
thymus and spleen collection. TRIzol reagent was pur-
chased from Invitrogen, agarose from Promega, the an-
tinuclear antibody spectrum (IgG) kit from EUROIMMUN,
the reverse transcription cDNA kit from Fermentas, agarose
gel extraction and PCR product purification kits from Qiagen,
and conventional PCR premixed solution (Premix Ex Taq)
from Takara.

Primer design and synthesis Six pairs of upstream and down-
stream primers for 22 mouse TRVB family genes were

designed and synthesized according to previous reports
(Matsutani et al. 2007), and the 5′ end of each primer pair
was designed to contain a 10-base unique tag to distinguish
the gene during high-throughput sequencing. Upstream and
downstream primers for GAPDH were used as a control
(Tables 1 and 2). All primers were synthesized by Shanghai
Invitrogen Biotechnology Co., Ltd.

Preparation of TCR β-chain CDR3 repertoire
from the thymus and spleen of a MRL/lpr mouse

Prepara t ion o f sp l een and thymus t i s sue ce l l
suspensions After collecting peripheral blood from MRL/lpr
mice by cardiac puncture, the mice were sacrificed and im-
mersed in 75 % ethanol for 5 min. Thymus and spleen tissues
were collected under sterile conditions and placed in a 3-mL
phosphate buffer solution containing bovine serum albumin
and ethylenediaminetetraacetate (PBE) buffer tube. PBE ho-
mogenate was collected using the gentle MACS dissociator,
filtered twice through a 200-mesh sterile cell strainer, and then
centrifuged at 1500 rpm for 8 min. The supernatant was
discarded, and 5 mL of red blood cell lysis buffer was added.
The cell suspension was filtered again and centrifuged at
1500 rpm for 8 min, and the supernatant was discarded to
obtain thymus and spleen cells.

Total RNA extraction and cDNA synthesis Thymus and
spleen cell suspensions of MRL/lpr mice at different ages
were centrifuged at 300×g for 5 min at 4 °C, and TRIzol
was used to extract total RNA from each sample. For each
sample, cDNA synthesis was carried out in four reaction
tubes. In each tube, 15 μL total RNA was added to an
RNeasy EP tube as template, and 2 μL oligo(dT) primer and
7 μL of DEPCH2Owere added to the reaction tube and mixed
well. Reactions were incubated at 65 °C for 5 min and
then placed on ice. In each reaction, 2 μL of
RiboLock™ Ribonuclease Inhibitor, 8 μL of 5× reaction
buffer, 4 μL of 10 mM dNTP Mix, and 2 μL of
RevertAid™ M-MuLV were added into each EP tube and
mixed. Reactions were carried at 42 °C for 60 min, followed
by 70 °C for 5 min. Samples were removed when the temper-
ature dropped to 4 °C and were placed on ice. Samples were
stored at −20 °C until use.

PCR amplification of the complete CDR3-encoding sequence
of TRBV families and preparation of TCR β-chain CDR3
repertoire For each sample, a pair of unique base-tagged
primers was used to perform PCR amplification of the com-
plete CDR3-encoding sequence for each of the 22 TRBV
families. The total reaction volume (25 μL) contained 1 μL
cDNA template, 2 μL of each upstream primer and the TRBV
downstream primer with the unique base tag corresponding to
one of the 22 TRBV families, 12.5 μL of Premix Ex Taq, and
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7.5 μL of sterilized ultrapure water. The reaction conditions
were as follows: 94 °C for 3 min, 94 °C for 1 min, 55 °C for
1 min, 72 °C for 2 min (35 cycles), and 72 °C for
10 min. Samples were held at 4 °C after the reaction and then
stored at −20 °C.

Purification and detection of the CDR3 repertoire CDR3
repertoire were recovered using a Gel Extraction Kit, and
purification was performed using a PCR Purification Kit.

Detection of autoantibodies in the peripheral blood of MRL/
lpr mice and kidney paraffin sections Western blotting was
used to detect antinuclear antibodies (of the IgG sub-
class) in each serum sample following the kit instruc-
tions. Kidney samples were fixed in 10 % formaldehyde
for 24 h and then embedded in paraffin blocks.
Pathological analysis was conducted after hematoxylin and
eosin (HE) staining.

Roche 454 sequencing of CDR3 repertoire The LabChip GX
electrophoresis system was used to measure the concentration
and total amount of each sample. The qualities of each sample
sequence were consistent. The original sequence obtained
from sequencing included a barcode sequence, primer se-
quence, base segments of adapter sequence, and the
targeted CDR3. Sequences were screened using the
Roche 454 sequencing standard; those with poor quality
bases (R <20) or with an N content over 2 % were
removed, and original sequences were distributed to

each source sample using the unique tag and primer sequence
of each sample.

IMGT/HighV-QUEST analysis and statistics Barcode and
primer sequences were removed from the original sequence
of each sample, and each sample sequence was then submitted
to IMGT/HighV QUEST analyzing system in FASTA format.
We removed the sequences with ‘Warnings,’ ‘Unknown func-
tionality,’ ‘No results,’ from the highest percent of identity of
the V-REGION (more than 85 % compared with that of the
closest gremlin V-REGION) functionality sequence and
screened out total productive sequences to identify unique
productive sequences and unique CDR3 amino acid se-
quences. Excel and other software programs were used to plot
the data and perform statistical analysis (Alamyar et al. 2012;
Li et al. 2013).

Results

Autoantibodies and glomerulus pathology in MRL/lpr mice

Three- and 5-month-old MRL/lpr mice showed obvious joint
swelling, skin erythema, axillary lymph node enlargement,
and spleen enlargement, which were not observed in 1-
month-old mice. Three-month-old MRL/lpr mice were posi-
tive for anti-dsDNA antibodies (++), strongly positive for
anti-ANA antibodies (+++), and positive for anti-AHA anti-
bodies (++); 5-month-old MRL/lpr mice were strongly

Table 2 Special labels (barcode) at the 5′ end of the upstream and downstream primers in the thymus and spleen samples of MRL/lpr mice at different
ages

Sample The barcode at the 5′
end of the upstream

The barcode at the 5′
end of the upstream

Sample The barcode at the 5′
end of the upstream

The barcode at the 5′ end
of the upstream

MRL/lpr-1-thymus ACTACTATGT ACTACTATGT MRL/lpr-1-spleen ACTGTACAGT ACTGTACAGT

MRL/lpr-3-thymus AGACTATACT AGACTATACT MRL/lpr-3-spleen AGCGTCGTCT AGCGTCGTCT

MRL/lpr-5-thymus ACGCTCGACA ACGCTCGACA MRL/lpr-5-spleen ACGAGTGCGT ACGAGTGCGT

Fig. 1 The electrophoresis diagram of the PCR products (the CDR3
repertoire) from 22 TRBV gene families in 1-month-old mouse T cells
from the thymus. In TRBV, a total of 22 families upstream and

downstream primer amplification products by PCR, stripes were predict-
ed in corresponding locations in large and small regions of CDR3
repertoire
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positive for anti-dsDNA antibodies (+++), strongly positive
for anti-ANA antibodies (+++), and positive for anti-AHA
antibodies (++); and 1-month-old MRL/lpr mice were nega-
tive (Supplementary Fig. 1 and Supplementary Table 1). HE
staining of 3- and 5-month-old MRL/lpr mouse kidney
sections showed proliferation of glomerulus mesangial
cells with basement membrane thickening, glomerular
sclerosis atrophy, major renal interstitial inflammatory
cell infiltration, and inflammatory cell infiltration around
blood vessels with fibrosis and onion-like lesions in some
samples, which were not observed in the glomeruli of 1-
month-old MRL/lpr mice (Supplementary Fig. 2).

TCR β-chain CDR3 repertoire preparation

TCR β-chain CDR3 repertoire from the thymuses and
spleens from MRL/lpr mice at different ages showed
clear bands corresponding to their sizes by agarose gel
electrophoresis (the data for the thymus derived from a
1-month-old MRL/lpr is shown in Fig. 1. The data for
the other samples are not shown). The cDNA concen-
tration in each sample was greater than 20 ng/μL after
recovery and purification, and the total amount in each sample
was a minimum of 200 ng (Supplementary Fig. 3 and
Supplementary Table 2).

Diversity in TCR β-chain CDR3 repertoire

Total original sequences (187,624 sequences) were ob-
tained using Roche 454 high-throughput sequencing, and
the number of total productive sequences obtained from
the six samples was similar. Unique productive CDR3
sequences in thymus and spleen samples from 1-month-
old MRL/lpr mice accounted for 93.979 and 74.472 %,
respectively, of the total productive CDR3 sequences;
73.290 and 74.287 %, respectively, in 3-month-old mice;
and 47.396 and 62.399 %, respectively, in 5-month-old
mice, (Table 3). The diversity (unique CDR3 frequency)
in the thymic TCR β-chain CDR3 repertoire from 3- and
5-month-old mice was significantly lower than that from
1-month-old mice, while the splenic repertoire from
5-month-old mice was less diverse than that from
1- and 3-month-old mice.

Biased usage of TRBV gene families in the TCR β-chain
CDR3 repertoire

While examining the total productive sequences, a high bias
toward TRBV13-3 gene family usage was observed in both
the thymus and spleen of MRL/lpr mice at different ages; the
bias toward TRBV usage was similarly high in both 3- and

Table 3 Total sequence numbers, total productive sequences, and unique productive sequences obtained by 454 GS FLX high-throughput sequencing
from the thymus and spleen samples of MRL/lpr mice at different ages

Sample number Total (n) Number of sequences (n) Percentage of unique
sequences (%)

Unique CDR3

Amino acid (n) Nucleotide (n)

MRL/lpr-1-thymus 35,220 3684◎/3920● 93.979 3684 3732

MRL/lpr-3-thymus 35,112 3098◎/4227● 73.290 3098 3161

MRL/lpr-5-thymus 28,630 2412◎/5089● 47.396 2412 2484

MRL/lpr-1-spleen 27,949 2471◎/3318● 74.472 2471 2487

MRL/lpr-2-spleen 29,924 2658◎/3578● 74.287 2658 2702

MRL/lpr-3-spleen 30,789 2413◎/3867● 62.399 2413 2444

●Total productive sequences
◎Unique productive sequences

Table 4 The total productive sequences of TRBV bias (top five) usage families from the thymus and spleen samples of MRL/lpr mice at different ages

Genes MRL/lpr-1-thymus MRL/lpr-3-thymus MRL/lpr-5-thymus MRL/lpr-1-spleen MRL/lpr-3-spleen MRL/lpr-5-spleen

% of sequences % of sequences % of sequences % of sequences % of sequences % of sequences

BV BV13-3 17.19 BV26 13.36 BV26 20.77 BV4 23.05 BV4 18.92 BV13-1 26.42

V4 11.27 BV1 10.10 BV3 18.43 BV13-3 12.80 BV13-3 13.49 BV13-3 11.06

BV20 9.66 BV13-3 9.39 BV13-3 14.73 BV2 9.79 BV13-1 11.57 BV17 10.18

BV19 8.64 BV13-1 8.46 BV17 14.44 BV3 8.55 BV26 8.41 BV26 9.95

BV2 8.08 BV17 8.44 BV4 6.15 BV1 7.41 BV2 6.70 BV4 6.95

Immunogenetics (2015) 67:25–37 29



5-month-old mice; both age groups showed a highly
expressed TRBV26, TRBV17, and TRBV13-3 usage in the
thymus and TRBV4, TRBV13-1, TRBV13-3, and TRBV26
usage in the spleen. The percentage of thymus TRBV13-3
biased usage in 1-, 3-, and 5-month-old MRL/lpr mice was
17.19, 9.39, and 14.73 %, respectively. The percentage of
spleen TRBV4 biased usage in 1-, 3-, and 5-month-old
MRL/lpr mice was 23.05, 18.92, and 6.95 %, respectively
(Table 4).

The TRBVand TRBJ pairing in the thymus and spleen
of MRL/lpr mice at different ages

The frequency of 22 TRBV gene pairing with the 12 TRBJ
gene was identified (Fig. 6). Restricted usage of TRBJ2-5 in
the thymus and TRBJ2-7 in the spleen, respectively, at
1-, 3-, and 5-month-old ages of MRL/lpr mice. But
there were different usages of TRBV gene recombined
with each TRBJ gene in the thymus and spleen of
MRL/lpr mice at different ages. The overview TRBV pairing
with TRBJ gene showed the reduced complexity of the TCR
repertoires from 5-month- compared to 3-month- or 1-month-
old MRL/lpr mice.

Clonal proliferation of TCR β-chain CDR3

Clonal proliferation and the HEC numbers as determined by
analysis of TCRβ-chain CDR3 repertoire fromMRL/lpr mice
at different ages showed significant differences (Fig. 2). The
number of highly expanded clones (HEC) in the thymuses of
3- and 5-month-old mice was higher than that in 1-month-old
mice, while that in the spleens of 5-month-old mice was
higher than the number in 1- and 3-month-old mice. Thymus
samples from 1-month-old mice showed no significant clonal
proliferation. HEC accounted for 1.1 % in 3-month-old mice
and 2.8 % in 5-month-old mice; in spleen samples, HEC was
3.0 % in 1-month-old mice, 2.7 % in 3-month-old mice, and
6.3 % in 5-month-old mice.

Sequence analysis of highly expressed clones (top 5) in TCR
β-chain CDR3 repertoire

The incidence of highly expressed CDR3 sequences (top 5)
from the thymus and spleen of MRL/lpr mice at different ages
was unique. The thymus and spleen highly expressed CDR3
ratio was greater than 1 % in 5-month-old mice, whereas the
ratios were below 1 % for both 1- and 3-month-old mice.

Fig. 2 T cell clone proliferation
levels from the thymuses and
spleens of MRL/lpr mice at
different ages. a Scatter diagram
to show the cloning status of the
six samples from MRL/lpr mice.
Each dot in the diagram
represents one clone. The
percentage in the T cell receptor
repertoire could demonstrate the
sizes of the Tcell clones. bClones
from the six samples distributed
with bias to the right. The average
and standard deviation are shown
in the diagram. c Thymus T cell
and d spleen T cell clone
frequency distribution
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Highly expressed CDR3s show partially conserved sequence
motifs such as E-Q-F and Y-E-Q-Y (Table 5). The highly
expressed CDR3 (CASSPGLGYNYAEQFF) in the spleen
of a 5-month-old mouse came from the TRBV14 gene family,
but TRBV14 gene were very low frequency expression at all
other samples of MRL/lpr mice (Table 5, Fig. 6).

The average number of inserted bases in the N1 region of
highly expressed CDR3 sequences from 3- and 5-month-old
MRL/lpr mice spleens was significantly higher than that from
1-month-old mice (2.21, 2.49, and 0.48 for 5-, 3-, and
1-month-old mice, respectively); whereas in the thymus,

5-month-old mice (2.8) had a greater average number than
3- (1.52) and 1-month-old (1.68) MRL/lpr mice.

There were no significant differences between the
average number of inserted bases in the N2 region of
highly expressed CDR3 sequences from spleen or thy-
mus samples from the different age groups; however, the
average number of inserted bases in the N2 region was
generally smaller than that in the N1 region (Fig. 3), and
the average number of inserted bases in the N2 region of
unique productive CDR3 sequences from the thymus and
spleen of MRL/lpr mice at different ages was greater

Table 5 Analysis of the T cells highly expressed proliferating clones (the top five highly expressed CDR3 sequences) from the thymus and spleen
samples of MRL/lpr mice at different ages

Sample V genes J genes D genes CDR3 sequences (amino acid) Frequency (%)

MRL/lpr-1-thymus BV4 BJ1-1 BD1 CASSAQGWAEVFF 0.10

BV12-1 BJ2-2 BD1 CASSLEPANTGQLYF 0.10

BV15、3、4 BJ2-7 BD1 CASSLDSSYEQYF 0.10

BV13-3、13–1 BJ1-1 BD1 CASSDRGNTEVFF 0.10

BV19 BJ2-7 BD1 CASSIRDISYEQYF 0.10

MRL/lpr-3-thymus BV26 BJ1-5 BD1 CASSRDTNQAPLF 0.56

BV17 BJ2-7 BD1 CASSRDWVGSSYEQYF 0.52

BV2 BJ2-1 BD1 CASSQDRVYAEQFF 0.47

BV20 BJ1-1 BD1 CGAKTTNTEVFF 0.45

BV26 BJ2-1 BD1 CASSRTDNYAEQFF 0.40

MRL/lpr-5-thymus BV3、12–1、13–3、26 BJ2-7 BD1 CASSSRDTYEQYF 11.65

BV17 BJ2-1 BD1 CASSSRDNNYAEQFF 4.38

BV17 BJ2-7 BD1 CASSRRQGGEQYF 2.08

BV13-2、13–3 BJ2-4 BD1 CASSDPGKGDTLYF 1.72

BV26 BJ2-7 BD1 CASSPGTAYEQYF 1.41

MRL/lpr-1-spleen BV3 BJ2-5 BD2 CASSLDWVQDTQYF 1.14

BV17 BJ2-7 BD2 CASSRDWDEQYF 0.60

BV26 BJ1-1 BD1 CASSLSTANTEVFF 0.60

BV4 BJ2-1 BD2 CASSSTGAYAEQFF 0.60

BV13-1 BJ2-1 BD1 CASSDANNYAEQFF 0.30

BV1 BJ2-1 BD1 CTCSATDLYAEQFF 0.30

MRL/lpr-3-spleen BV13-1 BJ1-1 BD1 CASKYRANTEVFF 0.89

BV3 BJ2-1 BD2 CASSLGLGPYAEQFF 0.67

BV26 BJ1-5 BD1 CASSRDTNQAPLF 0.61

BV13-3 BJ2-2 BD1 CASVDRPTGQLYF 0.55

BV4 BV2-2 BD1 CASSLYRGTGQLYF 0.46

MRL/lpr-5-spleen BV3 BJ2-7 RBD1 CASSSRDTYEQYF 3.07

BV13-3、13-1 BJ2-7 BD1 CASSDQGSYEQYF 1.16

BV17 BJ2-1 BD1 CASSSRDNNYAEQFF 1.16

BV14 BJ2-1 BD2 CASSPGLGYNYAEQFF 0.85

BV26 BJ2-1 BD1 CASSLRQYAEQFF 0.41

BV13-1 BJ1-1 BD1 CASSVGQGTEVFF 0.41

BV4 BJ2-7 BD1 CASSSRQGSYEQYF 0.41
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than that in the N1 region (Supplementary Fig. 4). The
extent of base insertion in the N1 and N2 regions of
unique productive thymic and splenic CDR3 sequences
in MRL/lpr mice at different ages showed an uptrend
with increased age. In addition, the average number of
inserted bases in the N2 region was greater than that in
the N1 region (average number of inserted bases in the
N1 region of the thymus 2.13, 2.16, and 2.25; average
number of inserted bases in the N1 region of the spleen
2.07, 2.28, and 2.30; average number of inserted bases in
the N2 region of the thymus 2.72, 2.56, and 3.06; average
number of inserted bases in the N2 region of the spleen 2.68,
2.74, and 2.90).

Statistical analysis of overlapping CDR3 of MRL/lpr mice
at different ages

The CDR3-encoding sequences from the thymus and spleen
of 1-month-old MRL/lpr mice have a low overlap ratio, and
the overlap ratio have no differences between total productive
and unique productive sequences that were observed.
However, thymic and splenic CDR3 regions of 3- and 5-
month-old MRL/lpr mice have high overlap ratios; further-
more, the total productive overlap ratio was significantly
higher than the unique productive overlap ratio (Tables 6, 7
and Figs. 4, 5, and 6). There were 11 identical CDR3 se-
quences among thymuses and 8 identical CDR3 sequences

Fig. 3 The T cells highly
expressed proliferating clones
(top five) TCR β-chain CDR3
region, N-region, and P-region
insertion and splicing analysis of
MRL/lpr mice at different ages

Table 6 Total productive CDR3 overlapping sequence statistics table of the thymus and spleen samples of MRL/lpr mice at different ages

MRL/lpr-1-thymus MRL/lpr-1-spleen MRL/lpr-3-thymus MRL/lpr-1-spleen MRL/lpr-5-thymus MRL/lpr-1-spleen

MRL/lpr-1-thymus 3920 87 (2.22 %) 91 (2.32 %) 101 (2.58 %) 72 (1.84 %) 71 (1.81 %)

MRL/lpr-1-spleen 135 (4.07 %) 3318 106 (3.19 %) 98 (2.95 %) 73 (2.20 %) 80 (2.41 %)

MRL/lpr-3-thymus 115 (2.72 %) 98 (2.32 %) 4227 1094 (30.58 %) 88 (2.08 %) 108 (2.56 %)

MRL/lpr-1-spleen 133 (3.72 %) 117 (3.27 %) 1158 (27.40 %) 3578 95 (2.66 %) 128 (3.58 %)

MRL/lpr-5-thymus 107 (2.10 %) 149 (2.93 %) 169 (3.32 %) 123 (2.42 %) 5089 2037 (40.03 %)

MRL/lpr-1-spleen 157 (4.06 %) 165 (4.27 %) 100 (2.59 %) 141 (3.65 %) 658 (17.02 %) 3867
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among spleens of 1-, 3-, and 5-month-old mice (Tables 8 and
9). And there were no differences of the overlap CDR3
frequency in the 1-, 3-, and 5-month-old mice. The overlap
CDR3 (GARDRANSDYT) in the thymus of 1-, 3-, and 5-
month-old mice came from the same TRBV (TRBV20)
family.

Discussion

The MRL/lpr mouse is an inbred mouse model of SLE that
shows robust T cell proliferation and activation at the onset of
autoimmunity (Watanabe-Fukunaga et al. 1992). To date, the
composition and variation of TCR β-chain CDR3 repertoire
from the thymus and spleen of MRL/lpr mice have not been
reported. MRL/lpr mice typically have a disease onset around
2 months of age, and approximately 50 % of mice die at

around 5 months of age. In 3- and 5-month-old MRL/lpr mice
in this study, joint swelling, skin erythema, axillary lymph
node enlargement, and spleen enlargement were observed,
and anti-dsDNA, anti-ANA, and anti-AHA antibodies were
detected through autoantibody tests. In addition, proliferation
of glomerular mesangial cells, basement membrane thicken-
ing, glomerular sclerosis atrophy, and major renal interstitial
inflammatory cell infiltration were detected by pathological
examination. Inflammatory cell infiltration was also observed
around blood vessels with fibrosis and “onion skin” configu-
ration in some mice. Those changes were less severe in 3-
month-old MRL/lpr mice than in 5-month-old MRL/lpr mice,
and no autoantibodies or renal pathological changes were
observed in 1-month-old MRL/lpr mice. This indicates mea-
surable autoimmune responses in 3-month-old MRL/lpr mice
and obvious autoimmune responses and organ damage in 5-
month-old MRL/lpr mice. We utilized Roche 454 high-

Table 7 Unique productive CDR3 overlapping sequence statistics table of the thymus and spleen samples of MRL/lpr mouse at different ages

MRL/lpr-1-thymus MRL/lpr-1-spleen MRL/lpr-3-thymus MRL/lpr-3-spleen MRL/lpr-1-thymus MRL/lpr-5-spleen

MRL/lpr-1-thymus 3684 73 (1.98 %) 81 (2.19 %) 72 (1.95 %) 57 (1.54 %) 62 (1.68 %)

MRL/lpr-1-spleen 73 (2.95 %) 2471 59 (2.38 %) 60 (2.42 %) 51 (2.06 %) 51 (2.06 %)

MRL/lpr-3-thymus 81 (2.61 %) 59 (1.90 %) 3098 422 (13.62 %) 58 (1.87 %) 61 (1.96 %)

MRL/lpr-3-spleen 72 (2.70 %) 60 (2.25 %) 422 (15.87 %) 2658 55 (2.06 %) 53 (1.99 %)

MRL/lpr-5-thymus 57 (2.36 %) 51 (2.11 %) 58 (2.40 %) 55 (2.28 %) 2412 221 (9.16 %)

MRL/lpr-5-spleen 62 (2.56 %) 51 (2.11 %) 61 (2.52 %) 53 (2.19 %) 221 (9.15 %) 2413

Italicized numbers show high overlap ratios

Fig. 4 The unique productive and the total productive sequences of CDR3 region amino acid sequence overlapping ratios between the thymus and
spleen of MRL/lpr mice at different ages
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throughput sequencing to compare and analyze the composi-
tion and variation in T cell (mRNA) TCR β-chain CDR3
repertoire from the thymus and spleen of MRL/lpr mice at 1,
3, and 5 months of age.

Roche 454 high-throughput sequencing of six samples
resulted in 187,624 original total sequences, and the amounts
of total data obtained from each sample were similar. The
diversities of TCR β-chain CDR3 repertoire of thymuses and

Fig. 5 The unique productive sequences of CDR3 region amino acid
sequence overlapping ratios of MRL/lpr mouse at different ages. a CDR3
region overlapping comparison among MRL/lpr-1-thymus (1-T)/MRL/
lpr-3-thymus (3-T)/MRL/lpr-5-thymus (5-T) samples and MRL/lpr-1-

spleen (1-S)/MRL/lpr-5-spleen (3-S)/MRL/lpr-5-spleen (5-S) samples. b
CDR3 region overlapping comparisons among thymus and spleen sam-
ples from MRL/lpr mice at different ages

Table 8 Three thymus samples (MRL/lpr-1-thymus, MRL/lpr-3-thymus, and MRL/lpr-5-thymus) common overlapping CDR3 region statistics

CDR3aa sequence CDR3 length (aa) TRBV genes TRBJ genes TRBD genes

MRL/lpr1 MRL/lpr3 MRL/lpr5 MRL/lpr1 MRL/lpr3 MRL/lpr5 MRL/lpr1 MRL/lpr3 MRL/lpr5

ASSLSYEQY 9 BV19 BV12-1 BV26 BJ2-7 BJ2-7 BJ2-7 BD1 – –

ASRDSYEQY 9 BV19 BV13-1 BV26 BJ2-7 BJ2-7 BJ2-7 BD1 BD1 BD1

ASSLNERLF 9 BV13-3 BV26 BV4 BJ1-4 BJ1-4 BJ2-7 BD2 BD2 BD2

ASRDSAETLY 10 BV19 BV26 BV13-3 BJ2-3 BJ2-3 BJ2-7 BD1 BD1 BD1

ASSQDSYEQY 10 BV2 BV2 BV26 BJ2-7 BJ2-7 BJ2-7 BD1 – BD1

ASSGQNYAEQF 11 BV13-3 BV12-1 BV13-3 BJ2-1 BJ2-1 BJ2-1 BD1 BD1 BD1

GARDRANSDYT 11 BV20 BV20 BV20 BJ1-2 BJ1-2 BJ1-2 BD1 BD1 BD1

ASSLDWGYEQY 11 BV26 BV4 BV3 BJ2-7 BJ2-7 BJ2-3 BD2 BD2 BD1

ASSLDSSYEQY 11 BV15 BV16 BV26 BJ2-7 BJ2-7 BJ2-7 BD1 BD1 BD1

ASSPGQNTEVF 11 BV13-3 BV26 BV13-3 BJ1-1 BJ1-1 BJ1-1 BD1 BD1 BD1

ASSPRDNYAEQF 12 BV13-3 BV29 BV17 BJ2-1 BJ2-1 BJ2-1 BD1 BD1 BD1
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spleens from MRL/lpr mice significantly decreased with in-
creased age, which may be due to increased self-response T
cell ratio through clonal proliferation. By analyzing HECs of
total productive CDR3 sequences from thymuses and spleens
of the three different ages of MRL/lpr mice, we found that the
HEC ratio in the thymus and spleen significantly increased
with age. A previous study conducted by Simpson et al.
suggested that epitope expansion occurs in early stages of
SLE and increases with disease progression (Arbuckle et al.
2003). The progressive increase in the HEC ratio in the
thymus and spleen may reflect an increase in autoreactive T
cell clones induced by epitope expansion and chronic
inflammation.

Among the total productive CDR3 sequences, an increased
bias toward TRBV13-3 usage was observed in the thymuses

(13.19, 9.39, and 14.73 %) and spleens (12.80, 13.49, and
11.06%) ofMRL/lpr mice at 1-, 3-, and 5-month-oldMRL/lpr
mice. High TRBV biased usage was similarly observed in
both 3-month-old and 5-month-old mice. Prominent TRBV4
expression was observed in the spleens (23.05, 18.92, and
6.95 %) of 1-, 3-, and 5-month-old MRL/lpr mice, the de-
creased TRBV4 may be coming from the Treg clonal, consis-
tent with TRBV13-3 and TRBV4 gene family usage in the
spleen and other peripheral lymphoid organs of MRL/lpr
mice, as reported by Casrough (Zhou et al. 2004). In a study
using a transgenic mouse model of mixed connective tissue
disease, Greidinger et al. also observed biased usage of
TRBV13 and TRBV4 in spleen samples (Greidinger et al.
2008). These results suggest that TRBV families with bias
usage are closely related to the MRL/lpr autoimmune

Table 9 Three spleen samples (MRL/lpr-1- spleen, MRL/lpr-3- spleen, and MRL/lpr-5- spleen) common overlapping CDR3 region statistics

CDR3aa sequence CDR3 length (aa) TRBV genes TRBJ genes TRBD genes

MRL/lpr1 MRL/lpr3 MRL/lpr5 MRL/lpr1 MRL/lpr3 MRL/lpr5 MRL/lpr1 MRL/lpr3 MRL/lpr5

ASSGYEQY 8 BV13-3 BV13-1 BV13-1 BJ2-7 BJ2-7 BJ2-7 BD1 BD1 BD1

ASSDNTEVF 9 BV13-3 BV13-1 BV13-1 BJ1-1 BJ1-1 BJ1-1 BD1 BD1 –

ASSPGQYEQY 10 BV13-3 BV29 BV14 BJ2-7 BJ2-7 BJ2-7 BD1 BD1 BD1

ASSLGQNTLY 10 BV4 BV26 BV26 BJ2-4 BJ2-4 BJ2-4 BD1 BD1 BD1

ASSDWGQDTQY 11 BV13-3 BV13-1 BV13-1 BJ2-5 BJ2-5 BJ2-5 BD2 BD1 BD2

ASSRDWGYEQY 11 BV4 BV17 BV4 BJ2-7 BJ2-7 BJ2-7 BD2 BD2 BD2

ASSFRDWGYEQY 12 BV4 BV4 BV16 BJ2-7 BJ2-7 BJ2-7 BD2 BD2 BD2

ASSPDWGNYAEQF 13 BV26 BV12-1 BV4 BJ2-1 BJ2-1 BJ2-1 BD2 BD2 BD2

Fig. 6 The TRBVand TRBJ pairing in the thymus and spleen of MRL/
lpr mice at different ages. TRBJ genes family on the left and TRBV genes
family at the bottom of the panels, the reads from the total productive
CDR3 sequences for pairing were indicated by color code. Prominent
TRBV14 gene family in the spleen of a 5-month old mouse, but TRBV14

gene were at very low frequency expression at all other samples from
MRL/lpr mice. The overview TRBV pairing with TRBJ gene showed the
reduced complexity of the TCR repertoires from 5-month compared to 3-
month or 1-month MRL/lpr mice
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response, which provides a basis to study specific T cell
responses in these mice.

The recombined and restricted usage of specific TRBVand
TRBJ genes maybe related to the diseases. And when we
further analyzed the TRBV and TRBJ pairing in the thymus
and spleen of MRL/lpr mice at different ages, we found the
bias usage of TRBJ2-5 in the thymus and TRBJ2-7 in the
spleen, respectively, in 1-, 3-, and 5-month-old ages of MRL/
lpr mice, but the overview TRBV gene recombined with each
TRBJ gene showed the reduced complexity of the TCR rep-
ertoires from 5-month compared to 3-month or 1-month
MRL/lpr mice (Krell et al. 2013).

The observed occurrence of highly expressed (top 5) CDR3
sequences in the thymuses and spleens of MRL/lpr mice at
different ages was inconsistent. Highly expressed CDR3 se-
quences in the thymus and spleen from a 5-month-old mouse
account for over 1 % of the total sequences but accounts for less
than 1 % in 3- and 1-month-old mice. No identical amino acid
sequences were detected while analyzing highly expressed
CDR3 between samples; however, we found that highly
expressed CDR3 sequences contain partially conserved se-
quence motifs (E-Q-F and Y-E-Q-Y). And the highly expressed
CDR3 (CASSPGLGYNYAEQFF) in the spleen of a 5-month-
old mouse came from the TRBV14 gene family, but TRBV
genewas at a very low frequency expression at all other samples
in MRL/lpr mice. Moreover, Greidinger et al. also found the
amino acid motifs E-Q-F and Y-E-Q-Y in spleens of patients
with small nuclear ribonucleoprotein antigen-induced mixed
connective tissue disease and an HLA-DR4 transgenic mouse
model (Greidinger et al. 2008). These conserved amino acid
sequences may be related to the anti-snRNP response. The
average number of inserted bases in the N1 region of highly
expressed CDR3 sequences from 5- and 3-month-old mouse
spleens was significantly higher than that from 1-month-old
mice (2.21, 2.49, and 0.48 for 5-, 3-, and 1-month-old mice,
respectively). When analyzing N1 nucleotide insertion in the
corresponding highly expressed CDR3 sequences in the thy-
mus, the average number in 5-month-old mice (2.8) was greater
than that in 3- (1.52) and 1-month-old (1.68) mice. There were
no significant differences in the average number of inserted
bases in the N2 region of highly expressed CDR3 sequences
in 1-, 3-, and 5-month-oldMRL/lpr mouse thymuses or spleens.
However, when analyzing unique productive CDR3 sequences
from thymuses and spleens of MRL/lpr mice at different ages,
we found that the average number of inserted bases in the N2
region was greater than that in the N1 region, and both showed
an upward trendwith a positive correlation with age andwith no
significant differences, indicating that nucleotide insertion and
excision in the N region of highly expressed CDR3 sequences
in MRL/lpr mice may be closely related to the MRL/lpr
autoreactive T cell response.

By statistical analysis of overlapped CDR3 of MRL/lpr
mice at different ages, we found 11 identical CDR3 sequences

among thymuses and eight identical CDR3 among spleens of
1-, 3-, and 5-month-old mice. And the overlap CDR3
(GARDRANSDYT) in the thymuses of 1-, 3-, and 5-month-
old mice came from the same TRBV (TRBV20) family. Due
to some of the overlapped sequences were coming from
different TRBV families and most of these sequences (12/
19) have N1 region or N2 region, they probably arise as a
result of the antigen selected. These common clonal T cells
might mediate autoimmune responses in these mice.
Additionally, CDR3 regions between the thymus and spleen
of a 1-month-old MRL/lpr mouse had a low overlap ratio, and
no differences between total productive and unique productive
sequences were observed. However, CDR3 regions be-
tween the thymus and spleen of 3- and 5-month-old
MRL/lpr mice had high overlap ratios, and the total
productive overlap ratio was significantly greater than
the unique productive overlap ratio. Although other re-
gions of these overlapping CDR3 sequences were found
to differ based on further analysis, all sequences showed
a highly biased usage of TRBV (including TRBV13 and
TRBV2), and TRBJ (TRBJ2-7 and TRBJ1-1) families,
suggesting that the overlapped sequences resulted from
different T cell groups after high clonal proliferation and
are positively correlated with the progression of autoim-
mune response in MRL/lpr mice.

Through the analysis and comparison of TCR β-chain
CDR3 repertoire from the thymuses and spleens (mRNA) of
MRL/lpr mice at different ages (1, 3, and 5 months), we found
that diversity of TCR CDR3 repertoire of thymuses and
spleens from MRL/lpr mice significantly decreased with age
(disease progression). Features such as a common TRBV
biased usage in the TCRCDR3 repertoire, significant changes
in the N1 region of highly expressed CDR3 sequences with
disease progression, composition of common overlapping
CDR3 regions, and the frequency of the TRBV pairing with
the TRBJ in the different-aged mice may be closely related to
the MRL/lpr anti-self T cell response during onset and pro-
gression of disease. We did not sort the T cells into subsets
(naïve T cells and effective T cells), these conclusions should
to be proven by further experiments. Even so, this study
provides a basis for studying autoreactive T cell response in
SLE and a new perspective for exploring SLE with progres-
sion of disease in clonal level of TCR, which may provide a
basis for studying the mechanism of the MRL/lpr autoreactive
T cells response and tailor an individualized treatment
targeting these T cells.
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