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Abstract: The T-cell response and tolerance in non-lymph tissues differs from those in lymph tissues such as the
spleen and thymus. The distribution and composition of the TCR repertoires in non-lymph tissues and how they
differ and associate with their counterparts in lymph tissue remain unclear. Thus, we studied the thymus, spleen,
blood, liver and small intestine of BALB/c mice at the ages of one, three and five months to carry out a preliminary
analysis of the spatial-temporal homogeneity and heterogeneity of the total TCR 3 chain CDR3 repertoire using
high-throughput sequencing technology and immune bioinformatics approaches. The data show that the diversity
of the CDR3 repertoires was decreased as the mouse age increased, except in the small intestine. The number of
low-expanded clones in the CDR3 repertoires was greatest in the thymus, followed by the spleen, blood, liver and
small intestine, and highly expanded clones had an opposite trend in the different mice ages. The thymus and the
spleen showed the greatest overlap of CDR3 sequences with the other tissues across the different mice ages. The
distribution of the CDR3 repertoire length was normal, with a median of 14 aa in all the mouse tissues, except the
small intestine of the one-month-old mice had a median of 12 aa. In summary, the composition and characteristics
of the CDR3 repertoires in the thymus were similar to those in the spleen, and repertoires in the blood were similar
to those in the liver; only the small intestine showed a unique composition. These results offer a novel method to
explore the source, differentiation, proliferation and response of distinct T cells in different tissues at different mice
ages.
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Introduction ponse patterns in non-lymphoid tissues differs
from those in lymphoid tissue and the periph-
eral blood. In 2001, Masopust’s group reported

that CD8 T cells specific for viral and bacterial

Thymic T cells develop into a diverse TCR reper-
toire through germline gene rearrangements

and progress to mature T cells via positive and
negative selection, after which they are rele-
ased to peripheral tissues that are involved in
the immune response. The T-cell distribution
and composition have yet to be fully describ-
ed. Although many studies have focused on
T-cell response and tolerance in the spleen,
lymph nodes and peripheral blood, the T-cell
response in non-lymphoid tissues is less well
defined. Recent T-cell response studies in non-
lymphoid tissues, such as the skin, lung, liver
and small intestine, have indicated that res-

pathogens migrated to non-lymphoid tissues
and were present as long-lived memory cells
[1]. In 2006, this group also reported that virus-
specific CD8 T cells in gut intraepithelial lym-
phocytes were not centralized and that effector
memory CD8 T cells migrated from the spleen
or peripheral blood, suggesting that memory T
cells can differentiate in local tissues [2]. In
2012, Casey’s group reported that effector T
cell differentiation and memory T cell mainte-
nance in the blood required constant antigen
stimulation, but tissue-resident (intestinal) ef-
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fector memory T cells (TRMs) do not require
sustained antigen stimulation. CD69 and CD-
103 are expressed on the TRM surface in non-
lymphoid tissues (intestine, stomach, kidney,
reproductive tract, pancreas, brain and salivary
glands), and this is mediated by cytokines. For
example, TRMs are maintained in intestinal epi-
thelial tissues via TGF-B-mediated CD103 ex-
pression, suggesting that the long-lasting TRM
maintenance in local tissues such as the intes-
tine uses a mechanism that differs from that
of classical TEM [3]. In 2011, Hovhannisyan’s
group identified a distinct population of T regu-
latory (Treg) cells in an intestinal mucosal in-
flammatory environment of inflammatory bowel
disease that were FoxP3* and produced IL-17.
These cells likely arise during differentiation of
Th17 and Tregs, and the specific micro-environ-
mental cues from tissues may have determined
the balance of Th17 and Treg cell differentia-
tion in these intestinal tissues [4]. Protective
memory T cells were thought to reside in the
blood and lymph nodes, but Jiang and col-
leagues reported that localized vaccinia virus
(VACV) skin infection generated long-lived non-
recirculating CD8™ skin T (TRM) cells that re-
side within the skin that are superior to circu-
lating central memory T cells (TCMs) for provid-
ing rapid, long-term protection against cutane-
ous reinfection [5]. Clark’s group reported that
alemtuzumab treatment of cutaneous T cell
lymphoma (CTCL) did not severely compromise
the immune response to infection, likely becau-
se sparing skin-resident TEMs provided local
dermal immune protection by depleting circu-
lating TCMs [6]. Purwar reported abundant resi-
dent T cells in the human lung-more than 10
billion T cells were present-which were largely
effector memory T cell (TEM) phenotypes, but
few TCMs and Treg cells were identified. Lung T
cells had a diverse T cell receptor repertoire,
and subsets produced IL-17, IL-4, IFN-y, and
TNF-a. Moreover, lung TRMs, but not TRMs resi-
dent to skin or T cells from the blood, prolifer-
ated in response to influenza virus [7]. Teijaro’s
group identified influenza-specific lung tissue-
resident memory CD4 T cells, which did not cir-
culate or migrate from the lung. These influen-
za-specific lung tissue-resident memory CD4 T
cells served as in situ protectors to respiratory
viral challenge, enhancing viral clearance and
survival against lethal influenza infection. In
contrast, memory CD4 T cells isolated from the
spleen recirculated among multiple tissues but
failed to offer protection against influenza in-
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fection. Thus, tissue compartmentalization is
important for immune-mediated protection at
key mucosal sites for targeting local protective
responses in vaccines and immunotherapies
[8].

In 2013, Cebula’s group analysed the T-cell re-
ceptor repertoires of CD4* Foxp3* and CD4*
Foxp3- T cells in the thymus, intestine and co-
lon using HTS. The results showed that thy-
mus-derived Treg cells constitute the majority
of Treg cells in the intestine and colon [9].
Emerson’s group utilized HTS to compare the T
cell CDR3 repertoire between the peripheral
blood and infiltrating T cells (TILs) of ovarian
carcinoma patients. The results suggest that
the cellular adaptive immune response within
ovarian carcinomas is spatially homogeneous
and distinct from the T-cells compartment of
peripheral blood [10]. Eric Shifrut’'s group
explored the CD4* T cell TCR repertoire in mice
using HTS, and the results showed that the
diversity of the TCR B CDR3 repertoire is re-
duced in the spleens of aged mice but is not
reduced in the bone marrow [11]. Sathaliyawa-
la’s group analysed the distribution of human T
cells in the lymph nodes, lung, spleen and
intestines of individual organ donors and re-
ported that these non-lymphoid tissues had a
unique distribution within an individual but not
comparatively among individual donors. They
established a profile of human T cell distribu-
tion based on the compartmentalization of the
debut of T cell subgroups [12].In 2015, Bergot’s
group analysed the subsets of naive and acti-
vated/memory Treg cells in mice. They reported
that activated/memory (am) Treg cells are pre-
dominantly distributed in lymph nodes (LNs),
and expanded clonotypes were primarily dete-
cted in deep-LN amTreg cells, accounting for
20% of the repertoire. Strikingly, these clono-
types were absent from nTreg cells, indicating
different antigenic targets for naive and amTreg
cells and that amTreg cells are self-specific
[13].

Although distinct T-cell populations and specific
immune responses in lymphoid and non-lym-
phoid tissues have been confirmed, the source
and activation mechanisms of these cells and
their relationship with T cells in lymphoid tis-
sues and the circulation have not been eluci-
dated. At present, little is known regarding TCR
CDR3 sequence homogeneity and heterogene-
ity in different tissues. The overall distribution
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and compartmentalization of TCR repertoires
under physiological conditions provides a foun-
dation to explore the sources and the distinct
response mechanisms of T cells in different tis-
sues and offers new perspectives and methods
to study the differences and relationships am-
ong T cells in non-lymphoid and lymphoid tis-
sues and the circulation. Here, we sequenced
the total T-cell TCR B CDR3 repertoire of the thy-
mus, spleen, blood, liver, and intestine from
BALB/c mice at the ages of one, three and five
months by HTS. We preliminary assessed the
composition and characteristics of diversity,
clonality, overlapping, CDR3 aa length, CDR3
aa usage, insertion or deletion of v/j/d5/d3,
and TRBV/TRBJ/TRBD usage in the CDR3 re-
pertoires.

Materials and methods

TCR B CDR3 repertoire preparation and high-
throughput sequencing

Three BALB/c female mice, 4-weeks old, from
the same litter, were purchased from CAVENS
Experimental Animal Ltd. (China) and housed in
the Zunyi Medical College SPF animal facility.
All of the animal experiments were performed
according to the guidelines for the Care and
Use of Laboratory Animals (Ministry of Health,
China, 1998). The experimental procedures
were approved by the Zunyi Medical College
Laboratory Animal and Use Committee (permit
number 2013016). Three BALB/c female mice
were sacrificed-one each at one (M1), three
(M3) and five (M5) months of age-and thymus
(T), spleen (S), blood (B), liver (L) and small in-
testine (I) samples were harvested (a total of
15 tissue samples). Genomic DNA was extract-
ed using a QlAamp DNA MiniKit (Cat: 51304,
QIAGEN, Germany) and stored in QIA safe DNA
tubes (QIAGEN). The genomic DNA was identi-
fied using 1% agarose gel electrophoresis and
the concentration and purity of the genomic
DNA was confirmed. Mouse TCR B chain CDR3
repertoires were generated with multiplex PCR
amplification consisting of 36 forward mouse
T-cell receptor beta variable (TRBV) segments
and 14 reverse mouse T-cell receptor beta join-
ing (TRBJ) segment primers. The TCR 3 CDR3
repertoires (PCR library) were quantified and
loaded on an lllumina flow cell for sequencing
with an lllumina Genome Analyzer (USA). The
amplification and sequencing were completed
with the Adaptive Biotechnologies ImmunoSEQ
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platform. Raw sequences with technical fail-
ures were removed by a complexity filter. A
nearest-neighbour algorithm was used to col-
lapse the data into unique sequences by merg-
ing closely related sequences to remove both
PCR errors and GA sequencing errors. Based
on unique tags that were identified during da-
tabase generation, sequences of the CDR3
repertoire of 15 samples from all mice were
acquired [14-18]. The TCR CDR3 repertoire
preparation and the HTS were carried out by
Adaptive Biotechnologies Corp. (Seattle, WA,
USA).

Analysis of the composition and characteris-
tics of TCR 3 CDR3 repertoires

We downloaded the original sequence of each
sample from ImmunoSEQ ANALYZER (https://
clients.adaptivebiotech.com) and analysed it
further in Microsoft Excel (Microsoft). Depen-
ding on the genetic composition of the mou-
se TCR B CDR3 sequence status (stop/in-
frame/out-of-frame), ImmunoSEQ ANALYZER
was used to identify out-of-frame sequences,
in-frame sequences, and stop sequences. The
in-frame sequences for all samples were then
used to analyse the TCR (3 CDR3 repertoire
sequences. We identified CDR3 nucleotides,
CDR3 amino acids, counts (reads), frequency
count (%), CDR3 length, variable (V), diversity
(D), and joining (J) gene names, v, d5, d3, and j
deletions, and nl and n2 insertions. The
inverse Simpson index (1/Ds) formula was 1/
Ds = 1/[1-X (Ni (Ni-1))/(N (N-1))], where Ni was
defined as the frequency of the gene, and N
was defined as the total number of genes [19].
In addition, the statistical analysis of the com-
position and characteristics of the unique and
total in-frame CDR3 repertoires was analysed,
including the CDR3 aa repertoire clone expan-
sion frequency, where <0.001% = low-expand-
ed clones (LECs), 0.1-0.001% = medium-ex-
panded clones (MECs), and >0.01% = high-ex-
panded clones (HECs). Unique CDR3 aa over-
lapping sequences (http://bioinformatics.psb.
ugent.Be/webtools/Venn), the CDR3 repertoire
length distribution and aa usage, the TRBY,
TRBJ, TRBD usage of the CDR3 repertoires, and
the insertion and deletion of the unique CDR3
repertoire [15, 17, 20, 21] were also analysed.
The x? test and a non-parametric one-way AN-
OVA and Bonferroni’s post-test were used to
compare differences among samples (P<0.05
was considered to be statistically significant).
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Table 1. The number and percent of TCR 3 chain CDR3 gene and aa sequences in the thymus,
spleen, blood, liver, and small intestine of M1, M2 and M3

Total

Unique Total Unique

Total Unique  Unique/ in-frame  in-frame Unique/ in frame in frame Unique/

CDR3 CDR3  Total (%) CDR3 CDR3 Total (%) CDR3aa CDR3aa Total (%)
M 1-T 8952783 428321 4.78 6645969 245689 3.7 6557117 241194 3.68
M 1-S 1300362 150183 11.55 972973 94203 9.68 960331 92695 9.65
M 1-B 1346868 126730 9.41 1016233 81288 8 1004675 80103 7.97
M 1-L 1099864 59910 5.45 821980 40319 491 812497 39762 4.89
M 1-1 336248 4694 1.4 219899 3070 1.4 216530 3011 1.39
M 1-Sum 13036125 769838 5.91 9677054 464569 4.8 9551150 376884 3.95
M 3-T 9203625 302948 3.29 6926201 176004 2.54 6844631 172855 2.53
M 3-S 10122248 254840 2.52 7533787 149276 1.98 7434851 146647 1.97
M 3-B 940691 89022 9.46 705135 58737 8.33 696185 57826 8.31
M 3-L 693019 34464 4.97 515467 23834 4.62 509102 23493 4.61
M 3-I 383327 6322 1.65 280340 3997 1.43 277737 3921 1.41

M 3-Sum 21342910 687596  3.22
M 5T 10604030 259209 2.44
M 5-S 10547716 185315 1.76

M 5-B 987345 57045 5.78
M 5-L 1077880 42632 3.96
M 5-1 577411 8672 1.5

M 5-Sum 23794382 552873  2.32

15960930 411848  2.58
7935475 148079  1.87
7900736 110530 1.4
732686
796904
433708

17799509 332261  1.87

15762506 334698 2.12
7849764 145479 1.85
7794087 108640 1.39

38612 5.27 716193 37971 53
28974 3.64 775811 28546 3.68
6066 1.4 428266 5967 1.39

17564121 270491 1.54

Results

Total T cell TCR 3 CDR3 repertoire preparation
and the diversity of CDR3 repertoires

The band of genomic DNA, shown at a predeter-
mined size and position by agarose gel electro-
phoresis, was extracted for each sample (Fig-
ure S1). The total original sequences were ob-
tained using an lllumina Genome Analyzer. The
ratio of unique CDR3 gene (or CDR3 aa) sequ-
ences to the total CDR3 repertoire was calcu-
lated, and for M1 the ratio descended in the
order of spleen, blood, liver, thymus, and small
intestine. For both M3 and M5 the ratio des-
cended in the following order: blood, liver, thy-
mus, spleen and small intestine (Table 1). To
evaluate the diversity of the TCR CDR3 reper-
toires, we introduced the inverse Simpson’s
diversity index (1/Ds) [19]. The 1/DS of all 15
samples is depicted in Figure 1. The data sh-
owed that the diversity of the total CDR3 re-
pertoire in the same tissue across M1, M3 and
M5 was decreased. The diversity of the CDR3
repertoire in the thymus of M1 (youngest mou-
se) was significantly greater than in M3 and
M5. The diversity of the CDR3 repertoire in
the small intestine of M5 (oldest mouse) was

13

greater than in M1 and M3. The diversity of
the CDR3 repertoire in the thymus, spleen and
blood exceeded that in the liver and small in-
testine of the three mice. The diversity of the
CDR3 repertoire in the spleen, blood, and liver
decreased with age (M1>M3>Mb5).

Frequency of clonal expansion of the CDR3 aa
repertoires

The clonal percent of LEC (<0.001%), MEC
(0.01-0.001%) and HEC (>0.01%) CDR3 aa rep-
ertoires in the thymus, spleen, blood, liver, and
intestine of M1, M3 and M5 are depicted in
Figure 2A-D. LECs were greatest in the thymus,
followed by the spleen, blood, liver, and small
intestines in M1, M3 and M5, and HECs showed
an opposite trend, except that HECs in the
small intestines were significantly greater in
abundance. MECs were the lowest in the thy-
mus, followed by the spleen, blood, and liver,
and the small intestines had the least MECs.
The average percent of LECs, MECs and HECs
of the CDR3 aa repertoires of M1, M3 and M5
are depicted in Figure 2E-G. For LECs, the small
intestine and blood were not different, nor were
the small intestine and liver (P>0.05); however,
other comparisons were significantly different

Int J Mol Epidemiol Genet 2019;10(1):10-28
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Figure 1. Statistical analysis of CDR3 aa repertoires diversity by 1/DS in the thymus, spleen, blood, liver, and small intestine of M1, M3 and M5 separately. (1) The
X axis was the clonotype distribution plots of TCR CDR3 aa repertoire sequences. (2) The Y axis was the CDR3 aa sequences frequency (percent of reads). (3) Each
dot represents a distinct CDR3-p aa (the dot of 1.34E-02 for three-month-old mouse was excluded).
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Figure 2. Clonal percent of LEC (low-expanded clones, <0.001%), MEC (medium-expanded clones, 0.01-0.001%) and HEC (high-expanded clones, > 0.01%) CDR3
aa repertoires in the thymus, spleen, blood, liver, and small intestine of M1, M3 and M5. A-C. The percent of LEC, MEC and HEC in each tissue of M1, M3 and
M5 separately. D. The percent of LEC, MEC and HEC in each tissue of M1&M3&dM5 in one Circular Graph. E-G. Comparing LEC, MEC and HEC clonal populations
(M1+M3+M>5) between any two tissues separately. LEC: small intestine and blood were not difference nor were small intestine and liver (P>0.05), but other compari-
sons were statistically significantly different (P<0.01). MEC: there were no difference between small intestine and thymus, or spleen, or blood, or between liver and
blood (P>0.05); but there were significant difference for all other comparisons (P<0.05 or P<0.01). HEC: there were significant difference between small intestine
and thymus, or spleen, or blood, or liver (P<0.01) but there were no difference for other comparisons (P>0.05).
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Figure 4. The number of unique CDR3 aa overlap sequences in CDR3 aa repertoires and the distribution of top 15
high-frequency CDR3 aa overlap sequences in the Thymus. A-C. The number of unique CDR3 aa overlap sequences
among in the thymus, spleen, blood, liver, and small intestine of M1, M3 and M5 separately. D-F. The top 15 high-
frequency CDR3 aa overlap sequences in the Thymus was distribution in the spleen, blood, live and small intestine

of M1, M3 and M5 separately.

(P<0.01). For MECs, there were no differences
between the small intestine and the thymus, or
spleen, or blood, or between the liver and blood
(P>0.05); however, there were significant differ-
ences for all other comparisons (P<0.05 or
P<0.01). For HECs, there were significant differ-
ences between the small intestine and the thy-
mus, spleen, blood, or liver (P<0.01), but there
were no differences for the other comparisons
(P>0.05).
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Unique CDR3 aa overlap sequences in CDR3
aa repertoires

The number and percent of unique CDR3 aa
overlap sequences in the total number of
unique CDR3 sequences showed differences
(Figures 3, S2). The number of unique CDR3 aa
overlap sequences among the thymus, spleen,
blood, liver, and small intestine of M1, M3 and
M5 are depicted in Figure 4A-C. The top-15

Int J Mol Epidemiol Genet 2019;10(1):10-28
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Figure 5. Analysis of unique CDR3 aa overlap sequences between any two tissues. A-D. The percent of overlapping unique CDR3 aa sequences in any tissue with
other four tissues of M1, M3 and M5 separately. And the percent of unique CDR3 aa in the sum of any same one tissue (M1+M3+M5) were overlapping in the sum
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Figure 6. Analysis of unique CDR3 aa verlap sequences distribution among the same tissues. A-E. The number of unique CDR3 aa overlap sequences among the
same tissues of M1, M3 and M5 separately. F-J. The percent of unique CDR3 aa overlap sequences in any one tissue of one mouse were overlapping in the other
two same tissues of the other mouse separately.
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high-frequency CDR3 aa overlap sequences in
the thymus distributed in the spleen, blood,
liver and small intestine of M1, M3 and M5 are
depicted in Figure 4D-F. The data showed that
the high proportions in the thymus had lower
proportions in the other tissues of M1, but in
M3 and M5, the top-15 high-frequency aa over-
lap sequences in the thymus also had high pro-
portions in the other studied tissues.

The percent of unique CDR3 aa sequences in
any one tissue (or the sum of the three same-
tissue samples) were overlapping in the four
other tissues (or the sum of the three same-
tissue samples) of M1, M3 and M5 and are
depicted in Figure 5A-D. The data show that
the thymus had the least amount of overlap
CDR3 aa sequences which came from the other
tissues, followed by the spleen, blood, liver,
small intestine. The thymus of M1 showed the
greatest amount of overlap CDR3 aa sequenc-
es with the other tissues; however, for M3 and
M5, the spleen showed the greatest overlap
CDR3 aa sequences with the other tissues. The
average percent of unique CDR3 aa in the sum
of any one tissue (M1+M3+Mb5) overlapped in
the sum of the four other tissues and is depict-
ed in Figure 5E-I. The data showed that the thy-
mus and the spleen had a similar distribution,
and the blood and the liver had a similar distri-
bution, but the small intestine had a unique
distribution.

The unique CDR3 aa overlap sequence distribu-
tion among the same tissues was analysed.
The number of unique CDR3 aa overlap sequ-
ences among the same tissues are depicted in
Figure 6A-E and the percent of unique CDR3 aa
overlap sequences in any one tissue of a mouse
were overlapping in the same tissues of the
other mice (depicted in Figure 6F-J). The data
indicated that the thymus had the highest per-
cent and was similar to the spleen, while the
blood had the lowest percent and was similar
to the liver. The small intestine had the lowest
number and percent of unique CDR3 aa overlap
sequences.

The number and percent of unique CDR3 aa
overlap sequences between M1 and M3, M1
and M5, and M3 and M5 are presented in
Figures 3 and S2. We compared the percent of
unique CDR3 aa overlap sequences in any one
tissue of M1 (or M3) that were overlapping in
the other five tissues of M3 or M5 (Figure 7).
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The data showed that the thymus and spleen
had the greatest amount of CDR3 aa overlap
sequences and that they were similar, followed
by the blood, liver and small intestine in M1 and
M3. However, in M1 and M5 or M3 and M5, the
thymus had the greatest amount of CDR3 aa
overlap sequences, followed by the blood, liver
and small intestine; the thymus was very simi-
lar to the spleen, and the blood was very similar
to the liver.

CDR3 repertoire aa length distribution and aa
usage

The unique CDR3 aa repertoire length distribu-
tion and aa usage (20 types of aa) in the thy-
mus, spleen, blood, liver, and small intestine of
M1, M3 and M5 are depicted in Figure 8, and
the total CDR3 aa repertoire length distribu-
tions are depicted in Figure S3. The aa length
distribution of unique CDR3 aa repertoires has
a median of 14 aa in all tissues of M1, M3 and
M5, except for the thymus of M1 (median 12
aa). The total CDR3 aa repertoire length distri-
butions were similar to the unique CDR3 aa rep-
ertoires (Figure S3), but in the liver of M5 the
median was 17 aa. The amino acid usage in all
tissues was consistent with the reported ano-
malous low-frequency usage of K (lysine), M
(methionine), H (histidine), and | (isoleucine).

Usage of TRBV, TRBJ and TRBD in unique
CDR3 repertoires

There was no significant difference in the
unique CDR3 repertoire for TRBV, TRBD, and
TRBJ usage among all tissues of M1, M3 and
M5 (Figure 9). TRBV1, TRBV5, TRBV13, TRBV19
and TRBV31 has the highest usage. TRBJ 02-7
usage was the greatest, and TRBJ 01-7 (ORF)
and TRBJ 02-6 (P) usage was extremely low in
all mouse tissues. TRBD 01 usage in all tissues
was higher than that of TRBD 02.

Insertion and deletion in unique CDR3 reper-
toires

Comparisons of insertions from all tissues indi-
cated that M1 (youngest) had more insertions
in the thymus. For v, j, d5, d3 deletions, the thy-
mus and the spleen comparisons among M1,
M3 and M5 were different. In M1, a comparison
of the blood, liver and small intestine indicated
significant differences, but no differences were
found in M3 and M5. The pair-wise comparison
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data of certain tissues from each mouse, as
well as tissue comparisons between M1, M3
and M5, are depicted in Figure S4 and Table
S1.

Discussion

T cell characteristics, including the develop-
ment, differentiation, and proliferation in the
thymus, spleen and lymph nodes, have been
elucidated by the clonal selection theory of
Burnet. However, distinct T cell attributes such
as origin, differentiation, cloning and oligo-clon-
al proliferation have been less well-studied in
non-lymphoid tissues (i.e., skin, liver and small
intestine). Differences and relationships among
distinct T cells in non-lymphoid tissues have
not been extensively studied, nor have the dif-
ferences and relationships between lymphoid
tissues and non-lymphoid or circulatory tis-
sues.

The composition and characteristics of TCR
CDR3 repertoires was used to study T-cell res-
ponse and tolerance. Previously, capillary elec-
trophoretic analysis was used for CDR3 spec-
tratyping [22, 23].

The first direct estimation of the diversity of the
human alpha beta T-cell receptor was carried
outin 1999. Arstila’s group calculated the num-
ber of VB18-J31.4 sequences and VB16-J32.2
sequences and then estimated the diversity of
whole 3 chains using the frequency of VB318-
JB1.4 and VB16-JB2.2 sequences [24]. In 2000,
Casrouge and colleagues reported the TCR rep-
ertoire in the mouse spleen. The authors per-
formed extensive sequencing of immunoscope
CDR3 size peaks in TRBV10-TRBJ1.2 combina-
tions. They then evaluated the size of the TCR
B-chain pool in the TRAV2 subset and finally
obtained a minimal value for the of repertoire
size [25].

In 2009, high-throughput sequencing technol-
ogy was used to study the TCR CDR3 reper-
toire [17, 26]. Since that time, the composition
of TCR CDR3 repertoires in different physio-
logical and pathological conditions have been
analysed using HTS technology and immune
bioinformatics approaches [27-31]. Here, we
sequenced the CDR3 repertoire in five tissues
(thymus, spleen, blood, liver, and small intes-
tine) at three different ages (one, three and
five months) of BALB/c mice and analysed the
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homogeneity and heterogeneity among the dif-
ferent tissues at different ages.

We compared and analysed the composition
and characteristics of diversity, clonality, over-
lapping, CDR3 aa length, CDR3 aa usage, inser-
tion or deletion of v/j/d5/d3, and TRBV/TRBJ/
TRBD usage of the total T-cell CDR3 repertoir-
es in a single BALB/c mouse at one-, three- and
five months of age separately. The 1/DS and
unique sequence percent of the TCR CDR3 re-
pertoire analysis indicated that lymphoid tis-
sue (thymus and spleen) had more diversity of
distribution when compared to the blood. The
diversity of the CDR3 repertoire in the thymus
of the one-month-old mouse was greater than
in the older mice, and these data agree with the
diversity of CDR3 repertoire data from MRL/Ipr
in the thymus at all mouse ages, according to a
previous study [27]. The diversity of CDR3 rep-
ertoires in the spleen, blood, and liver decre-
ased with increased age. Thymic function has
been confirmed to be mature in one-month-
old mice and then gradually diminishes with
age. The diversity of T cells in the peripheral
circulation also decreases over time. In 2004,
Messaoudi | et al. showed that the presence of
T-cell clonal expansion reduced CD8*, but not
CD4* T-cells, in aged mice, and they demon-
strated that age-related T-cell clonal expansion
functionally impairs the efficacy of antiviral
CD8* T-cell immunity in an antigen-specific
manner [32]. In 2012, we used CDR3 spectra-
typing (Immunoscope) techniques to analyse
the TRBV-TRBJ1-1 CDR3 repertoire in the thy-
mus, spleen, liver, small intestine, and blood of
a one-month-old BALB/c mouse [33]. In the
current study, our results show for the first time
the murine T-cell diversity across different ages
using the composition of the CDR3 repertoire
sequence. The data show that diversity of the
intestinal CDR3 repertoire in the one-month-
old mouse was greater than in the three-mon-
th-old mouse but lower than in the five-month-
old mouse. This may be explained by an incre-
ased diversity of the intestinal flora in the five-
month-old mouse, and more work is required to
confirm this. In this experiment, the total high-
throughput sequencing results for in-frame
CDR3 in the 1-, 3-, and 5-month-old mice was
219899, 280340, and 433708, respectively.
The total number of sequenced CDR3 sequenc-
es was less than in the thymus, spleen, blood,
and liver tissues. This may have caused incon-
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sistency in the analysis of the results. Recently,
Chaara W proposed a solution to the limitations
of HTS TCR diversity analyses [34]. In subse-
quent in-depth studies, further quality control
measures will be carried out based on sample
cell numbers and sequencing depth.

CDR3 aa repertoire clonal expansion frequency
analysis in all tissues of the different mouse
ages indicated that the LEC (<0.001%) CDR3 aa
distributions in the thymus and spleen were
greater than in the liver and intestine, and the
HEC distributions in these tissues (>0.01%)
showed the opposite pattern. However, both
the LEC and HEC CDR3 aa distributions in the
blood fell in between the results of the other
tissues. The distribution of the CDR3 aa reper-
toire clonal frequency in the lymphoid tissues
may explain the diversity of the systemic im-
mune response. HECs of the CDR3 aa reper-
toires in non-lymphoid tissues were associated
with a distinct local immune response and the
presence of high memory T cells in non-lym-
phoid tissues. MECs (0.01-0.001%) of the CDR3
aa repertoires in the liver of all mice had the
greatest distribution compared to the other tis-
sues in all mice. Thus, a complicated immune
response mechanism exists in the liver. More
work is required to understand the distribution
of MECs in the liver and the greater distribution
of HECs in the small intestine.

The thymus of the one-month-old mouse had
the highest frequency of unique CDR3 aa over-
lap sequences of all tissues when compared
to the three- and five-month-old BALB/c mice.
The top-15 high-frequency CDR3 aa overlap
sequences (in the thymus of the one-month
mouse) were found at a low frequency in the
other tissues. This suggests that the young thy-
mus is a major source of public CDR3 in all tis-
sues under physiological conditions. CDR3 aa
overlap sequences had the highest frequency
in the three- and five-month-old mice spleens,
and the top-15 high-frequency CDR3 aa overlap
sequences (in the spleen of three- and five-
month-old mice) also had a high frequency in
other tissues (Figure S5). This suggests that
the spleen is a major resource of public CDR3
in the blood, liver, and small intestine of older
mice under physiological conditions. These ex-
perimental data agree with the development,
distribution and migration of T cells in the thy-
mus as mice age. A statistical analysis across
all ages of each mouse tissue for unique CDR3
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aa overlap sequences with regards to the total
unique CDR3 sequences indicated the greatest
amount of overlap in the thymus and spleen
(which had the greatest amount of public T cells
compared to other tissues). There was a lower
amount of overlap in the blood and liver (which
had the greatest amount of public T cells com-
pared to the other tissues), with the least am-
ount found in the small intestine (which had
the least amount of public T cells).

The CDR3 repertoire length distribution in all
tissues and ages of the BALB/c mice showed a
normal distribution of 14 aa as the median
length, except in the small intestine of the one-
month-old mouse, which had a 12 aa median,
but how this occurs is uncertain. The amino
acid usage in all tissues of all mice was consis-
tent. However, K, M, H, and | usage was abnor-
mally low in the whole TCR 3 chain CDR3 reper-
toires, suggesting that K, M, H, and | do not
contribute to the response effect of CDR3 and
the corresponding antigen.

The usage of TRBV, TRBD, and TRBJ in unique
and total CDR3 repertoires did not show sig-
nificant differences among the thymus, sple-
en, blood, liver, or small intestine of the one-,
three-, and five-month-old mice. There are sev-
eral notable common characteristics of TRBV,
TRBD, and TRBJ usage in the BABL/c mouse
CDR3 repertoires-the top-five major TRBV fami-
lies with the highest frequency of usage are
TRBV1, TRBV5, TRBV13, TRBV19, and TRBV31,
among which the frequency of the TRBV13 fa-
mily usage was significantly greater than for
other family usages. The TRBJO1-7 (ORF) and
TRBJO2-6 (P) families had low frequency us-
age in the studied tissues, and the TRBJO2-7
family had high-frequency usage. The TRBDO1
family was used more than the TRBDO2 family
in the studied tissues. Characteristics of family
usages may be attributed to the composition
and structure of the TCR gene during BABL/c
animal evolution, which may have contributed
to gene rearrangements. Additionally, these ge-
ne sequences are associated with effects of
the TCR (3 chain CDR3 antigen.

The insertion or deletion of a unique CDR3 rep-
ertoire in the thymus, blood, spleen and liver
were different than in the small intestine, and
this may be associated with the small CDR3
repertoire of the small intestine in our data.
There were no differences in the V and d3 dele-
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tions in any tissues among the mice, suggest-
ing that the total number of 3’-end deletions in
V and D genes was less than in the TCR gene
rearrangement. More research is required to
explore the insertion and deletion distribution
among the different tissues and ages of BALB/c
mice.

Conclusions

In summary, the diversity, clonality and other
characteristics of the total T-cell TCR CDR3 rep-
ertoire can be identified and compared among
tissues using high-throughput sequencing tech-
nology and immune bioinformatics approach-
es. The results from this study suggested that
there were significant differences in the compo-
sition and characteristics of the total T-cell TCR
B chain CDR3 repertoire among lymphoid tis-
sues (thymus and spleen), blood (circulating T
cells), and non-lymphoid tissues (liver and small
intestine) in one-, three-, and five-month-old
BALB/c mice. However, the composition and
characteristics of the CDR3 repertoire in the
thymus was similar to that in the spleen, and
the blood repertoire was similar to the liver;
only the small intestine had a unique composi-
tion. These characteristics may be associated
with the development, maturation, migration,
proliferation and effect of distinct T cells in the
different tissues. However, this experiment only
used a single mouse per condition (one, three,
and five months of age), and we did not sort
the T cell subgroups from the thymus, spleen,
blood, liver and small intestine; therefore, the
homogeneity and heterogeneity of the total
T-cell TCR B chain CDR3 repertoires lack the
cellular composition of the different individual
organs. Recently, Paul-Gydéon Ritvo et al. used
HTS technology to analyse the TCR CDR3 reper-
toire of TT follicular helper (Tfh) and T follicular
regulatory (Tfr) cells and found that the Tfr TCR
repertoire is more similar to that of Tregs than
to that of Tfh or Teff cells, suggesting the Treg
cell origin of Tfr cells [35]. Maceiras AR et al.
analysed the TTS CDR3 repertoire, indicating
that GC Tfh and Tfr pools are generated from
distinct TCR repertoires, with Tfh cells express-
ing antigen-responsive TCRs to promote anti-
body responses, and Tfr cells expressing poten-
tially autoreactive TCRs to suppress autoimmu-
nity [36]. This requires further study of the TCR
B chain CDR3 repertoires of Treg, Th17, Tfh or
other T-cell subgroups in different mouse tis-
sues and ages.
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Figure S1. Agarose gel electrophoresis of genomic DNA extracted thymus, spleen, blood, liver, and small intestine
of all ages of mice. Note: M1: mouse at 1 month old; M3: mouse at 3 months old ; M5: mouse at 5 months old; T:
thymus tissue; S: spleen tissue; B: blood; L: liver tissue; I: small intestine.
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Figure S2. Percent of unique CDR3 amino acid sequence overlap of total unique CDR3 amino acid sequences in thymus, spleen, blood, liver, and small intestine of

all ages of mice.
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Figure S3. Total CDR3 repertoire length distribution in thymus, spleen, blood, liver, and small intestine for all mouse ages.
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Figure S4. Statistical analysis of n1, n2 and both insertions, V, J, D5 and D3 deletions in thymus, spleen, blood, liver, and small intestine of all ages of mice.
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Table S1. p-value pairwise comparisons of insertions and deletions among thymus, spleen, blood, liver, and small intestine of all ages of mice

M1T-M1S M1T-M1B MI1T-M1L MIT-M1l  M3T-M3S M3T-M3B M3T-M3L M3T-M3l M5T-M5S M5T-M5B M5T-M5L  M5T-Mb5I
Row Factor P value P value P value P value P value P value P value P value P value P value P value P value
nlInsertion P<0.001  P<0.001 P<0.001 P<0.01 P<0.001 P<0.001 P<0.001 P>0.05 P<0.001 P<0.001 P<0.001 P<0.05
n2 Insertion  P<0.001  P<0.001 P<0.001 P<0.01 P<0.001 P<0.001 P<0.001 P>0.05 P<0.001 P>0.05 P<0.001 P>0.05
N P<0.001 P<0.001 P<0.001 P<0.001 P<0.001 P<0.001 P<0.001 P<0.001 P<0.001 P<0.001 P<0.001 P>0.05
v Deletion P<0.001 P<0.001 P<0.001 P<0.01 P<0.001 P<0.001 P<0.001 P>0.05 P<0.001 P<0.001 P<0.001 P>0.05
j Deletion P<0.01 P>0.05 P>0.05 P>0.05 P<0.001 P>0.05 P<0.001  P>0.05 P<0.001 P>0.05 P>0.05 P>0.05
d5 Deletion P<0.001 P<0.001 P>0.05 P>0.05 P<0.001 P<0.001 P>0.05 P>0.05 P<0.001 P<0.001 P<0.001 P>0.05
d3 Deletion P<0.05 P<0.001 P<0.001 P>0.05 P<0.001 P>0.05 P>0.05 P>0.05 P<0.01 P>0.05 P>0.05 P>0.05
M1S-M1B M1S-M1L M1S-M1l M3S-M3B M3S-M3L M3S-M3lI M5S-M5B  M5S-M5L  M5S-M5I
Row Factor P value P value P value P value P value P value P value P value P value
nl Insertion P>0.05 P<0.001  P<0.01 P>0.05 P<0.01 P>0.05 P>0.05 P>0.05 P>0.05
n2 Insertion P>0.05 P<0.001 P<0.001 P>0.05 P<0.001 P>0.05 P>0.05 P>0.05 P>0.05
N P<0.05 P<0.001 P<0.001 P<0.001 P<0.001 P<0.05 P>0.05 P>0.05 P>0.05
v Deletion P>0.05 P<0.001 P<0.001 P>0.05 P<0.001 P<0.001 P>0.05 P>0.05 P<0.05
j Deletion P>0.05 P<0.001 P>0.05 P<0.001 P<0.001 P<0.01 P<0.001 P<0.001 P>0.05
d5 Deletion P>0.05 P>0.05 P>0.05 P>0.05 P<0.001 P<0.05 P>0.05 P>0.05 P>0.05
d3 Deletion P>0.05 P<0.05 P>0.05 P<0.001 P>0.05 P>0.05 P<0.01 P>0.05 P>0.05
M1B-M1L M1B-M1l M3B-M3L M3B-M3l M5B-M5L  M5B-M5I
Row Factor P value P value P value P value P value P value
nl Insertion  P<0.001 P<0.05 P>0.05 P>0.05 P>0.05 P>0.05
n2 Insertion  P<0.001  P<0.001 P<0.05 P>0.05 P>0.05 P>0.05
N P<0.001  P<0.001 P<0.001 P<0.001 P<0.05 P>0.05
v Deletion P<0.001  P<0.001 P<0.001 P<0.001 P>0.05 P<0.05
j Deletion P<0.05 P>0.05 P<0.001 P>0.05 P>0.05 P>0.05
d5 Deletion P<0.05 P>0.05 P<0.05 P>0.05 P>0.05 P>0.05
d3 Deletion P>0.05 P>0.05 P>0.05 P>0.05 P>0.05 P>0.05
M1L-M1lI M3L-M3I M5L-M5I
Row Factor P value P value P value
nl Insertion P<0.001 P<0.05 P>0.05
n2 Insertion  P<0.001 P<0.05 P>0.05
N P<0.001 P<0.001 P<0.05
v Deletion P<0.001 P<0.001 P<0.01
j Deletion P>0.05 P>0.05 P>0.05
d5 Deletion P>0.05 P>0.05 P>0.05
d3 Deletion P>0.05 P>0.05 P>0.05
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Figure S5. The distribution of the top 15 high-frequency CDR3 aa overlap sequences (spleen) in the thymus, blood,
live and small intestine of M1, M3 and M5 separately.



