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Analyses of the TCR repertoire of MHC
class ll-restricted innate CD4* T cells

Byung Hyun Kang!’, Hye Sook Min*’, You Jeong Lee*3, Bomi Choi’, Eun Ji Kim!, Jonghoon Lee*,
Jeong-Rae Kim*?, Kwang-Hyun Cho*, Tae Jin Kim>, Kyeong Cheon Jung"*% and Seong Hoe Park"®

Analysis of the T-cell receptor (TCR) repertoire of innate CD4* T cells selected by major histocompatibility complex (MHC)
class ll-dependent thymocyte-thymocyte (T-T) interaction (T-T CD4* T cells) is essential for predicting the characteristics of the
antigens that bind to these T cells and for distinguishing T-T CD4* T cells from other types of innate T cells. Using the TCR™ini
Tg mouse model, we show that the repertoire of TCRa chains in T-T CD4* T cells was extremely diverse, in contrast to the
repertoires previously described for other types of innate T cells. The TCRa chain sequences significantly overlapped between
T-T CD4* T cells and conventional CD4* T cells in the thymus and spleen. However, the diversity of the TCRa repertoire of

T-T CD4* T cells seemed to be restricted compared with that of conventional CD4* T cells. Interestingly, the frequency of the
parental OT-Il TCRa chains was significantly reduced in the process of T-T interaction. This diverse and shifted repertoire in
T-T CD4* T cells has biological relevance in terms of defense against diverse pathogens and a possible regulatory role during

peripheral T-T interaction.
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INTRODUCTION

Previously, we have shown that thymocyte—thymocyte (T-T)
interactions that occur in a major histocompatibility complex
(MHC) class II-restricted manner produce functionally com-
petent CD4" T cells with innate properties (that is, T-T CD4"
T cells).'* Another group has provided support for this idea
using a transgenic mouse system.E"6 Most importantly, a recent
report from our group demonstrated that T-T CD4" T cells are
present and have innate functions in humans, similar to what
has been observed in transgenic mouse models.*

T-T CD4" T cells differ from other types of innate T cells in
several key aspects. As reported previously, T-T CD4" T cells
are restricted by classic MHC class II molecules, and their
T-cell receptor (TCR) repertoire is likely to be diverse.®> Innate
T cells, such as NKT cells and y& T cells, express restricted
TCRs that bind conserved pathogen- or stress-related
molecules. iNKT cells, which develop from CD4*CD8*

double-positive thymocytes through homotypic interactions,
in a manner similar to that of T-T CD4% T cells, interact
through the invariant TCR. This TCR recognizes only non-
classic MHC class Ib (CD1d) loaded with glycosphingolipid,
thereby creating a very limited TCR repertoire.””'% In general,
the various types of innate T cells use a single, fixed TCRa
chain specific to each population and oligoclonal TCRp chains
with additional junctional variations.>!%!2 Therefore, determi-
nation of the TCRa repertoire of T-T CD4" T cells is
important in terms of distinguishing this T-cell population
from other innate T cells and predicting the population’s
functional role in the immune defense mechanism.

Attempts have been made to analyze the TCR repertoire
using transgenic mouse models with very limited TCR
variability.!>~1® The opportunities for recombination were
sharply reduced to limit TCR diversity, so that only imprecise
joining, nucleotide insertion or deletion between the fixed Vo
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and Jo gene segments was permitted. Using a similar strategy,
we generated an OT-II TCR-derived transgenic mouse model
with limited TCR diversity: both the TCRa and the TCRf
transgenes were derived from an OT-II TCR-transgenic mouse,
and the original OT-II TCRa transgene was further manipu-
lated to generate a mini-construct. The established model, a
TCR™™ Tg mouse, was consequently used as the bone marrow
(BM) donor to build a chimera in which CD4" T cells were
selected exclusively by MHC class II-expressing thymocytes.
Using this model, we were able to analyze the TCR repertoire
of T-T CD4" T cells and compare it with that of conventional
CD4* T cells, in terms of both clonal diversity and degree of
skewing.

MATERIALS AND METHODS

DNA constructs and transgenesis

The mini-transgene construct, which was designed to encode TCRa
chains with CDR3 variability and recombination between the V2.3
and Ja31, and the Va2.3 and Ja2 gene segments, was derived from the
OT-II monoclonal transgenic TCR. The Va2.3 and Ja31 gene
segments were amplified from RNA that was extracted from OT-II
TCR-transgenic splenocytes'” and cloned into the pGEMT-Easy vector
(Promega, Madison, WI USA), and a rearrangement substrate
composed of an RSS downstream of Va2.3, a 481-bp spacer and the
natural RSS from the Ja31 segment was inserted in between the V2.3
and the Ja31 fragments by PCR. The complete rearrangement
machinery was then subcloned into the pTa expression cassette, as
described previously.'$

To obtain the desired transgenic mice, the complete construct was
injected into fertilized (B6xSJL)F2 eggs. Flow cytometry (FACSCalibur;
Becton Dickinson, Mountain View, CA, USA) using the anti-Va2
(Va2.3)-PE antibody (Ab) (BD Biosciences, San Jose, CA, USA) and
anti-CD3-FITC was used to screen transgenic founders, and PCR
using primers that detect the V2.3 and Ja31 segments confirmed that
the mini-transgene was well introduced.

To eliminate any effect of the endogenous TCRa chain, the mice
bearing the mini-transgene were bred with TCRCo™/~ mice, which
have the normal TCRa chain knocked out.!” The generated mice,
which carried whole VP elements (referred to as TCR™" Tg Op), were
crossed with OT-II TCRf-transgenic mice, which are deficient with
respect to normal TCRa chain expression (TCRVP5.2/Coa/7), to
generate the TCR™™ Tg mice.

Mice

C57BL/6 mice were obtained from the animal facility at the
Biomedical Center for Animal Resource Development, Seoul National
University College of Medicine. Plck-CITTATSCIITA™/~ and Plck-
CITAT8PIV™/~ mice were previously generated>* TCRCa /-,
Ragl™/~ and I-AP~/~ mice were purchased from the Jackson
Laboratory (Bar Harbor, ME, USA). The Plck-CIITAT8CIITA™/~ mice
were bred with TCRCa™/~ mice to obtain Plck-CIITAT8/CIITA=/~/
Co/~ mice. All mice were maintained under specific pathogen-free
conditions at the Biomedical Center for Animal Resource Develop-
ment, Seoul National University College of Medicine, and were
between 6 and 10 weeks of age when analyzed. Experiments were
performed after approval received from the Institutional Animal Care
and Use Commiittee of the Institute of Laboratory Animal Resources,
Seoul National University.
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BM chimeras

Ragl™/~ or Ragl™/7/I-A>~/~ mice at 6-10 weeks of age were
irradiated with two split doses of 400 cGy from a 137Cs source with
a 4-h interval, and BM cells were transferred within 24 h of the second
irradiation. The BM cells were flushed from the femurs and tibiae of
TCR™" Tg or TCR™" Tg Op, Plck-CIITAT$/CIITA™/~/Co~/~ and
TCRo/~ mice. A single-cell suspension of BM cells was filtered
through a sterile nylon mesh, incubated with CD4 and CD8 magnetic
beads (Miltenyi Biotec, Auburn, CA, USA), and subjected to MACS
depletion according to the manufacturer’s protocols (Miltenyi Biotec).
The T-cell-depleted BM cells (3.0 x 10°) were mixed at a ratio of 1:1
and prepared in a volume of 300 ul of phosphate-buffered saline.
Subsequently, these cells were injected intravenously into the lateral
tail vein of the irradiated recipient mice. At 6-8 weeks post
transplantation, the chimeras were killed for flow cytometric analysis
of the thymocytes and splenocytes and subjected to single-cell sorting.

Single-cell sorting and RT-PCR

Single-cell suspensions of thymocytes or lymphocytes from the BM
chimeras were prepared and stained with appropriate Ab sets. Using a
FACSAria sorter (BD Biosciences), CD4"CD8 CD24 CD25 TCRVa2*
thymocytes or CD4*CD8 CD25 TCRVa2* lymphocytes were directly
sorted into 96-well PCR plates that contained 10ul of RT buffer
(50 mm Tris-HCI, 75 mm KCl, 3 mm MgCl,, 2% Triton X-100, 1 pg of
bovine serum albumin, 125 pm dNTPs, 50 ng of oligo(dT)12-18, a
specific primer (5'-CTGAACTGGGGTAGGTGGCGTT-3') for detect-
ing the constant region of TCRa (COSMOGENETECH, Seoul, Korea),
8 U of RNase inhibitors and 30 U of Moloney murine leukemia virus
reverse transcriptase (KOSCHEMCO, Seongnam, Korea) in each well.
The plates were incubated for 90 min at 37°C and cooled to 8°C.
Amplification of the resulting cDNA was performed by adding 40 pl of
Taq buffer (50 mm KCl, 10 mm Tris-HCI (pH 9.3), and 2.5 mm MgCl,)
containing 2.5U of Taq polymerase, 250 pm dNTPs, and 10 pmol of
the sense and antisense primers and involved annealing at 50 °C and
35 cycles of 93 °C for 3 min. In the second round of PCR, 2 pl of the
first PCR products was then used under the same conditions in 48 pl
of Taq buffer that contained 1 U of Taq polymerase, 125 um dNTPs
and 5 pmol of the nested primers (24 cycles). The following primer
sets were used for the amplification of the CDR3u« region of the TCRa
chain: Vo2F1 (5-TCCATACGTTCAGTGTCCGATAAA-3') and
CoR1 (5-TGGCGTTGGTCTCTTTGAAG-3") for the first round of
PCR and Vo2F2 (5-AAAGGGAGAAAAAGCTCTCC-3’) and CaR2
(5'-GGCCCCATTGCTCTTGGAATC-3") for the second PCR. The
PCR products were loaded onto an agarose gel, and samples that
yielded a single band were selected for PCR gel purification. The
purified Va2 PCR products were sequenced directly using CaR2
(5'-GGCCCCATTGCTCTTGGAATC-3") (COSMOGENETECH).

Flow cytometry

The following Abs were purchased from BD Pharmingen (San Diego,
CA, USA): APC-conjugated anti-CD4 (GK1.5); PE-conjugated
anti-Vo2 (B20.1) and anti-CD62L (MEL-14); and FITC-conjugated
anti-CD8 (53-6.7), anti-CD24 (M1/69), anti-CD25 (2A3), anti-CD44
(IM7), anti-CD69 (H1.2F3), and anti-V(5.1&5.2 (MR9-4). Fresh
suspensions of thymocytes and splenocytes were resuspended in
FACS buffer (1x phosphate-buffered saline with 0.1% bovine serum
albumin and 0.1% sodium azide). After staining with fluorescence-
conjugated Abs for 30min at 4°C, the live cells, which were
gated as the population negative for propidium iodide (Sigma
Chemical Co., St. Louis, MO, USA) staining, were analyzed using a
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FACSCalibur that was equipped with CellQuest Pro software (Becton  1.0x10°> CD4" T cells isolated from the spleens of the immunized

Dickinson). mice were cultured with 2.0%x10° T-cell-depleted WT splenocytes
pulsed with ovalbumin (100 pgml=!) in complete RPMI 1640
ELISPOT assay media for 20 h at 37°C in a 5% CO, incubator. As a positive control,

The frequencies of IFN-y-secreting ovalbumin-specific CD4 T cells in ~ WT CD4 T cells were cultured with T-cell-depleted splenocytes
the spleens of wild-type (WT) and CITATSPIV-/~ mice were in the presence of anti-CD3 Ab (2C11, 1 pg ml 1), and as a negative
measured using an ELISPOT kit (BD Biosciences; 552569). The WT  control, CD4 T cells from WT or CIHTAT8PIV =/~ mice were cultured
and CIITATPIV~/~ mice were primarily immunized by subcutaneous ~ with T-cell-depleted splenocytes and without any antigen. The
injection with 100 pg of ovalbumin emulsified in complete Freund’s  experimental procedures were performed exactly according to the
adjuvant. Two and 4 weeks after the primary injection, second and — manufacturer’s instructions. The resulting spots were counted using a
third injections were performed with 100 pg of ovalbumin in  computer-assisted ELISPOT Reader System (AID, Strassberg,
incomplete Freund’s adjuvant. One week after the last challenge, ~Germany).

a b "
Thymus Spleen I 7.7} 30.6
CD4"* gated CD4"* gated E . 15.6 3.9
_— 12.5 . 13.98
s g < &
g //\ : 'E- B 5.5/ 40.7
E ‘ E | = 10.7
" v £l 15.1 0.7
o 91.9 4. 3]
e 2
g . 24.4ll 4.88
= . 0.21 ,249
o 3.6 E i
£ © ;
& a
o o P 4.7 21.6
ST E | 1.06 B2,
Vo2.3— &l
o
.

B L L L e L R

CD25 CD44 CD62L CD69

CAARRNSNNRIFF
CAARNSNNRIFF
CAANSNNRIFF

CAARRSNNRIFF ‘

CAARGSNNRIFF
CAARGNRIFF —
—CAARSNNRIFF

CAARGNNRIFF i
CAASNSNNRIFF

CAAHSNNRIFF
Corr.:0.42

Figure 1 Thymic selection and maturation in TCR™" Tg mice. (a) Development of thymic and splenic T-cell populations in TCR™n Tg
mice. The profiles of the CD4+ and CD8* T cells were obtained from three mice each of the following types: WT, Minil.1/Co/~ (TCR™iNi
Tg Op), and Minil.1/Ca~/~Vp5.2 (TCR™N Tg). The histograms represent gated CD4 SP thymocytes or CD4* splenocytes (number of total
thymocytes in WT mice: 10.99+2.37x 107, TCR™n Tg Op: 11.49+3.32x 107, TCR™MN Tg: 10.95+4.43x107; number of total
splenocytes in WT mice: 8.27 +0.98x 107, TCR™M Tg Op: 5.96 +0.66 x 107, TCR™" Tg: 5.53+2.29x 107). (b) Activated phenotype of
splenic CD4* and CD8* T cells of C57BL/6 and TCR™M Tg mice, respectively: these cells were stained with PE-conjugated anti-CD25,
anti-CD44, anti-CD62L and anti-CD69. (c) Four cell populations (CD4*CD8 CD24°*TCRp5.2" and CD4~CD8*CD24'°“TCRp5.2N SP
thymocytes and CD4+*CD8-TCRp5.2" and CD4-CD8*TCRp5.2"" splenocytes) pooled from two TCR™MM Tg mice were sorted into 96-well
plates (one cell per well). Each well was checked for Va2 expression and CDR3a sequences between Va2.3-Ja31 by RT-PCR and nested
PCR. Pie charts were generated based on the CDR3a sequences of the CD4*CD8 CD24'°“TCRp5.2MN SP thymocytes (total cell
number=137; number of different sequences=79) and CD4*CD8 TCRpP5.2"" splenocytes (total cell number=117; number of different
sequences="71). Each color in the pie chart represents a different CDR3« sequence; several of the colors are used repeatedly for different
sequences because of the high level of diversity. The area of each pie segment reflects the respective frequency of each TCRa sequence.
The data are representative of two independent experiments.
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Statistical analysis

The Jaccard classic (Cj) and Morisita-Horn (MH) indices?! were used
as measures of similarity. These indices range from 0 (no similarity) to
1 (complete similarity). To exclude the impact of the sample size on
the similarity level, the total number of individual sequences in each
repertoire was standardized in terms of the smallest sample size prior
to calculating the Cj and MH indices. We iterated these steps 10 000
times and obtained average index values. To estimate repertoire
diversity, we employed two different indices: the species accumulation
curve?? and the abundance-based coverage estimator (ACE).'%?* In
this paper, species accumulation curve is occasionally referred to as
Obs (standing for ‘unique sequence observed’). We evaluated the
significance of the diversity difference between two different TCR
repertoires using the species accumulation curve and the ACE-based
accumulation curve by calculating the empirical P-values using a
permutation test.>* We first pooled two repertoires and then randomly
partitioned the pooled repertoire into two groups of the same sizes as
the original repertoires. For each group, the species accumulation
curve was plotted, and the diversity difference between the two groups
was calculated by summing the differences between the numbers of
distinct species at given sample sizes. We iterated this process 1000
times and obtained the empirical P-value. We used the same method
to estimate the empirical P-values using the ACE-based accumulation
curves.

RESULTS
T-cell development and the TCR repertoire of OT-II-based
TCR™ transgenic mice
To generate a manageable set of TCR repertoires for the
comparison of T-T CD4" T cells with conventional CD4*
T cells, we engineered a transgenic mouse model in which
the T cells express a limited TCR repertoire.!>!* The TCRp
chain was fixed (VP5.2) using a transgene, and only the TCRa
chain was allowed to undergo genetic rearrangement of a single
Va2.3 segment to either the Ja31 or the Jo2 segment (Minil.1
construct), the combination of which was based on the
OVA323339_gpecific H2-AP-restricted OT-II TCR. The mouse
was backcrossed with a TCRCo™/~ mouse to eliminate the
influence of the endogenous TCRa chain, and the resulting
mouse was designated as TCR™™ Tg (Minil.1/Co~/~/VB5.2).
The TCR™™ Tg mice seemed to carry out all the thymic
ontogenic processes, and most of the CD4 single-positive (SP)
and CD8 SP thymocytes and splenocytes expressed Va2.3
(Figure la). The total numbers of CD4 SP and CD8 SP
thymocytes generated in the TCR™™ Tg mice were approxi-
mately 10% of those generated in the WT mice, and the ratio
of CD4" T cells to CD8" T cells was 2:1 in the periphery.
Although the TCR™™ Tg mouse model was engineered based
on the H2-AP-restricted OT-II TCR, the generation of mature
CD4 SP and CD8 SP thymocytes suggested that the TCR™™ Tg
CD4 SP and CD8 SP thymocytes recognized both MHC class I
and II molecules, as observed for the OT-I TCR-based
system.!> The peripheral mature T cells did not acquire a
memory phenotype, excluding the possibility of homeostatic
expansion of oligoclonal T cells (Figure 1b). Therefore, it seems
that the TCR™™ Tg mice in our model closely recapitulate
normal T cell ontogeny.

Experimental & Molecular Medicine

The potential of the TCR™™ Tg mouse to produce a diverse
TCR repertoire was a prerequisite for the comparative analysis
of the target TCR repertoires (T-T CD4%" T cells versus
conventional CD4" T cells). The TCR repertoire of the TCR™n
Tg mouse was analyzed by single-cell sorting into microtiter
plates, PCR amplification of the joining region and sequencing.
The length of CDR3a in the TCR™™ Tg mouse displayed a
Gaussian-like distribution for the diverse TCR repertoires of
four different subpopulations: CD4 SP and CD8 SP thymocytes
and CD4" and CD8" peripheral T cells (Supplementary Figure
la). Visualization of the clonotypic distributions of the TCRs
between the CD4 SP thymocytes and the CD4" peripheral
T cells in a pie chart indicated that the thymic clones were not
significantly altered in the periphery (Figure 1c). The CDR3«
sequences of the CD4 SP and CD8 SP thymocytes showed
certain subsets of distinctive TCR sequences according to
their lineages (Supplementary Figure 1b). The total CDR3a
sequences obtained from the thymuses and spleens of the
TCR™" Tg mice are shown in Supplementary Table 1.

T-cell development through T-T interactions using the
TCR™" Tg mouse system

To examine the TCR repertoire created by the T-T interaction
in detail, we established a BM chimera in which TCR™Mini
Tg immature thymocytes were positively selected by MHC
class II-expressing thymocytes (T-T TCR™™). Thus, a pre-
viously developed murine line (Plck-CIITAT8)? that expresses
the MHC class II molecule only on its thymocytes was
backcrossed with a TCRCa /= mouse!® (Plck-CIITAT®/
Co/~, designated as the Tg/Co/~ mouse). Subsequently, a
BM chimera was produced by transferring mixed BM cells
from the TCR™™ Tg mice and Tg/Co/~ mice (1:1) into
irradiated (800 cGy) Ragl™/~/I-A®~/~ hosts (TCR™™ Tg+Tg/
Ca/~ — Ragl™/7/I-AP~/~; designated as the T-T TCR™
mouse). In this chimera, T cells that express a limited TCR
repertoire (TCR™™ Tg) are destined to be positively selected
exclusively by MHC class II-expressing thymocytes. In com-
parison, in the control chimera, TCR™" Tg thymocytes are
selected exclusively by cortical thymic epithelial cells (cTECs)
(TCR™M Tg+Co~/~ — Ragl™/; designated as T-E TCR™in),
Six weeks after engraftment, the TCR™™ Tg BM cells success-
fully reconstituted the CD4" T-cell populations in the thymuses
and spleens of the T-T TCR™" and T-E TCR™™ mice (Figures
2a and b). The CD4 SP thymocytes and mature peripheral
CD4" T cells from the T-T TCR™™ and T-E TCR™™ mice
showed substantial expression levels of Va2.3 (Figure 2a) and
V5.2 (Figure 3a). Both the CD4 SP thymocytes and the
peripheral CD4* T cells in the T-T TCR™" mice had the
memory-like phenotype of CD44M and CD62L1°Y (Figure 2a),
whereas the levels of CD25 and CD69 expressed by mature
CD4" T cells remained low (data not shown). In T-E TCR™in
mice, the phenotype of CD4 SP thymocytes was comparable
with the WT phenotype; however, the peripheral CD4" T cells
were CD44" and CD62L'°Y. In contrast to the thymic
compartment, the memory-like phenotype of the peripheral
CD4* T cells in T-E TCR™™ mice might be due to the
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Figure 2 Normal thymic development and maturation in T-T TCR™" and T-E TCR™MM mice. (a) Thymic developmental profiles of mixed BM
chimeras (TCR™N Tg+Tg/Co~/~ — Rag™/~I-AP~/= for T-T TCR™N, TCRM" Tg+Co~/~ — Rag/~ for T-E TCR™N). These chimeras were
killed 6 weeks after BM cell engraftment. Usage of TCRVa2.3 chain was checked in CD4 SP thymocytes of WT, T-E TCR™" and T-T
TCR™MINi mice, and surface expression of CD24, CD44, and CD62L on Va2.3"-gated CD4 SP thymocytes was shown as histograms. The data
are representative of two independent experiments (numbers of total thymocytes in WT mice: 5.83x 107 and 6.1 x 107, T-T TCR™" mice:
1.28%x 107 and 6.73x 107, T-E TCR™Ni mice: 1.54x 108 and 1.12x 108; numbers of CD4 SP thymocytes in T-T TCR™MM mice: 8.16 x 104
and 38.3x 10%, T-E TCR™M mice: 24.6 x 10% and 19.1 x 10%). (b) Representative developmental profiles of splenic CD4* and CD8* T cells
from WT, T-E TCR™MN and T-T TCR™MM mice. The data are representative of two independent experiments (numbers of total splenocytes in
WT mice: 8.0x107 and 4.73x 107, T-T TCR™ mice: 3.6 x 107 and 4.93x 107, T-E TCRM" mice: 5.75x 107 and 5.98x 107; numbers
of CD4 T cells in the spleen in T-T TCR™N mice: 19.8x 10% and 28.2x 10%, T-E TCR™" mice: 30.3 x 10% and 28.9 x 10%).

homeostatic expansion of T cells with high-affinity TCRs. We
presumed that both types of mice had increased chances of
relatively higher-affinity TCR-MHC interactions because of
their extremely restricted TCR diversity.

T-T interactions shape a diverse TCR repertoire in the

T-T TCR™" mouse model

For comparison of the TCR« repertoires of T-T TCR™™ T cells
and T-E TCR™M T cells, CD4*CD8 CD25 CD24o"Vpshi
thymocytes and splenocytes were strictly sorted out

(Figure 3a), and the amino acid (AA) sequences of their
CDR3a regions were determined (Supplementary Table 2a and
2b). A CDR3a length of 10-11 AAs predominated, with a
recurrent Gaussian-like distribution in the T-T TCR™™ CD4*
T cells of the thymus and spleen as well as in the T-E TCR™ini
CD4* T cells (Figure 3b). We sequenced a total of 376 clones
from the T-T TCR™™ CD4 SP thymocytes and 467 clones
from T-E TCR™" CD4 SP thymocytes and found that the
number of distinct TCR clonotypes was similar between the
two groups, that is, 157 and 199 clonotypes, respectively

)

Experimental & Molecular Medicine
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Figure 3 Extensive TCR diversity determined by thymocyte-thymocyte interactions. (a) Thymocytes and splenocytes were extracted from the
T-T TCR™" and T-E TCR™" mice, and CD8* cells were depleted by magnetic cell sorting. The remaining cells were stained with anti-
CD4-APC, anti-CD8/24/25-FITC and anti-TCRV(5.1&5.2-PE Abs, and the gated populations were subjected to single-cell sorting into
96-well PCR plates using a FACSAria. (b) CDR3a length distributions for TCR sequences obtained from pooled CD4 SP thymocytes or
splenic CD4* T cells from the T-T TCR™M and T-E TCR™M mice (n=2 each). The y axis indicates the proportion that the number of
clonotypes found with each CDR3« length represents among all clonotypes. (c) A power-law distribution for the TCR CDR3« frequencies in
the CD4 SP thymocytes in both mouse systems is shown, based on the number of occurrences in each population (n=157 and n=199
for T-E TCR™INi and T-T TCR™Ni respectively). (d) The total number of unique protein sequences obtained from CD4 SP thymocytes and
splenic CD4* T cells from T-T TCR™" and T-E TCR™M mice was estimated on the basis of the number of unique sequences observed
(Obs) and the ACE (upper row). The ACE estimates the percentage of individuals with rare sequences (that is, those sequences found
10 times or less) based on abundance data. The ACE was calculated following a published method.** The empirical P-values were
estimated from a one-tailed permutation test.24 Spl, spleen; T-E, T-E TCR™IM; Thy, thymus; T-T, T-T TCR™n,

(respective totals of 261 and 218 clones and 117 and 106
clonotypes from the T-T TCR™" and T-E TCR™™ splenic
CD4" T cells). In both groups, we confirmed that the TCR
CDR3a regions with high occurrence were encoded by several
different nucleotide sequences, which excluded the possibility
of selective amplification of specific clonotypes or PCR
contamination (Supplementary Table 3).!6

In the CD4 SP thymocytes of both the T-T TCR™™ and the
T-E TCR™™ mice, a few clonotypes were found at high
frequency (> 10 occurrences), whereas most of the clonotypes
were found only once in each system (68.4% and 66.9% for
T-T TCR™M and T-E TCR™™M, respectively) (Figure 3c,
Supplementary Table 4). This power-law distribution was also
observed for spleen cells (data not shown), which indicates that
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the CD4™ T cells of the T-T TCR™™ and T-E TCR™" mice
have diverse TCR repertoires with a few dominant sequences.
To compare the overall diversity and estimated total number of
unique TCR sequences between the two populations, we used
the ACE, which represents a statistical measure of diversity
based on the estimated number of distinct CDR3a
sequences.!®?> As shown in Figure 3d, the estimator curves
indicated that the possibility of the T-T TCR™™ T cell
clonotypes being found in the mother population was similar
to that of the T-E TCR™" CD4* T cell clonotypes in both the
thymus and the periphery (P>0.05) (Supplementary Figure
2a). These statistical approaches support the notion that T-T
TCRMN T cells are diverse, with comparable diversity to T-E
TCR™™ T cells.
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Figure 4 Clonal similarities between the TCR repertoires derived from T-T and T-E interactions. (a) Pie charts for the CDR3a sequences
obtained from the single-cell RT-PCR products of CD4 SP thymocytes (upper row) and CD4+ splenocytes (lower row) from the T-T TCR™in
and T-E TCRMN mice (N=376 and N=467 for T-T_Thy and T-E_Thy, respectively; N=261 and N=218 for T-T_Spl and T-E_Spl,
respectively). The 10 most abundant and shared sequences between the T-T TCR™" and the T-E TCR™Mi mice are listed between the pie
charts. (b) The Cj and MH similarity indices were calculated using normalized samples (10 000 iterative samplings). The value of these
indices ranges from O (no similarity) to 1 (complete agreement). The Cj index is defined as the number of common CDR3a sequences
divided by the total number of CDR3a sequences in two repertoires, and the MH index addresses the frequency of each CDR3 sequence.

The results are shown as the mean +s.d. from 10000 iterations.

Clonal distribution of the TCR repertoires shaped by T-T or
T-E interactions

To compare the CDR3a repertoires of the T-T TCR™™ and
T-E TCR™M mice, we plotted their clonal distributions in pie
charts that show the total CDR3a sequences of both groups
(Figure 4a). Interestingly, the clonotypes that were highly
ranked in terms of abundance among the total clones
substantially overlapped across the two repertoires. As shown
in Table 1, 8/10 of the most abundant thymic CDR3«x
sequences were shared between the T-T TCR™™ and the T-E
TCR™MN CD4t T cells, which indicates that these two systems
prefer the same TCR clonotypes. Overlapping clones were
detected to a similar degree in the spleen, and the overall clonal
distribution of thymic CD4* T cells in each group was not
altered significantly in the periphery (Figure 4a). This finding
was confirmed at the population level using the MH and Cj
similarity indices'>'6?> (Figure 4b). In the comparison of the
T-T TCR™" and T-E TCR™" CD4" T cells, the MH index
after normalization ranged from 0.683 to 0.713, and the Cj
index ranged from 0.208 to 0.219.

TCR repertoires derived from T-T or T-E interactions
without VP fixation

To exclude the possibility of skewing of the overall TCR
repertoire distribution by TCRp chain fixation,”® we analyzed
the TCRa chain repertoire of the T-T TCR™™ mice in the

absence of the OT-II-derived TCRVf5.2 transgene (T-T
TCR™™ Op). These TCRs use the same limited TCRa chains
as the TCR™™ Tg, but they are able to pair with randomly
variable TCRp chains. As was the case for T-T TCR™™ and
T-E TCR™M™M mice, the CDR3a length of 10-11 AAs predomi-
nated in the CD4 SP thymocytes of the T-T TCR™™ Op and
T-E TCR™™ Op mice (Figure 5a). The number of CDR3a
clonotypes observed (Obs) was higher in the T-E TCR™™ Op
mice than in the T-T TCRmMini Op mice. Similarly, the ACE
curves indicated a more diverse TCR repertoire in the T-E
TCR™" Op mice than in the T-T TCR™™ Op mice (P<0.05)
(Figure 5b; Supplementary Figure 2b). This was also the case
when the ACE was estimated between T-E TCR™™ and T-T
TCR™™ Op mice (Supplementary Figure 3b). To further
investigate whether TCRf chain fixation itself could alter the
diversity of CDR3a sequences in both the T-T and the T-E
conditions, the significance of the difference in the diversity of
the CDR3a sequences was evaluated between TCRp chain-fixed
and the non-fixed TCR™™ mice. Although the difference
did not reach statistical significance (Thymus_T-E_Fixed vs
Open: P=0.196; Thymus_T-T_Fixed vs Open: P=0.106;
Supplementary Figure 3a), the ACE curve of T-T TCR™ini
Op mice showed that the calculated unique sequences (y axis)
had a tendency to be less increased than in T-T TCR™™ mice
as the total number of analyzed sequences (x axis) increased.
However, this tendency was not found when T-E TCR™™ and

)
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Table 1 Ten most abundant sequences in T-T and T-E TCR™" groups

T-T CD4 SP Thymocytes

T-E CD4 SP Thymocytes

CDR3a Seg. T-T TCRmini T-T TCR™Miniop CDR3a Seg. T-E TCR™ini T-E TCR™N Op
CAARNSNNRIFF 24 24 CAARRNSNNRIFF 27 13
CAARGNNRIFF 19 5 CAARNSNNRIFF 25 13
CAARRNSNNRIFF 15 26 CAANSNNRIFF 17 8
CAANSNNRIFF 14 18 CAARSNNRIFF 17 2
CAARGSNNRIFF 12 10 CAARGSNNRIFF 14 6
CAARGNSNNRIFF 11 3 CAARPSNNRIFF 11 8
CAARRSNNRIFF 11 10 CAARRSNNRIFF 11 5
CAARPSNNRIFF 10 10 CAARGNRIFF 10 0
CAARSNNRIFF 9 10 CAASRNSNNRIFF 10 3
CAASSNNRIFF 9 7 CAASSNNRIFF 9 3

% of all sequences 35.54% 33.06% % of all sequences 32.33% 22.93%
No. of total sequences 376 372 No. of total sequences 467 266

Abbreviations: SP, single positive; TCR, T cell receptor; T-T, thymocyte-thymocyte.
The shadowed sequences in gray color represent shared TCR CDR3a sequences.
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Figure 5 TCR repertoires of CD4 SP thymocytes derived from T-T or T-E interactions without Vf fixation. (a) CDR3a length distribution of
the CD4 SP thymocytes pooled from two T-T TCR™M mice and two T-E TCR™M mice with a wide range of Vp elements (referred to as
T-T_Op and T-E_Op, respectively) compared with T-T TCR™" and T-E TCR™" mice with fixation (referred to as T-T_Fix and T-E_Fix,
respectively) (numbers of total thymocytes in T-T_Op: 6.28 x 107 and 7.03x 107, T-E_Op: 3.88x 107 and 7.58 x 107; numbers of CD4 SP
thymocytes in the thymus in T-T_Op mice: 8.2x 10% and 38.3x 104, T-E_Op mice: 24.6x 10* and 19.1x10%. (b) The total number of
unique sequences obtained from the CD4 SP thymocytes of the T-T TCR™M and T-E TCR™M mice was assessed based on the number of
unigue sequences observed (Obs) and the ACE. The empirical P-values were estimated from a one-tailed permutation test.

T-E TCR™™ Op mice were compared, indicating that TCRp
chain fixation could affect the shaping of the TCRa repertoire,
at least in the T-T condition. In conclusion, the TCRa
repertoire of the T-T TCR™ CD4* T cells was more restricted
than that of the T-E TCR™™ CD4" T cells when the TCRp
chain was open.

Loss of parental TCRx chain pairing in the CD4 SP
thymocytes in OT-II-based T-T TCR™" mice

It has been reported that in a mouse transgenic for the TCRp
chain, selected TCRa chains tend to be biased toward the
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parental sequences that originally paired with the given TCRf}
chain,?” which strongly suggests a role for self-ligands in TCRa
selection during the positive selection process. This phenom-
enon has been observed for conventional CD4™ T cells as well
as for the TCRa repertoire of NKT cells'>?7-2% (Table 2). The
tendency to seek out the parental TCRa chains was also found
in the CD4 SP thymocytes of the T-E TCR™ mice, as parental
TCRa sequences appeared in 10/467 clones from the T-E
TCR™™ mice. This finding is in contrast to the TCRa chain
repertoire of the T-T TCR™™ mice, which included only 1/376
clones containing parental sequences. The absence of a bias



Table 2 Frequency of parental TCRa chain in Vf transgenic
mouse models

Vp transgenic mouse models: parental TCRa sequence Reference

OT-1l TCR-derived TCRp5.2 transgene: CAARGNRIFF Present data

(Va2.3-Ja31)

CD4 SP Thymocytes Incidence % of Pop.

T-T TCRmini 1/376 0.27%

T-E TCRmni 10/467 2.14%

TCRMINi Tg 4/137 2.92%

OT-1 TCR-derived TCRpB5.2 transgene: CAASDNYQL 13
(Va2.3-Ja26)

CD8 SP Thymocytes Incidence % of Pop.

Limited mice 6/100 6.00%
MBP-specific TCR-derived TCRj38.2 transgene: CAA- 28
SANSG (Va2.3-Ja11)

MBP-TCRp Transgenic Incidence % of Pop.

CD4 SP Thymocytes 19/29 65.52%

CD8 SP Thymocytes 0/21 0.00%

DN32H6 (NK1.1* T cells)-derived TCRB8.2 transgene: 29
VVGDRGSA (Va14-Ja281)

CD4*Vp8+ thymocytes Incidence % of Pop.

DN32H6p transgenic #1 15/17 88.24%

DN32H6p transgenic #2 14/18 77.78%

Transgene negative littermate 15/23 65.22%

Abbreviation: MBP, myelin basic protein; TCR, T cell receptor.

toward the parental sequences in the T-T TCR™™ mice may
have particular importance in the sense that the peptides
recognized by T-T TCR™" CD4" T cells during the positive
selection process may be different from those recognized by
T-E TCR™™ T cells.””

DISCUSSION

The present analyses of the CDR3a region demonstrate that
CD4* T cells selected by T-T interaction possess a diverse TCR
repertoire, challenging the notion that only ¢TECs are specia-
lized in presenting positively selecting ligands.’*-3? The wide
variety of TCRa chains on T-T CD4" T cells suggests that this
population plays critical roles in immune defense compared
with previously established innate T cells, which are strictly
limited in terms of their TCRa sequences. Moreover, the bias
toward pairing of parental TCRa sequences, which is an
intrinsic property of monoclonal TCRs (Table 2), was barely
detected in the T-T TCR™MM mice, in contrast to the situation
in the T-E TCR™ mice. This finding suggests that something
is set in motion during the positive selection process.

To elucidate the details of the TCR repertoire, murine
models with artificial gene constructs have been developed
previously.”!>!> The OT-II-based TCR™™ Tg mouse in the
present study developed a CD4:CD8 ratio (x2:1) and activa-
tion/memory marker profiles that were comparable with those
of the WT mouse. Our model also showed distinctive TCR
clones in both the CD4" and the CD8" lineages (Supplemen-
tary Figure 1b), as was the case for previous transgenic
mice.!»!> On the basis of this system, we generated CD4"
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T cells with limited TCR diversity that were restricted by the
MHC class IT molecule using a mixed BM chimera (TCR™ni
Tg+Tg/Co~/~ — Ragl™/~/I-AP~/~, T-T TCR™in),

Given that T-T CD4" T cells have an innate phenotype, it
was intriguing to discover high clonal similarity between T-T
CD4* T cells and conventional CD4" T cells in TCR™™ Tg
mice. The frequency of clonal overlap between T-T CD4*
T cells and conventional CD4* T cells in TCR™" Tg mice
was higher than previous estimates between two functionally
distinct T cell subsets (regulatory T cells and conventional
T cells).'*'® This result suggests that antigen-presenting
thymocytes and ¢TECs may share abundant and immunodo-
minant epitopes, contributing to determination of the domi-
nant TCR sequences. The alternative possibility is that
‘germline-encoded’ AA residues in the TCRp CDR2 region
participate in the generation of the dominant TCRs during
positive selection.’>** When specific residues of the TCRp
chain (CDR2) were mutated, the TCR failed to be positively
selected, suggesting that the overall shaping of the TCR
repertoire is determined by this ‘built-in’ specificity.**3> Given
that these genetically determined AA residues of the TCR exist
in both the T-T TCR™" and the T-E TCR™™ mice, they may
account for the sharing of dominant TCR sequences between
the two mouse models.

However, it is easily assumed that thymocytes and cTECs
have a different antigenic hierarchy, that is, dissimilar reper-
toires of positively selecting peptide ligands. Antigens that
would be uniquely loaded onto MHC class II molecules in
thymocytes are unlikely to be presented by ¢TECs. Represen-
tative peptides specifically related to immature thymocytes are
their own TCR fragments (idiotopes) and activation molecules
such as CD25 (ergotopes).’®> The CD4" T cells selected by
ergotopes on MHC II* thymocytes would generate different
TCR clonotypes from those selected by cTECs. Similarly,
because MHC II* immature thymocytes that share identical
TCR sequences would be relatively few in number, CD4"
T cells selected by idiotopes may express very unique and rare
TCR clonotypes.

The putative difference in the positively selecting peptides is
further supported by the discovery of peptide-presentation
apparatuses that are used exclusively by cTECs. cTECs express
distinct proteases, including cathepsin L %2 and lysosomal
thymus-specific serine protease,*® highly and specifically, which
indicates that cTECs present a different antigenic repertoire
than thymocytes do. Additionally, the near-complete loss of the
tendency to revert to the parental OT-II TCRa sequences in
T-T TCR™™ mice reflects the presence of different selecting
peptides between the two mouse models (Table 2). In TCR}
chain-transgenic mice, it is known that the biased TCRa chain
repertoire of the ‘parental’ TCRa chains is frequently expressed
on mature T cells.” This phenomenon has been demonstrated
not to be due to the simple clonal expansion of a few T cell
clones; the role of intrathymic self-peptides was found to be
critical for expressing the biased TCRa chains.?®%° Although
too few clones were sequenced to determine the overall TCR
repertoire in detail in the current study, a portion of clonotypes

)
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that were mutually exclusive to the T-T TCR™M or T-E
TCR™N mice (59% and 67%, respectively, of the thymic
clones) can be explained in this regard.

Considering the ACE curves of T-T TCR™" Op (without
TCRB chain fixation) and T-E TCR™™ Op, when the two
curves were not in parallel, the actual TCR diversity of T-T
CDA4" cells in vivo might have been restricted compared with
that of conventional CD4" cells. Furthermore, as reflected by
the reduced number of mature CD4" T cells in CIITAT8pIV—/~
mice,* in which only T-T interaction is possible, without
thymocyte—cTEC interaction, the restricted TCR diversity
might have been due to an increased chance of negative
selection for T-T CD4% cells. As both dendritic cells and
thymocytes are derived from hematopoietic progenitor cells, it
is likely that the negatively selecting ligands of dendritic cells
overlap more frequently with the ligands of MHC II*
thymocytes than with the ligands of ¢TECs. Therefore, when
CD4" T cells that survive positive selection by thymocytes are
subsequently recognized by dendritic cells in the thymic
medulla, a more substantial proportion of these T cells would
be eliminated*’ than in WT mice. This phenomenon probably
would not be observed in T-T CD4" cells from TCR™M Tg
mice because of their very limited TCR diversity. Nevertheless,
reduced CD4* T cell numbers as well as the biased TCR
repertoire in CITTAT8pIV~/~ mice do not seem to cause
defective T cell responses against antigenic stimuli. When
CIITAT8pIV=/~ and WT B6 mice were immunized with
ovalbumin (Supplementary Figure 4), there was no significant
difference in their frequency of ovalbumin-reactive CD4*
T cells. These results suggested that T-T CD4* T cells might
have a sufficiently diverse TCR repertoire to respond to the
diverse epitopes of ovalbumin compared with T-E CD4*
T cells, even though OT-II parental clones were poorly selected
by T-T interactions.

The restricted but diverse TCR repertoire and the significant
overlap of TCR sequences with conventional CD4" T cells led
us to assume that T-T CD4" T cells are able to participate in
the immune response against highly variable pathogens, such as
viruses. This assumption is supported by the result that T-T
CD4" T cells, and particularly those expressing promyelocytic
leukemia zinc finger (PLZF) protein, induce the development
of CD8" T cells with an innate phenotype. Moreover, T-T
CD4* T cells are likely to recognize peptide antigens, in
contrast to other types of innate T cells that respond to non-
peptide antigens. On a theoretical basis, we further speculate
that MHC class II-dependent T-cell regulation is likely to exist
in the periphery, which recapitulates thymic T cell-T cell
interaction. If CD4 SP thymocytes are selected by thymocytes
and then migrate to the periphery, they may easily recognize
peripheral activated T cells expressing MHC class 1T molecules.
When the activated T cells present idiotopes or ergotopes on
their MHC molecules, the T cells selected by thymocytes are
likely to interact with them and may provide certain signals
through the activated T cells MHC class II molecules for
regulatory purposes, resulting in the activated T cells becoming
either anergic or apoptotic.41=43

Experimental & Molecular Medicine

In summary, CD4" T cells that are selected by thymocytes
are found to use far more diverse TCRs than previously
characterized innate T cells.!>? The diversity of the TCR
repertoire may support the prompt protective role of T-T
CD4" T cells against highly variable pathogens, particularly in
the human perinatal period. Moreover, it is likely that
immature thymocytes present distinctive positively selecting
ligands during T-T interaction, which leads to possible
peripheral T cell-T cell interaction for the purpose of immune
regulation. This dual role of T-T CD4* T cells has implications
for the evolutionary pathway of the sophisticated and complex
immune system that exists in humans.
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