Letter to the Editor

Cysteine and hydrophobic residues in
CDR3 serve as distinct T-cell self-
reactivity indices

To the Editor:

The largely stochastic process of T-cell antigen receptor (TCR)
gene assembly inevitably produces self-reactive T cells. Although
most self-reactive T cells are deleted in the thymus, rare
thymocytes survive strong self-antigen engagement and differ-
entiate into type A precursors of CD8aa™ intestinal intraepithe-
lial Ilymphocytes (type A IELps) in the thymic cortex' or CD4 "
forkhead box P3—positive regulatory T (Treg) cells in the thymic
medulla.” Because TCR sequencing revealed amino acid motifs
in complementarity-determining region 3 (CDR3) that are en-
riched in type A IELps or Treg cells,”" we reasoned that the
expression of these self-reactive TCR motifs might serve as a
biomarker to evaluate T-cell self-tolerance.

In human thymus samples we used programmed cell death
protein 1 and CD10 to sort type A IELps” and CD8" conventional
T (Tconv) cells, whereas CD127 and CD25 were used to distin-
guish Treg and CD4" Tconv cells (Fig 1, A). Human type
A IELps and Treg cells expressed more Helios than CD4* and
CD8" Tconv cells (Fig 1, B), which is indicative of stronger
TCR signaling. TCR-sequencing (for polymerase chain reaction
primers, see Table E3 in this article’s Online Repository at
www.jacionline.org) revealed that, compared with other lineages,
type A IELps used more proximal TCRa variable (TRAV/Trav)
and joining (TRAJ/Traj) gene segments in human subjects (Fig
I, C) and mice (Fig 1, D), indicating that type A IELps tend to
receive a TCR signal early after initiating TCR« recombination.”’

Compared with CD4" Tconv cells, Treg cells are enriched in
hydrophobic amino acid doublets at positions 6 and 7 of the
CDR3 in the TCRf chain (CDR3f), a biomarker of self-reac-
tivity.” The frequency of sequences carrying these position 6
and 7 doublets (hydrophobic index) was greater in the TCRa
and/or TCR repertoires of type A IELps than in thymic and pe-
ripheral Treg cells and CD4 " and CD8™ Tconv cells in human
subjects (Fig 1, E) and mice (Fig 1, F). These findings broaden
the scope of the hydrophobic index to encompass both TCRa
and TCR[ repertoires and reveal heightened self-reactivity in
the T-cell population that undergoes strong TCR signaling in
the thymic cortex.'”

The frequency of TCRa and/or TCRf3 sequences with cysteine
within 2 positions of the CDR3 apex (cysteine index) was also
greater in type A IELps than in other thymic and peripheral T-cell
subsets in human subjects (Fig 1, G) and mice (Fig 1, H).* This
was not due to preferential use of TCR gene segments because
none of the cysteine residues detected by using the cysteine index
in this study were encoded by germline codons; rather, they were
encoded by codons spanning the junctions of TCR gene segments.
Unlike the hydrophobic index, the cysteine index was not greater
in Treg cells than in CD4™ Tconv cells, suggesting that T cells
with cysteine within 2 positions of the CDR3 apex typically ac-
quire tolerance in the thymic cortex at a stage preceding the onset
of Treg cell selection.

To investigate the effects of reduced thymopoiesis on T-cell
self-reactivity indices, we examined patients with biallelic
mutations in recombination-activating gene 1 (RAGI) or RAG2.

In patients with RAG mutations, the hydrophobic index was not
significantly altered in CDR3a, but it was increased in CDR383
(Fig 2, A, and see Table E2 in this article’s Online Repository at
www.jacionline.org). Because the cysteine index was also not
significantly altered in CDR3a but was increased in the CDR383
repertoire of Treg cells from patients with RAG mutations, subse-
quent analyses were confined to CDR3f3 (Fig 2, B). Significant
correlations were detected when each index among unique se-
quences was plotted as a function of the same index among total
sequences (Fig 2, C and D). Samples were on either side of the di-
agonal for the hydrophobic index (Fig 2, C), whereas those
cysteine indices that deviated from the diagonal had a higher in-
dex among unique sequences than among total sequences (Fig 2,
D), suggesting that clonal expansion is lower than average in cells
carrying a cysteine near the CDR3[3 apex.

For some mutations, the extent of recombination activity was
determined by expressing the mutant RAG protein in Abelson
virus—transformed Ragl '~ or Rag2 ™"~ pro-B cells (see Table E1
in this article’s Online Repository at www.jacionline.org).” RAG
function was not correlated with the hydrophobic index (Fig 2, E)
but was inversely correlated with the cysteine index (Fig 2, F).
Thymic tissue in patients with RAG mutations lacks segregated
K5" and K8" thymic epithelial cell populations,” indicating
immaturity of thymic stroma. The expression level and diversity
of self-peptide/MHC complexes presented by such immature
thymic tissue might be insufficient to induce tolerance in a normal
proportion of nascent self-reactive o TCR™ thymocytes. Aber-
rant differentiation of these thymocytes would account for the
high self-reactivity indices observed in peripheral TCR reper-
toires of most patients with RAG mutations.

To explore the self-reactivity of T cells differentiated in vitro,
we analyzed TCRp repertoires of CD3~CD4"CD8~ immature
single-positive and CD3"CD4"CD8" double-positive cells
cultured from induced pluripotent stem cells. The cysteine indices
of immature single-positive and double-positive samples were
low (see Fig El in this article’s Online Repository at www.
jacionline.org), suggesting that deletion by the -cysteine-
dependent mechanism can occur in vitro.

We also sequenced the TCRP repertoires of Treg and CD4™
Tconv cells from mice with hypomorphic mutations in Rag2
(R229Q) or Ragl (R972Q, F971L, and R972W).® The 3
missense Ragl mutations support different capacities to accom-
plish V(D)J recombination and T- and B-cell development
(R972Q > F971L > R972W), and T-cell infiltrates were de-
tected in target organs of the most severe R972W model (see
Fig E2 in this article’s Online Repository at www.jacionline.
org). The cysteine index was normal in all mouse strains exam-
ined (Fig 2, G), suggesting that thymocytes with cysteine in the
CDR3 apex are rendered tolerant in the cortex of mice with
hypomorphic Ragl or Rag2 mutations. Unlike in human sub-
jects, thymic architecture is partially intact in mice lacking
RAG function completely, including segregated K8 K5~
(cortical) and K8 "K5™ (medullary) thymic epithelial cell popu-
lations.” By contrast, hydrophobic indices were increased in the
F971L and R972W mice, with a greater increase in the R972W
strain (Fig 2, G). Together with small thymic medullary regions
and reduced expression of autoimmune regulator,” the simplest
interpretation of these data is that defects in medullary tolerance
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FIG 2. Aberrant self-reactivity indices of T-cell populations selected in the presence of RAG mutations. A
and B, Hydrophobic index (Fig 2, A) and cysteine index (Fig 2, B) in CDR3a and CDR3 repertoires of T-
cell subsets (x-axis) from healthy control subjects (squares) and patients with RAG mutations (circles).
Fifteen samples from patients with RAG mutations were excluded from Fig 2, B, because no sequences
were detected with cysteine within 2 positions of the CDR3 apex, and hence the cysteine index was unde-
fined (see Table E2 in this article’s Online Repository at www.jacionline.org). C and D, Hydrophobic index
(Fig 2, C) and cysteine index (Fig 2, D) among unique sequences (y-axis) as a function of the same index
among total sequences (x-axis). E and F, Hydrophobic index (Fig 2, E) and cysteine index (Fig 2, F) as a func-
tion of mean RAG recombination activity. G, Cysteine index (left) and hydrophobic index (right) in unique
TCRB sequences of CD4" Tconv and Treg cells sorted from B6 control mice or mice with homozygous mu-
tations in Rag2 (R229Q) or Rag1 (R972Q, F971L, or R972W). In Fig 2, A and B, 2-way ANOVA was used to
compare healthy control subjects with patients with RAG mutations adjusted with the Sidak multiple com-
parisons test. **P < .01 and ***P < .001. In Fig 2, C-F, P and p values were determined by using the
Spearman test for correlation. Horizontal lines in Fig 2, E and F, show the ranges observed in healthy control
subjects.

underlie the increased hydrophobic indices in F971L and  normal T-cell selection. Hydrophobic doublets can promote self-

R972W mice.

reactivity by forming hydrophobic bonds that exclude water

Both cysteine and hydrophobic indices are highly reproducible =~ molecules from the TCR-peptide/MHC interface, whereas
in healthy control subjects, revealing a surprising predictability in  cysteine residues can form stronger disulfide bonds between the

<

FIG 1. Strong and early TCR activation in type A IELps. A, Phenotypes of sorted human thymocyte subsets.
B, Electronically gated subsets (see color code at right) analyzed for Helios expression, with a summary of
mean Helios labeling intensity normalized to CD4*CD8" thymocytes in the same sample. C, Cumulative per-
centage of unique sequences that used each TRAV or TRAJ segment as a function of chromosomal location
in the TRAV (left) or TRAJ (right) locus, with a summary of the area under the curve for each sample (right).
D, Travand Traj use in mouse T-cell subsets® analyzed as in Fig 1, C. E-H, Percentage of unique sequences
with a self-reactive CDR3 position 6 and 7 doublet (hydrophobic index; see Fig 1, E and F) or percentage of
unique sequences with cysteine within 2 positions of the CDR3 apex (cysteine index; Fig 1, Gand H; Fig 1, E
and G, for human and Fig 1, F and H, for mouse T-cell subsets). Two-way ANOVA was used with repeated
measures based on sample donor and TCR chain (« and B), whereas 1-way ANOVA was used to compare
TCRB repertoires. ns, P> .05. Mouse data in Fig 1, H, have been published* and are included here to enable
comparison with human data.
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CDR3 apex and the peptide. The available data suggest that an

increased cysteine index is a specific biomarker of defective

cortical tolerance mechanisms. The hydrophobic index appears

more sensitive for detection of a self-tolerance defect but is not

specific for either cortical or medullary tolerance mechanisms.

Thus the cysteine and hydrophobic indices provide complemen-

tary information in the diagnosis and classification of T-cell self-
tolerance defects.
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Figure E1. T cell self-reactivity indicesin T cells derived from induced pluripotent stem cells
(iPSC). Cysteine index (left) and hydrophobic index (right) in unigue TCR[ sequences of iPSC-
derived T cells from a healthy control and from 3 patients with different RAG1 mutations (T able

E1).°

Figure E2. T cell infiltrates in mice with homozygous R972W mutations in Ragl.
Immunohistochemistry labelling of CD3 (brown) in the indicated organs from mice with

homozygous R972W mutations in Ragl, representative of 12 mice examined.

Materials and Methods

Sudy Design

This study was motivated by the goal of developing ablood test to measure the effectiveness of
self-tolerance induction in the human thymus. The primary hypothesis was that the TCR
repertoires of healthy tolerant and non-tolerant thymocytes should be distinguishable based on
differential expression of self-reactive amino acid motifs, which were defined in previous
studies. TCR sequencing was performed on sorted thymocyte subsets from three subjects in an
initial experiment, which was deemed sufficient based on the statistical significance of effects
observed. We further hypothesised that self-reactive amino acid motifs would be aberrantly
expressed in T cells either differentiated from iPSC in vitro or selected in vivo in humans or mice
with thymic pathology and immunodeficiency associated with previously defined mutationsin
RAGL/Ragl or RAG2/Rag2. Analyses of human samples represent an observational study of the
TCR sequences expressed by T cell subsets and the number of samples analysed reflects sample

availability during the timeframe of the study. Analyses of mouse samples were performed as
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controlled laboratory experiments. Investigators were aware of the experimental groups of the

samples.
Human samples

Human thymus samples were obtained upon informed consent, in accordance with University of
Melbourne Human Research and Ethics committee guidelines (reference numbers 1035100 and
1443540) and Royal Children’s Hospital Human Research Ethics Committee Approval
(reference number 24131 G). Human peripheral blood samples were obtained upon informed
consent, according to NIH IRB-approved protocols 93-1-0119, 06-1-0015, 16-1-N139 and 18-1-

0041.
Mice

Mice with homozygous hypomorphic mutationsin Ragl or Rag2 were bred with mice bearing a
Foxp3ECTP-Cre (Foxp3M2UECFPIereshonty g1l ele and the F; offspring were backcrossed to the

homozygous Rag-mutant lines to produce homozygous Rag-mutant Foxp3=cFF-¢"e

male Ny
animals from which T cells were sorted. Animal work was conducted in specific pathogen—free
conditions, in accordance with the US Public Health Service Policy on Humane Care and Use of
Laboratory Animals, with protocols approved by Boston Children’s Hospital (protocols 13-08-
2472R and 16-05-3176R) and by the National Institute of Allergy and Infectious Diseases

Animal Care and Use Committee (protocol LCIM 16E).
Cell sorting

Human thymus samples were cut into small pieces and passed through a 70-pum cell strainer into
ice-cold RPM1-1640 medium containing 2 mM EDTA before being washed into PBS plus 2%

fetal calf serum (flow cytometry buffer). Single-cell suspensions were incubated with
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LIVE/DEAD™ Fixable Aqua (ThermoFisher Scientific, Waltham, MA) plus assortments of the
following surface monoclonal antibodies: anti-CD1a Brilliant Violet 421 (clone HI149), anti-
ydTCR PECy7 or anti-ydTCR FITC (clone 11F2 or UC7-13D5), anti-CD4 BUV 496 (clone SK3),
anti-CD8a BUV805 (clone SK1), anti-TCRp Brilliant Violet 605 (clone JOV1.1), anti-PD-1
Brilliant Violet 785 (clone EH12.2H7), anti-CD10-FITC (clone HI10a), anti-CD25-APCCy7
(clone M-A251) and anti-CD127-PECy7 (clone A019D5). For each population, 50000 cells
(maximum) were sorted into flow cytometry buffer using aBD FACSArialll cell sorter. Cell
purity was checked after sorting and found to be 85-98%. Cell pellets were stored at -80°C until
RNA isolation. Methods used to sort thymocytes and splenocytes from B6 mice to support the
conclusions of Figures 1 and 2 were described previously.* T-reg, CD4+ and CD8+ T-conv cells
were sorted from human peripheral blood mononuclear cells as described.? Due to lymphopaenia
in mice with homozygous Ragl/2 mutations, splenocytes from multiple mice were pooled to
enable sorting of CD4+ Foxp3®™ - (CD4+ T-conv) and CD4+ Foxp3® ™+ (T-reg) samples. The
number of mice pooled per genotype was as follows: B6 controls, n = 4; Rag2 (R229Q), n = 15;
Ragl (R972Q) n = 4; Ragl (F971L), n=7 for CD4+ T-conv and n = 15 for T-reg; and Ragl

(R972W), n =5 for CD4+ T-conv and n =11 for T-reg.
Flow cytometry

After surface staining as above, cells were fixed and permeabilized with the eBioscience Foxp3
Fixation/Permeabilization kit according to the manufacturer's instructions to enable intracellular
staining with anti-Helios PE (clone 22F6) and anti-Foxp3 Alexab47 (clone 259D). Data were
acquired with an LSR 11 flow cytometer (Becton Dickinson, Franklin Lakes, New Jersey) and

analyzed using FlowJo software (FlowJo LLC, Ashland, Oregon).

TCR sequencing
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Sorted cells from human peripheral blood and from mouse spleen were sequenced using
immunoSEQ (Adaptive Biotechnologies, Seattle, WA). For human thymocyte samples, RNA
was isolated using Qiagen RNeasy Mini kits with an elution volume of 22 uL, from which 12 uL
were used to synthesise cDNA (Quantitect RT, QIAgen). Using 5 uL of cDNA template per
reaction, high-fidelity Q5 polymerase (NEB) was used to PCR amplify TCRf transcripts with a
mix of 27 TRBV-specific forward primers and a single TRBC-specific reverse primer and TCRa
transcripts using a mix of 40 TRAV-specific forward primers and a single TRAC-specific reverse
primer (Table E3).® Forward and reverse primers had distinct 5° overhang adapter sequences that
enabled addition of sample-specific indices and P5/P7 sequencing adapters in a second PCR
using the lllumina Nextera XT DNA library preparation kit (Illuminalnc., San Diego, CA).
Before the second PCR, Agencourt AMPure XP magnetic beads (Beckman Coulter, Brea, CA)
were used to enrich amplicons >100 bp. Conditions for the first PCR were 98°C for 5 min, 20
cyclesof 98°C for 10 s, 60°C for 30 sand 72°C for 30 s, followed by 72°C for 2 min and for the
second PCR were 72°C for 3 min and 98°C for 30 s, 20 cyclesof 98°C for 10 s, 63°C for 30 s
and 72°C for 30 s, followed by 72°C for 1 min. After determining amplicon concentrations using
a QlIAxce capillary electrophoresis machine (Qiagen Pty Ltd, Venlo, Netherlands), equimolar
amounts of amplicons were pooled into a single tube, concentrated using Agencourt AMPure XP
magnetic beads and then 400-600 bp amplicons were gel-purified (Monarch DNA Gel
Extraction Kit, New England Biolabs, Ipswich, MA) before sequencing on an Illumina MiSeq
machine, with ashort read 1 of 25 bases followed by aread 2 of 275 bases. A summary of the

TCR dataset is shown in Table E2.

TCR sequence processing and analysis
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For human thymus samples, TCR sequences were aligned to V (D) and J gene segments, and
CDR3 nucleotide and amino acid sequences were ascertained, using molecular identifier groups-
based error correction (MIGEC) software (version 1.2.6).* To exclude PCR or sequencing errors,
low-abundance sequences were excluded based on read count. To determine a “threshold read
count” on a per-sample basis, sequences were ranked from most abundant to least abundant
based on read count and a cumulative percentage of reads was assigned to each sequence within
each sample. For each sample, the “threshold read count” was defined as the read count of the
sequence that spanned the 80™ percentile of cumulative reads. Sequences with a read count equal
to or lower than the “threshold read count” were excluded from further analysis. Subsequent
analyses of human thymocyte samples, and the mouse TCR sequence dataset” presented in
Figure 1, were based solely on unique sequences (ignoring the read count) because read count
does not necessarily correspond to the number of cells that carried a given TCR sequencein the
original sample. By contrast, values obtained from the Adaptive Biotechnol ogies immunoSEQ
assay are reflective of the number of cellsthat carried a given TCR sequence in the original
sample, enabling parallel analyses of unique and total sequences. All datawere filtered to
exclude non-functional CDR3 sequences that were either out-of-frame, contained a stop codon or
were < 8 amino acids long; the last filter was imposed because a conserved Phe or Try is present
at position 6 or 7 of CDR3 sequences that are 6 or 7 amino acids long. We also excluded atotal
of 9 mouse Trbv1 sequences with a CDR3 < 10 amino acids long because the germline-encoded
Cysat CDR3 position 3 iswithin 2 positions of the CDR3 apex in these sequences. Self-reactive
CDR3p P6-P7 doublet expression was determined by cal cul ating the percentage of sequences
using any of the 175 amino acid doublets identified as promoting self-reactivity.> The same

filtered datasets were examined for sequences with a cysteine within 2 positions of the CDR3
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apex as described.” Briefly, for a CDR3 sequence of n amino acids, the amino acid at the largest
position not greater than (n/2 + 1) was designated as the CDR3 apex. For the chromosomal
distribution of TCRa gene segment analysis, sequences that mapped to > 1 TRAV/Trav segment
were excluded and the area under the curve was determined for each sample by dividing the sum
of the cumulative percentages by 100, then by the number of distinct TRAV/Trav or TRAJ/ Traj

segments in the filtered dataset.
Induced pluripotent stem cell cultures

Methods used to culture, sort and TCR sequence induced pluripotent stem cell-derived T cells

have been described.®

| mmunohistochemistry

Formalin-fixed, paraffin-embedded sections were subjected to hematoxylin and eosin (H&E)
staining and immunohistochemistry, as previously described.” In brief, sections were dewaxed
and rehydrated, endogenous peroxidase activity was blocked by 0.3% H,O./methanol for 20 min,
and heat-induced antigen retrieval was obtained by thermostatic bath treatment using EDTA
buffer, pH 8.0, followed by 1-h incubation with primary antibody rabbit anti-CD3 (1:100; Dako).
Signal was revealed by using Real EnVision Rabbit-HRP (Dako) detection system followed by
diaminobenzidine, and nuclei were counterstained with hematoxylin. Digital images were
acquired by a camera (DP70; Olympus) mounted on a microscope (Bx60; Olympus) using

Cell” Imaging software (Soft Imaging System GmbH).
Satistical analysis

The “tidyverse”, “stringr” and “reshape2” packages were used in RStudio software for apex-out

alignment and categorization of CDR3 sequences, to produce graphs and to perform
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nonparametric Spearman tests for correlation. Other statistical analyses were performed using
GraphPad Prism version 7.0a (GraphPad Software, La Jolla California USA) with multiple
comparisons tests recommended in the GraphPad Prism software. Figures were made using

Adobe Illustrator CC (Adobe Systems Inc., San Jose, CA).
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Table E1. Clinical phenotype and mutation details of RAG patients

Patient Phenotype Age |Gene and mutation Mean recombination activity
P1 Atypical SCID 3y |RAGL: p.H612R;p.A857V NA
P2 Atypical SCID 9y |RAG1: p.R474C;p.L506F 63
P3 Atypical SCID 11y |RAG1: p.L514R;p.L514R 12.9
P4 Atypical SCID 10y |RAG1: p.R410W;p.H375D 21
P5 Atypical SCID 4 mo [RAG1: p.H375D;p.H375D 41.9
P6 Omenn syndrome [4 mo [RAG1: p.R332X;p.L1025fs*39 NA
P7 Omenn syndrome |1 mo |RAG1: p.S259Afs*5;p.S259Afs*5 0.7
P8 SCID 6 mo |RAG2: p.C41W;p.C41W 0.2
P9 Atypical SCID 39y [RAG1: p.R108*;p.W522C 21.7
P10 Atypical SCID 3 mo |RAG1: p.C328Y;p.P619L NA
P11 Omenn syndrome |3 mo [RAG1: p.R396H;p.R396H 0.5
P12 Atypical SCID 2y |RAG2: p.R73H;p.R73H 11
P13 Atypical SCID 4y |RAG1: p.Q145Kfs*18;p.N855S NA
P14 Omenn syndrome (2 mo |RAG1: p.K86Vfs*33;p.E722K 1.32
P15 SCID 2 mo |RAG1: p.N476Kfs*15;p.N476Kfs*15 0.07
P16 SCID 9 mo [RAG1: p.R394W;p.R394W 0.09




Table E3. Primers used to amplify TCRa and TCRP transcripts from sorted thymocytes

Primer target

Primer sequence

TRAV1 TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGGCACCCACATTTCTKTCTTAC
TRAV10 TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGGAAAGAACTGCACTCTTCAATG
TRAV12-1,12-2,12-3 TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGAAGATGGAAGGTTTACAGCAC
TRAV13-1 TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGTCAGACAGTGCCTCAAACTAC
TRAV13-2 TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGCAGTGAAACATCTCTCTCTGC
TRAV14 TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGAGGCTGTGACTCTGGACTG
TRAV16 TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGGTCCAGTACTCCAGACAACG
TRAV17 TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGCCACCATGAACTGCAGTTAC
TRAV18 TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGTGACAGTTCCTTCCACCTG
TRAV19 TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGTGTGACCTTGGACTGTGTG
TRAV2 TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGCACTCTGTGTCCAATGCTTAC
TRAV20 TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGTCTGGTATAGGCAAGATCCTG
TRAV21 TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGAACTTGGTTCTCAACTGCAG
TRAV22 TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGCTGACTCTGTGAACAATTTGC
TRAV23 TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGTGCATTATTGATAGCCATACG
TRAV24 TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGTGCCTTACACTGGTACAGATG
TRAV25 TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGTATAAGCAAAGGCCTGGTG
TRAV26-1 TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGCGACAGATTCACTCCCAG
TRAV26-2 TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGTTCACTTGCCTTGTAACCAC
TRAV27 TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGCTCACTGTGTACTGCAACTCC
TRAV29 TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGCTGCTGAAGGTCCTACATTC
TRAV3 TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGATGCACCTATTCAGTCTCTGG
TRAV30 TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGAGAAGCATGGTGAAGCAC
TRAV34 TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGATCTCACCATAAACTGCACG
TRAV35 TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGACCTGGCTATGGTACAAGC
TRAV36 TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGATCTCTGGTTGTCCACGAG
TRAV38-1,38-2 TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGCAGCAGGCAGATGATTCTC
TRAV39 TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGTCAACCACTTCAGACAGACTG
TRAV4 TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGATTATATCACGTGGTACCAACAG
TRAV40 TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGGGAGGCGGAAATATTAAAGAC
TRAVS TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGTACACAGACAGCTCCTCCAC
TRAV6 TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGTGGTACCGACAAGATCCAG
TRAV7 TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGACAATTTGCAGTGGTACAGG
TRAVS-1 TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGGTCAACACCTTCAGCTTCTC
TRAVS8-2,8-4 TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGAGAGTGAAACCTCCTTCCAC
TRAVS-3 TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGTTTGAGGCTGAATTTAAGAGG
TRAV8-6 TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGAACCAAGGACTCCAGCTTC
TRAV8-7 TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGATCAGAGGTTTTGAGGCTG
TRAV9-1,9-2 TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGGAAACCACTTCTTTCCACTTG
TRAV41 TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGTTGTTTATGCTGAGCTCAGG
TRBV2 TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGTTCACTCTGAAGATCCGGTC

TRBV10-1,10-2,10-3

TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGTCCYCCTCACTCTGGAGTC

TRBV11-1,11-2,11-3

TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGGACTCCACTCTCAAGATCCA

TRBV12-3,12-4,12-5

TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGCYACTCTGARGATCCAGCC

TRBV13 TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGCATTCTGAACTGAACATGAGC
TRBV14 TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGATTCTACTCTGAAGGTGCAGC
TRBV15 TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGATAACTTCCAATCCAGGAGG
TRBV16 TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGGAAAGATTTTCAGCTAAGTGCC
TRBV17 TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGTGTTCACTGGTACCGACAG
TRBV18 TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGCGATTTTCTGCTGAATTTCC
TRBV19 TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGTTCCTCTCACTGTGACATCG
TRBV20-1 TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGACTCTGACAGTGACCAGTGC
TRBV23-1 TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGGCAATCCTGTCCTCAGAAC
TRBV24-1 TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGGATGGATACAGTGTCTCTCGA
TRBV25-1 TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGCAGAGAAGGGAGATCTTTCC
TRBV27,28 TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGTTCYCCCTGATYCTGGAGTC
TRBV29-1 TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGTCTGACTGTGAGCAACATGAG
TRBV3-1 TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGAATCTTCACATCAATTCCCTG
TRBV30 TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGAGAATCTCTCAGCCTCCAGAC

TRBV4-1,4-2,4-3

TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGCCTGCAGCCAGAAGACTC

TRBV5-1,5-3,5-4

TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGCTTGGAGCTGGRSGACTC

TRBV5-5,5-6,5-7,5-8

TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGTCTGAGCTGAATGTGAACG

TRBV6-1,6-2,6-3,6-5,6-6,6-7,6-8,6-9

TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGGTGTRCCCAGGATATGAACC

TRBV6-4

TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGTGGTTATAGTGTCTCCAGAGC

TRBV7-1,7-2,7-3

TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGTCYACTCTGAMGWTCCAGCG

TRBV7-4,7-6,7-7,7-8,7-9

TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGTGRMGATYCAGCGCACA

TRBV9

TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGGTACCAACAGAGCCTGGAC

TRAC

GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGNNNNNNNNTGTTGCTCTTGAAGTCCATAG

TRBC

GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGNNNNNNNNTTCTGATGGCTCAAACACAG
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