
of homeostatic cytokines (30, 35). Inequalities in clonal sizes
could therefore reflect a peripheral selection based on cytokine
responsiveness and/or self-recognition. In support of this in-
terpretation, in vitro culture of naïve T cells in the presence of
homeostatic cytokines, but absence of foreign antigens, selected
for TCR sequences clonally expanded in vivo. Homeostatic
proliferation associated with a peripheral selection may there-
fore result in a more autoreactive repertoire (36). This may
explain why lymphopenia-induced homeostatic proliferation
confers an increased risk for autoimmunity (37, 38) and supports
the model that increased homeostatic proliferation and associ-
ated changes in the repertoire found in patients with rheumatoid
arthritis may predispose for the disease (39–41).
Surprisingly, and in contrast to naïve T cells, the impact of age

on the memory T-cell repertoire was minimal. Although the size
of the memory compartment is known to increase with age,
richness did not change significantly, and clonality increased only
for the very largest clones. This observation is particularly sur-
prising for CD8 T cells where the terminally differentiated
effector T-cell population tends to increase at the expense of
central and effector memory T cells (17). It should be noted,
however, that we have excluded individuals who were CMV-
positive to analyze age effects without the confounding factor of
CMV-induced repertoire changes.
Our data highlight striking differences in the repertoires of

CD4 and CD8 T memory cells, independent of age. Richness was
higher in CD4 memory than in CD8 T cells, whereas clonality
was higher in CD8 memory T cells. The prominent clonality
in CD8 memory T cells is consistent with previous spectratyping
studies demonstrating clonal peaks in the CD8 memory reper-
toire (42). Our studies now show that the difference between

human CD4 and CD8 memory T cells is not limited to clonally
expanded CD8 T cells, but also includes a globally decreased
richness of the entire CD8 memory repertoire. Given that rich-
nesses in naïve CD4 and CD8 T cells are approximately equal,
our data suggest that formation or maintenance of the memory
repertoire is more constrained for CD8 than for CD4 T cells.
Future studies of the repertoires of antigen-specific T cells after
vaccination or infection in humans will be required to further
explore the consequences of T-cell subset-specific repertoire
contractions and the contribution of clonal expansions to the
increased vulnerability of the elderly to common pathogens.

Materials and Methods
TCRB cDNA libraries were generated from five replicate samples of FACS-
sorted naïve and memory CD4 and CD8 T cells from apheresis samples of
young and elderly healthy adults and sequenced with an Illumina Miseq
sequencer. TCRB repertoire richness was determined by applying the Chao2
nonparametric estimator of the lower bound of species richness in a pop-
ulation after correcting for possible sequencing errors and eliminating TCRB
sequences that are close to peaks in sequence space. A clonality score,
adapted from the Gini–Simpson index, was determined using the lymphclon
inference algorithm. A detailed description of the experimental design and
procedures and the statistical analysis is given in SI Materials and Methods.
Primers are described in Table S3.
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SI Materials and Methods
Study Subjects. Platelet donor apheresis lymphocytes were ob-
tained from young (aged 20–35 y) and elderly (aged 70–85 y)
adults from the Stanford Blood Center. All individuals were
healthy, regular platelet donors without a history of autoimmune
disease, diabetes mellitus, or chemotherapy and were analyzed
for their CMV serology. Informed consent for research use of
blood samples was provided by all participants.

Cell Purification and RNA Extraction. T cells were enriched by
negative selection using the human T-cell RosetteSep enrichment
kit (StemCell Technologies) and then stained with FITC-CD3-
(BioLegend), V450-CD4-(Affymetrix eBioscience), PECy7-CD8-,
PerCP/Cy5.5-CCR7- (BioLegend), PE-CD28- andAPC-CD45RA-
(BD Biosciences) antibodies as well as Live/Dead Fixable Aqua
Dead cell stain dye (Life Technologies), followed by cell sorting using
a BD Aria3 cell sorter to obtain naïve CD4 T cells (CD3+CD4+

CCR7+CD45RAhighCD28+), naïve CD8 T cells (CD3+CD8+

CCR7+CD45RAhighCD28+), memory CD4 T cells (CD3+CD4+

CD45RA–), and memory CD8 T cells (CD3+CD8+ CD45RA–).
For young individuals, five replicates with 1 × 106 cells per ali-
quot of naïve CD4, naïve CD8, and memory CD4 T cells and five
replicates with 0.25 × 106 per aliquot of memory CD8 T cells
were collected. For naïve CD8 T cells in elderly individuals, five
replicates of 0.25 × 106 cells were collected; cell numbers for all
other populations were the same as in young individuals. In
additional experiments, central memory (CD3+CD8+CCR7+

CD45RA–), effector memory (CD3+CD8+CCR7–CD45RA–), and
terminal effector memory (CD3+CD8+CCR7–CD45RAhighCD28–)
CD8 T cells from CMV-positive and CMV-negative elderly in-
dividuals were sorted and five replicates with 0.2 × 106 cells per
aliquot of each CD8 T-cell population were collected. In two
elderly individuals, CD4+CD25highCD127low (Treg) and CD127+

and CD215+ naïve CCR7+CD45RAhighCD28+ CD8+ were pu-
rified for analysis. RNA was extracted using AllPrep DNA/RNA
mini kit (Qiagen). cDNA was generated using SuperScript III
reverse transcription kit (Invitrogen) with random hexamer oli-
gonucleotides.

Cytokine-Mediated in Vitro T-Cell Expansion. T cells were stained
with V450-CD4-, PECy7-CD8-, APC-CD45RA-, and PerCP/
Cy5.5-CCR7- antibodies, followed by cell sorting to obtain naïve
CD8 T cells (CD3+CD8+CCR7+CD45RAhigh). Cells were la-
beled with carboxyfluorescein diacetate succinimidyl ester (CFSE)
and cultured in vitro in the presence of 10 ng/mL IL-15 and
10 ng/mL IL-7 (Peprotech). After 7 d of culture, T cells were
stained with V450-CD4, APC-CD3, and PECy7-CD8, followed
by cell sorting to obtain T cells (CFSElowCD8+CD3+) that had
divided in response to cytokine stimulation. RNA was extracted
using RNA micro kit (Qiagen). cDNA was generated using
SuperScript VILO MasterMix (Invitrogen).

Generation of T-Cell Receptor Beta Gene Libraries. To amplify
rearranged T-cell receptor beta (TCRB) genes from cDNA, 39
forward primers, each specific to one or two functional TCRBV
segments, and one reverse primer specific to the CB segments
were designed based on the repertoire of TCR germ-line seg-
ments present in the ImMunoGeneTics (IMGT) database (www.
imgt.org) (Table S3). A 12-bp nucleotide unique “barcode” se-
quence was inserted in the reverse primer between the CB
sequence and Illumina universal reverse sequence. First PCR
amplification was performed using a Multiplex PCR kit (Qiagen)

with 3 μL of template cDNA, 50 pmol of CB primer, and
1.28 pmol of each V primer per 25 μL of reaction for 15 min at
95 °C 15, followed by 30 cycles of 94 °C for 30 s, 59 °C for 90 s,
and 72 °C for 60 s, then 72 °C for 10 min. Full-length Illumina
sequencing adaptors were added in a second 15-cycle PCR with
0.5 μL of the first PCR product and 10 pmol of forward and
reverse Illumina adaptor primers. The final PCR products were
pooled in equal amounts and separated on 2% agarose gel. PCR
products of 350–450 bp were excised and extracted using a Qia-
quick Gel Extraction Kit (Qiagen).

Illumina Sequencing and Sequence Data Analysis. TCRB libraries
were sequenced with an Illumina Miseq sequencer (2 × 250-bp
paired-end reads). Each paired-end read was first trimmed to
150 bp on each side and then assembled into a single sequences
using COPE (1). The reads were then mapped to reference se-
quences in the IMGT information system (www.imgt.org) using
modified IgBLAST. The TCRBV and TCRBJ regions for each
sequence were annotated to best-matching sequences. CDR3
sequences were identified as nucleotide sequences between the
second conserved cysteine at the 3′ end of the VB gene segment
and the conserved phenylalanine at the 5′ portion of the JB seg-
ment. Sequences successfully mapped to known VB and JB seg-
ments and containing an in-frame CDR3 sequence and JB
segment were accepted for further analysis.

TCRB Repertoire Richness Statistics. We used multiple replicate li-
braries generated from distinct aliquots of T cells for each subset
and applied the Chao2 nonparametric estimator of the lower
bound of species richness in a population (2, 3). The Chao2
approach is a standard tool in ecology and intends to make use
of the information provided by all species in a dataset, rare or
not. Instead of excluding all singleton sequences, as was done in
previous studies, we corrected for sequencing errors by exam-
ining each putative clone S that appeared only in one replicate
and decided whether it could be a sequencing error with respect
to another clone using the following rule set: S is considered
a sequencing error if another clone in the data from that T-cell
subset (i) shares the same V and J annotations, (ii) has the same
CDR3 length, (iii) has a Hamming distance of two or one to S in
the CDR3 nucleotides, and (iv) has higher abundance. If we find
another clone satisfying all four criteria, then the putative clone
S is rejected as a clone.
Computing Chao2 entails examining the replicates for clones

that are found in multiple replicates and contrasting this quantity
to the number of clones found in only one in a mathematically
informed manner. Chao2 essentially contrasts these two quan-
tities to estimate the extent to which we have covered the full
repertoire and uses that to inform how many species there are
in total.
We used two strategies to estimate confidence intervals of the

Chao2 estimator. First, we have produced an empirical confi-
dence interval based on bootstrapping. We have used the BCa
bootstrap from DiCiccio and Efron (4) that is a variant of
bootstrapping designed in part for confidence intervals when the
underlying bootstrap distribution is not symmetric about its
center. Following standard technique, we converted the repli-
cated data into sufficient statistics necessary to compute the
Chao2, in particular, the per-clone incidence frequencies across
the replicates (i.e., the number of replicates that contain the
clone). We performed sampling with replacement on this sufficient
statistic over all clones. In our bootstrap estimates, we performed
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1,000 bootstrapping iterations for each estimate. Second, we esti-
mated the confidence intervals using the formula developed
by Chao (2).
Fewer cells were available for analysis in our CD8 memory

T-cell samples compared with the CD4 memory cells (5 replicates
of 250,000 each vs. 5 replicates of 1,000,000 each); therefore, we
ran simulations to evaluate the robustness of our estimates of
richness, given the differences in sampling. We generated an un-
derlying repertoire with an uneven Zipf distribution (power = -0.5),
spread across 1 million clones. From this repertoire, we sampled
5 replicate libraries, for 250,000 virtual cells per replicate,
equivalent to the number of CD8 memory cells studied in our
experiments. To simulate PCR amplification, each virtual cell
was subject to a standard lognormal scaling. Across each of the
100 random iterations of these noisy samplings, we calculated
a Chao2 repertoire estimate of richness. The resulting estimates
of a mean of 924,400 with a SD of 1756 were very close to the
true value of 1 million different TCRs. For comparison, we also

performed simulations using sampling depths equivalent to those
obtained for CD4 memory T-cell experiments (5 replicates of
1 million cells each). This resulted in a mean of 945,800 and
a SD of 800, demonstrating the robustness of the approach to
variation in sample sizes.

Clonality Statistics. The “clonality score” was recently developed
as a measure to estimate contribution of clonally expanded se-
quences within a repertoire, as an adaptation of the Gini–Simpson
index modified for application to multiple replicate sequencing
datasets and corrected for covariance between replicate sequence
libraries (5, 6). To perform inference of the clonality score, we
used the lymphclon package available on R CRAN to perform
accurate estimation of this quantity on the repertoires. The
lymphclon inference algorithm explicitly takes advantage of mul-
tiple replicated sequencing experiments by modeling the experi-
mental covariances and the per-replicate amplification differences.
A description of this methodology is available in ref. 7.
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facilitate genome assembly. Bioinformatics 28(22):2870–2874.

2. Chao A (1987) Estimating the population size for capture-recapture data with unequal
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Fig. S1. Influence of age on the repertoire of rearranged TCRB sequences. (A and B) Naïve (A) and memory (B) CD4 and CD8 T cells were purified from young
and elderly individuals and transcribed TCRB genes were sequenced. Mean frequencies of TCRB V–J combinations are illustrated as heat plots. The order of the
TCRBV gene segments on the horizontal and the TCRBJ gene segments on the vertical axis is maintained for all subsets for easy visual comparison. (C and D)
TCRB CDR3 lengths were determined for all sequences within each T-cell subset and the frequencies of their occurrences were determined. Results are shown as
density blots; colored lines indicate the different young or elderly individuals and are largely overlapping.
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Fig. S2. Comparison of TCRB repertoire richness in memory CD8 T-cell subsets. Replicate samples of CD8 memory subset TCRB libraries were analyzed as
described in Fig. 1. Estimates of lower boundaries in TCRB nucleotide richness are shown for two CMV-negative and one CMV-positive elderly individual.
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Table S1. Number of TCRB sequence reads obtained for individual replicates

Donor Age Replicate 1 Replicate 2 Replicate 3 Replicate 4 Replicate 5

Naïve CD4 T cells
1 74 459,108 490,801 519,560 513,972 537,717
2 35 358,400 326,179 377,882 372,326 380,736
3 30 696,485 820,273 844,549 851,532 950,305
4 76 388,345 433,703 461,075 449,440 397,094
5 83 170,862 267,261 304,165 311,096 327,667
6 33 580,865 464,626 592,259 581,854 559,111
7 75 356,701 376,339 395,280 402,975 402,998
8 24 329,853 352,379 343,058 351,383 372,452
9 79 335,484 336,665 344,163 354,635 339,293

Naïve CD8 T cells
1 74 659,178 437,717 445,332 430,420 450,413
2 35 384,930 351,888 464,414 407,943 401,188
3 30 395,573 326,661 359,539 374,804 337,547
4 76 629,667 667,288 692,752 665,063 694,879
5 83 261,444 322,898 297,672 453,983 714,078
6 33 414,307 411,069 395,779 430,989 447,877
7 75 322,937 459,150 516,841 474,051 428,739
8 24 378,205 316,456 365,923 343,686 329,259
9 79 336,438 327,133 359,927 360,780 332,226

Memory CD4 T cells
1 74 312,382 320,624 320,153 373,334 393,616
2 35 373,895 476,292 398,892 397,240 479,418
3 30 465,797 457,311 412,081 390,651 422,076
4 76 352,640 354,381 351,808 385,821 410,303
5 83 132,458 194,698 203,693 180,100 174,267
6 33 161,682 219,430 191,816 200,767 151,423
7 75 409,548 347,105 361,875 338,796 380,941
8 24 265,117 239,266 258,125 241,409 269,853
9 79 295,194 307,580 292,062 300,259 266,490

Memory CD8 T cells
1 74 299,719 346,161 515,793 445,017 320,588
2 35 228,005 287,019 208,819 211,622 210,139
3 30 428,693 428,517 395,586 462,686 414,090
4 76 431,991 354,757 377,418 336,192 332,785
5 83 218,178 243,554 277,216 209,957 229,757
6 33 159,346 132,763 102,696 161,929 164,516
7 75 244,633 179,847 196,398 221,402 185,952
8 24 335,145 278,849 311,536 282,872 205,952
9 79 276,389 298,710 317,016 299,887 306,782
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Table S2. Confidence intervals of estimated lower boundaries in TCRB richness

95% BCa confidence
interval

95% confidence
interval (Chao2

log-normal method)

Donor ID
T-cell

compartment Chao2 estimate Lower Upper Lower Upper

1 CD4 naïve 7.93E+06 7.86E+06 8.00E+06 7.86E+06 8.00E+06
1 CD8 naïve 1.15E+07 5.77E+05 5.77E+05 1.13E+07 1.17E+07
1 CD4 memory 1.09E+06 1.08E+06 1.10E+06 1.08E+06 1.10E+06
1 CD8 memory 1.84E+05 1.81E+05 1.87E+05 1.81E+05 1.87E+05
2 CD4 naïve 8.11E+07 7.85E+07 8.39E+07 7.84E+07 8.40E+07
2 CD8 naïve 7.74E+07 7.53E+07 7.97E+07 7.54E+07 7.95E+07
2 CD4 memory 2.17E+06 2.15E+06 2.19E+06 2.15E+06 2.19E+06
2 CD8 memory 2.10E+05 2.06E+05 2.14E+05 2.06E+05 2.15E+05
3 CD4 naïve 6.91E+07 6.78E+07 7.06E+07 6.77E+07 7.06E+07
3 CD8 naïve 6.46E+07 6.29E+07 6.63E+07 6.29E+07 6.63E+07
3 CD4 memory 1.67E+06 1.65E+06 1.68E+06 1.65E+06 1.68E+06
3 CD8 memory 3.70E+05 3.65E+05 3.76E+05 3.64E+05 3.76E+05
4 CD4 naïve 2.73E+07 2.69E+07 2.78E+07 2.69E+07 2.78E+07
4 CD8 naive 5.76E+07 5.57E+07 5.96E+07 5.57E+07 5.96E+07
4 CD4 memory 1.12E+06 1.10E+06 1.13E+06 1.10E+06 1.13E+06
4 CD8 memory 2.24E+05 2.20E+05 2.27E+05 2.20E+05 2.28E+05
5 CD4 naïve 9.85E+06 9.69E+06 1.00E+07 9.69E+06 1.00E+07
5 CD8 naïve 1.02E+07 9.97E+06 1.04E+07 9.96E+06 1.04E+07
5 CD4 memory 6.77E+05 6.70E+05 6.85E+05 6.70E+05 6.85E+05
5 CD8 memory 1.41E+05 1.39E+05 1.44E+05 1.39E+05 1.44E+05
6 CD4 naïve 1.23E+08 8.93E+05 8.93E+05 1.18E+08 1.28E+08
6 CD8 naïve 9.04E+07 8.80E+07 9.31E+07 8.80E+07 9.29E+07
6 CD4 memory 1.03E+06 1.02E+06 1.04E+06 1.02E+06 1.04E+06
6 CD8 memory 1.80E+05 1.76E+05 1.84E+05 1.75E+05 1.84E+05
7 CD4 naïve 2.72E+07 2.66E+07 2.77E+07 2.67E+07 2.77E+07
7 CD8 naïve 4.27E+07 4.09E+07 4.45E+07 4.10E+07 4.45E+07
7 CD4 memory 1.35E+06 1.34E+06 1.37E+06 1.34E+06 1.37E+06
7 CD8 memory 1.22E+05 1.20E+05 1.25E+05 1.19E+05 1.25E+05
8 CD4 naïve 9.34E+07 9.06E+07 9.65E+07 9.06E+07 9.63E+07
8 CD8 naïve 7.62E+07 7.41E+07 7.85E+07 7.40E+07 7.85E+07
8 CD4 memory 1.52E+06 1.51E+06 1.54E+06 1.51E+06 1.54E+06
8 CD8 memory 4.17E+05 4.10E+05 4.24E+05 4.10E+05 4.24E+05
9 CD4 naïve 6.61E+06 6.55E+06 6.67E+06 6.54E+06 6.67E+06
9 CD8 naïve 1.07E+07 1.05E+07 1.09E+07 1.05E+07 1.09E+07
9 CD4 memory 8.65E+05 8.57E+05 8.72E+05 8.58E+05 8.73E+05
9 CD8 memory 1.52E+05 1.50E+05 1.55E+05 1.49E+05 1.55E+05
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Table S3. TCRB-specific PCR primer sequences

TRBV10-1-F GGCATTCCTGCTGAACCGCTCTTCCGATCTNNNNactaggtaAAGTCTCAGATGGCTACAGTGTCTCTAG

TRBV10-2-F GGCATTCCTGCTGAACCGCTCTTCCGATCTNNNNactaggtaTCCAGATCCAAGACAGAGAATTTCCCC

TRBV10-3-F GGCATTCCTGCTGAACCGCTCTTCCGATCTNNNNactaggtaGAAGTCTCAGATGGCTATAGTGTCTCTAG

TRBV12-5-F GGCATTCCTGCTGAACCGCTCTTCCGATCTNNNNactaggtaGGGATGCCGAAGGATCGATTC

TRBV13-F GGCATTCCTGCTGAACCGCTCTTCCGATCTNNNNactaggtaAGCTCAACAGTTCAGTGACTATCATTCTG

TRBV14-F GGCATTCCTGCTGAACCGCTCTTCCGATCTNNNNactaggtaTTAGCTGAAAGGACTGGAGGGACG

TRBV16-F GGCATTCCTGCTGAACCGCTCTTCCGATCTNNNNactaggtaATTTTCAGCTAAGTGCCTCCCAAATTCAC

TRBV18-F GGCATTCCTGCTGAACCGCTCTTCCGATCTNNNNactaggtaTGCTGAATTTCCCAAAGAGGGCC

TRBV19-F GGCATTCCTGCTGAACCGCTCTTCCGATCTNNNNactaggtaAGCGTCTCTCGGGAGAAGAAGG

TRBV2-F GGCATTCCTGCTGAACCGCTCTTCCGATCTNNNNactaggtaAATTCTCAGTTGAAAGGCCTGATGGATC

TRBV20-1-F GGCATTCCTGCTGAACCGCTCTTCCGATCTNNNNactaggtaATGCAAGCCTGACCTTGTCCAC

TRBV24-1-F GGCATTCCTGCTGAACCGCTCTTCCGATCTNNNNactaggtaAGTGTCTCTCGACAGGCACAGG

TRBV25-1-F GGCATTCCTGCTGAACCGCTCTTCCGATCTNNNNactaggtaACAGTCTCCAGAATAAGGACGGAGC

TRBV27-F GGCATTCCTGCTGAACCGCTCTTCCGATCTNNNNactaggtaTGAAGGGTACAAAGTCTCTCGAAAAGAG

TRBV28-F GGCATTCCTGCTGAACCGCTCTTCCGATCTNNNNactaggtaGATATTCCTGAGGGGTACAGTGTCTC

TRBV6-1-F GGCATTCCTGCTGAACCGCTCTTCCGATCTNNNNactaggtaAATGTCTCCAGATTAAACAAACGGGAGTTC

TRBV6-3-F GGCATTCCTGCTGAACCGCTCTTCCGATCTNNNNactaggtaTCCCTGATGGCTACAATGTCTCCAG

TRBV6-4-F GGCATTCCTGCTGAACCGCTCTTCCGATCTNNNNactaggtaTATAGTGTCTCCAGAGCAAACACAGATG

TRBV6-8-F GGCATTCCTGCTGAACCGCTCTTCCGATCTNNNNactaggtaTAGATTAAACACAGAGGATTTCCCACTCAG

TRBV6-9-F GGCATTCCTGCTGAACCGCTCTTCCGATCTNNNNactaggtaACAATGTATCCAGATCAAACACAGAGG

TRBV7-F GGCATTCCTGCTGAACCGCTCTTCCGATCTNNNNactaggtaAGAGAGGCCTGAGAGATCCGTCTC

TRBV9-F GGCATTCCTGCTGAACCGCTCTTCCGATCTNNNNactaggtaATTCTTGAACGATTCTCCGCACAACAG

TRVB11-1.11-2.11-3-F GGCATTCCTGCTGAACCGCTCTTCCGATCTNNNNactaggtaCAGTTGCCTAAGGATCGATTTTCTGC

TRVB12-3.12-4-F GGCATTCCTGCTGAACCGCTCTTCCGATCTNNNNactaggtaGGGATGCCCGAGGATCGATTC

TRVB15-F GGCATTCCTGCTGAACCGCTCTTCCGATCTNNNNactaggtaACCCCTGATAACTTCCAATCCAGGAG

TRVB29-1-F GGCATTCCTGCTGAACCGCTCTTCCGATCTNNNNactaggtaATCAGCCGCCCAAACCTAACATTC

TRVB3-1-F GGCATTCCTGCTGAACCGCTCTTCCGATCTNNNNactaggtaTTCTCACCTAAATCTCCAGACAAAGC

TRVB30-F GGCATTCCTGCTGAACCGCTCTTCCGATCTNNNNactaggtaTGCCCCAGAATCTCTCAGCCTC

TRVB4-1.4-2.4-3-F GGCATTCCTGCTGAACCGCTCTTCCGATCTNNNNactaggtaAGTGTGCCAAGTCGCTTCTC

TRVB5-1-F GGCATTCCTGCTGAACCGCTCTTCCGATCTNNNNactaggtaAACTTCCYTGGTCGATTCTCAGG

TRVB5-4-F GGCATTCCTGCTGAACCGCTCTTCCGATCTNNNNactaggtaTAGATTCTCAGGTCTCCAGTTCCC

TRVB5-5-F GGCATTCCTGCTGAACCGCTCTTCCGATCTNNNNactaggtaTCTCAGCTCGCCAGTTCCCTAAC

TRVB5-6-F GGCATTCCTGCTGAACCGCTCTTCCGATCTNNNNactaggtaATTCTCAGGTCACCAGTTCCCTAACTATAG

TRVB5-8-F GGCATTCCTGCTGAACCGCTCTTCCGATCTNNNNactaggtaTAGATTTTCAGGTCGCCAGTTCCC

TRVB6-5.6-6-F GGCATTCCTGCTGAACCGCTCTTCCGATCTNNNNactaggtaTCTCCAGATCAACCACAGAGGATTTCC

TRVB7-2-F GGCATTCCTGCTGAACCGCTCTTCCGATCTNNNNactaggtaGGGCTGCCCAGTGATCGC

TRVB7-6.7-7-F GGCATTCCTGCTGAACCGCTCTTCCGATCTNNNNactaggtaGGGCTGCCCARTGATCGG

TRVB7-8-F GGCATTCCTGCTGAACCGCTCTTCCGATCTNNNNactaggtaTGATCGCTTCTTTGCAGAAAGGCC

TRVB7-9-F GGCATTCCTGCTGAACCGCTCTTCCGATCTNNNNactaggtaRGGCTGCTCAGTGATCGG

TCRBconst ACACTCTTTCCCTACACGACGCTCTTCCGATCTNNNNacgtcgtaCGACCTCGGGTGGGAACAC

Lowercase nucleotides represent barcode sequences.
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