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Research

T-cell receptor repertoires share a restricted set
of public and abundant CDR3 sequences that
are associated with self-related immunity
Asaf Madi,1,3 Eric Shifrut,1,3 Shlomit Reich-Zeliger,1 Hilah Gal,1 Katharine Best,2

Wilfred Ndifon,1,4 Benjamin Chain,2 Irun R. Cohen,1 and Nir Friedman1

1Department of Immunology, Weizmann Institute of Science, Rehovot 76100, Israel; 2Division of Infection and Immunity,

The Cruciform Building, UCL, London WC1 6BT, United Kingdom

The T-cell receptor (TCR) repertoire is formed by random recombinations of genomic precursor elements; the resulting
combinatorial diversity renders unlikely extensive TCR sharing between individuals. Here, we studied CDR3b amino acid
sequence sharing in a repertoire-wide manner, using high-throughput TCR-seq in 28 healthy mice. We uncovered hundreds
of public sequences shared by most mice. Public CDR3 sequences, relative to private sequences, are two orders of magnitude
more abundant on average, express restricted V/J segments, and feature high convergent nucleic acid recombination.
Functionally, public sequences are enriched for MHC-diverse CDR3 sequences that were previously associated with auto-
immune, allograft, and tumor-related reactions, but not with anti-pathogen-related reactions. Public CDR3 sequences are
shared betweenmice of differentMHChaplotypes, but are associated with different,MHC-dependent, V genes. Thus, despite
their random generation process, TCR repertoires express a degree of uniformity in their post-genomic organization. These
results, together with numerical simulations of TCR genomic rearrangements, suggest that biases and convergence in TCR
recombination combine with ongoing selection to generate a restricted subset of self-associated, public CDR3TCR sequences,
and invite reexamination of the basic mechanisms of T-cell repertoire formation.

[Supplemental material is available for this article.]

The genome provides the rawmaterial for the somatic generation

of enormous T-cell receptor (TCR) diversity. These receptors are

generated through a random process of DNA rearrangement,

which involves the recombination of the germline V, D, and J

gene segments and the deletion and insertion of nucleotides at

the V(D)J junctions. The variety of the resulting TCR repertoire is

required to recognize a large and unpredictable range of antigens

of foreign and self origin. The potential diversity of TCR mole-

cules synthesized during the maturation of T cells in the thymus

is estimated to be >1015 for the mouse TCRA and TCRB repertoire

(Casrouge et al. 2000) and >1010 for the b segment of the TCR. In

contrast, the number of unique TCR types appearing in the pe-

ripheral lymphoid organs of an individual mouse (;106) (Bousso

et al. 1998) is many orders of magnitude less than this potential

diversity. This excess of potential thymic TCR diversity leads to

the expectation that different individuals would hardly ever

share the same TCR recombination. Nevertheless, several reports

have demonstrated identical TCR sequences occurring in the

T-cell responses to defined antigens in different MHC-matched

humans (Moss et al. 1991; Argaet et al. 1994), macaques (Venturi

et al. 2008a), and mice (Venturi et al. 2008b). There have also

been studies reporting substantial overlap in the na€ıve TCR

repertoire between two mice, of;18%–27% (Bousso et al. 1998).

Shared TCR molecules can be referred to as ‘‘public’’; ‘‘private’’

T-cell responses involve little TCR sharing. It has been suggested

that an adequate sampling of individual TCR repertoires would

demonstrate the true prevalence of public TCR sequences

(Venturi et al. 2006, 2008b).

Here, we investigated TCR publicness using high-throughput

sequencing of the TCR repertoires of a large number of mice. We

obtained high-resolution repertoires of CD4+ Tcells in 28 individual

C57BL/6 mice, na€ıve or immunized, based on massive parallel se-

quencing (TCR-seq) of T-cell mRNA (Ndifon et al. 2012). This data

set allowed us to identify patterns of sequence sharing in a model

system in which genetic background and MHC haplotypes are

identical in all individuals. Thus, we could evaluate intrinsic factors

that affect TCR sharing, such as biases in the TCR recombination

process (Murugan et al. 2012; Ndifon et al. 2012), convergent re-

combination (Venturi et al. 2008b), and clonal selection, without

confounding effects such as HLA polymorphisms and other genetic

differences that occur in studies of human samples.

Results

High-throughput TCR sequencing reveals patterns of CDR3
sequence sharing among mice

To investigate TCR publicness in a repertoire-wide manner, we

generated high-resolution maps of repertoires of splenic CD4+ T

cells in 28 individual C57BL/6 mice, based on massive parallel se-

quencing (TCR-seq) of T-cell mRNA (Ndifon et al. 2012). cDNA was

generated using a universal Cb primer, and was PCR amplified with
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a set of Vb primers. Further processing of the resulting amplicons

included cleavage followed by ligation of sequencing adaptors, to

ensure complete coverage of the V-D-J junction region in each se-

quence read. We estimated PCR bias due to primer multiplexing

by sequencing cloned TCR sequences of known V segments, and

normalized read counts accordingly (Ndifon et al. 2012). The mice

included 12 untreated, seven immunized with complete Freund’s

adjuvant (CFA), and nine immunized with CFA + ovalbumin (OVA)

(see Methods for additional details). About 2.4 3 106 annotated

nucleotide (nt) sequence reads were obtained, which corresponded

to about 3.5 3 105 unique (nonredundant) TCR amino acid (aa)

sequences. A summary of the samples is presented in Supplemental

Table S1. Our analysis here is focusedmainly on the aa sequences of

the complementarity determining region 3 (CDR3), which is the

most diverse region of the TCR molecule and is associated with

antigen epitope recognition (Davis and Bjorkman 1988). Due to the

degeneracy of the genetic code, the same functional CDR3 aa se-

quence could result from different nt recombinations—a phenome-

non termed ‘‘convergent recombination’’ (Venturi et al. 2006, 2008b).

We found that on average, any two mice in our data set

share 10.5% 6 1.8% of their expressed CDR3 aa sequences

(nonredundant sequences in each mouse). There was no signifi-

cant difference in pairwise sharing between the na€ıve and im-

munized groups of mice (see Fig. 1A); hence, we combined all 28

mice for further analysis. We next binned unique CDR3 aa se-

quences according to the number of mice in which they occurred

(Fig. 1B). Most of the CDR3 aa sequences were found in only one

mouse (;69% of all sequences). However, hundreds of sequences

were highly shared among individual mice; 1908 sequences were

shared by >75% (n > 21) of themice. Notably, we found 289 CDR3

aa sequences that were shared by all 28 mice (;0.08% of all se-

quences). Thus, CDR3 amino acid sequences have a wide range of

sharing levels, from private to highly public. Down-sampling of

our data shows that the percentage of public clones grows with

the number of sampled sequences (Supplemental Fig. S1), thus

the observed level of public clones is likely an underestimate at

our current coverage level of the TCR repertoire. We defined

a sequence as ‘‘private’’ if it appeared in only one mouse in our

data set, as ‘‘relatively private’’ if it was shared by two to seven

mice, as ‘‘relatively public’’ if shared by 22–27 mice, and as

‘‘public’’ if shared by all 28 mice.

Public TCR sequences are much more abundant than are
private sequences

We next analyzed the frequency of each CDR3 aa sequence as

a function of its degree of sharing. CDR3 sequence frequency re-

flects two factors: the number of T cells bearing that aa sequence

(which we term the ‘‘CDR3-type’’) and the amount of relevant

mRNA produced by a cell. Thus, the frequency of a sequence re-

flects the numbers and the activity state of the T cells that express

the specific receptor sequence. Figure 1C plots themean frequency

permouse of each CDR3 aa sequence (averaged across all mice that

share that sequence) as a function of its level of sharing. We ob-

served a gradual increase in median frequency as a function of

sharing; CDR3 sequences with higher levels of sharing tended to

be more abundant (Fig. 1C; Supplemental Fig. S2). Interestingly,

very frequent CDR3 aa sequences (relative frequency > 5 3 10�4)

appear both among private or relatively private sequences as well

as among more public sequences.

Figure 1D shows the cumulative frequencies of the CDR3 aa

sequences in each sharing category, averaged over all mice. The

cumulative frequencies were relatively high at both extremes—the

most private and the most public CDR3 aa sequences; there

appeared to be a dip in the cumulative frequency curve for se-

quences manifesting intermediate levels of sharing. The public

subgroup of 289 CDR3 sequences constitutes 10 6 5% of the total

sequences. Assuming similar per cell levels of mRNA encoding

TCRB among cells of the different sharing categories, these results

suggest that public CDR3 sequences represent highly abundant

T-cell CDR3-types; on average, the number of T cells that bear each

of the public CDR3 aa sequences is 50–100 times higher than that

of an average private T-cell CDR3-type. Note, however, that many

private CDR3 aa sequences were highly abundant (Fig. 1C). To

confirm the abundance of public sequences, we sought their

occurrence in a set of 79 TCRs that we randomly cloned and se-

quenced using Sanger sequencing. Twenty-two of these 79 se-

quences (28%) were identical to one of the 289 public CDR3 aa

sequences derived by TCR-seq, validating by an independent

method the relative abundance of public CDR3 sequences.

Public sequences have a very high level of convergent
recombination

Previous studies reported that public TCRs manifest a higher level

of convergent recombination (Venturi et al. 2006, 2011; Quigley

et al. 2010; Li et al. 2012). Our analysis of a large number of in-

dividuals revealed a continuous trend; increased sharing was as-

sociated with a gradual increase in the mean degree of convergent

recombination (Fig. 2A); private CDR3 aa sequences were encoded

on average by one nt sequence, the public sequenceswere encoded

by 34.5 nt sequences on average.

Figure 2B shows examples of patterns of convergent re-

combination of nt sequences for four CDR3 aa sequences. The two

more public sequences on the left, found in 28 and 27 of the mice,

showed high convergent recombination (encoded by 105 and 53 nt

sequences, respectively). Therewas no dominant nt sequence in any

mouse,nor a dominantnt sequence acrossmice. In contrast, the two

relatively private CDR3 aa sequences shown on the right, present in

seven and three mice, were encoded by only 1 or 2 nt sequences. Of

note, the CDR3 aa sequence present in three mice (Fig. 3B, right

panel) manifested a frequency that was markedly higher than that

of the other sequences (Fig. 1C). Thus, private and public CDR3 aa

segments differ markedly in their detectable degree of convergent

recombination, irrespective of their relative frequency.

Public sequences differ from private sequences in gene segment
usage and CDR3 length

Further analysis of the public CDR3 sequences revealed other dis-

tinct characteristics. Figure 3A shows the mean CDR3 lengths for

private and relatively private sequences (shared by one to three

mice) and public and relatively public ones (shared by 26–28mice).

Themore public CDR3 aa sequences tended to be shorter on average

by about one aa residue and, in addition, showed a significantly

lower number of nt insertions in the VD and DJ junctions (Fig. 3B);

this suggests that public sequences in mice are closer to germ-line

configurations, as was observed in humans (Robins et al. 2010).

However, the number of junctional nt deletions in both public and

private sequences was similar (Fig. 3C). Public CDR3 sequences also

manifested a skewed and restricted Vand J segment usage compared

with private sequences (Fig. 3D,E); three V genes (V2, V15, andV18)

were not used in public sequences, and other V and J genes were

represented at significantly different frequencies.
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Public CDR3 sequences are enriched with self-related
specificities

The marked differences between public and private CDR3 se-

quences raised the possibility that each class might have been

driven by different classes of antigens. Interestingly, we noted that

a sequence (C9: CASSLGGNQDTQYF), which was previously

found to be public in NOD mice that spontaneously develop

autoimmune type 1 diabetes (Tikochinski et al. 1999), was rela-

tively public in our data set of healthy C57BL/6 mice (shared by

27 mice). The C9 CDR3 sequence, marked by the blue dot in

Figure 2B, was found to recognize a peptide epitope (p277) in the

mouse/human HSPD1 protein (Tikochinski et al. 1999); adminis-

tration of peptide p277 to NOD mice activates anti-C9 and other

regulatory T cells (Elias et al. 1999), and arrests the destruction of

pancreatic beta cells both inNODmice (Elias andCohen 1994) and

in humans with recent-onset type 1 diabetes (Raz et al. 2001,

2014). Despite the fact that the NOD and the C57BL/6 mouse

strains differ in their MHC haplotypes (H2g7 and H2b, re-

spectively), we found the sameC9CDR3b aa sequence to be public

in both. Although we have no information about the TCRA chain

that also participates in antigen recognition, the publicness of the

C9 sequence prompted us to search the literature for additional

annotated sequences in various disease models in different strains

of mice bearing varying MHC haplotypes.

We collected from the literature 252 mouse TCRb sequences

that were previously annotated to be associated with defined im-

mune functions, and compared them with our data set. The an-

notated sequences were associated with four categories of immune

reactions: (1) Immunity to foreign pathogens; (2) allograft re-

actions; (3) tumor-related T cells; and (4) autoimmune conditions.

Of the 252 annotated CDR3 sequences, we identified 124 se-

quences that were present in one ormore of our 28 healthyC57BL/

6 mice (see Supplemental Table S2 for the sequences and their

references). Figure 4A shows the frequencies at which each anno-

tated CDR3 aa sequence is expressed in the mice in our data set.

The annotated sequences associated functionally with autoim-

munity, allograft rejection and cancer (self or modified self) were

relatively enriched with shared, public sequences compared with

the sequences associated with anti-virus or anti-malarial immu-

nity. This is evident also from Figure 4B, which shows the sharing

distribution of annotated sequences of the four functional cate-

gories.We found that;20%of the annotated sequences associated

with categories of self or modified self-antigens were relatively

public or public (found in >21 mice). In contrast, only;5% of the

sequences associated with reactivity to non-self-associated anti-

gens showed similar publicness. Moreover, the CDR3 sequences

associated with autoimmunity, cancer, and allograft-annotated

immunity showed similar characteristics to those we identified in

Figure 1. Analysis of the TCRb repertoire of 28 C57BL/6mice reveals a highly shared subset of CDR3 aa sequences present at relatively high frequencies.
(A) Boxplot presentation of sharing between pairs of mice separated into non-immunized, immunized, andmixed (immunized/non-immunized) pairs; no
significant differences are seen between the groups. (B) The number of CDR3 aa sequences found in each sharing category; 2.53 105 sequences (;69%)
are private (found in only one mouse); 289 sequences (;0.08%) are public (found in all 28 mice). (C ) Mean frequencies of all CDR3 aa sequences as
a function of their sharing level. Each black dot represents themean frequency of a single aa sequence in all themice that share this sequence. The red dots
show themedian value for each sharing category. The colored dots refer to the four sequences shown in Figure 2B. (D) Normalized cumulative frequencies
of the sequences from C, in each sharing category. Private CDR3 sequences account for 19% 6 5% of all sequences in each sample; the 289 public
sequences account for 10% 6 5% of all sequences in each sample.

Public TCRs associated with self-related immunity
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the more public sequences: a higher mean frequency (Fig. 4C, P =

1.16 3 10�12, P = 3.9 3 10�6, and P = 1.6 3 10�7, respectively);

a highermean degree of convergent recombination (P < 2.23 10�16,

P = 4.1 3 10�8, and P = 4.5 3 10�9, respectively); and fewer nt in-

sertions (Fig. 4D, P = 4.33 10�10, P = 13 10�8, and P = 6.33 10�8,

respectively), compared with the anti-pathogen-related sequences.

Simulations of TCR recombination support a combined role
for recombination biases and T-cell selection in shaping TCR
sharing

To further examine the forces that generate public sequences, we

created in silico TCR repertoires using computer simulations. In

these simulations, random TCR nt sequences are generated, where

the probability for generating each sequence depended on the

probability distributions of its different features that were evaluated

fromour actual data. The features used for the simulations are Vand

J gene segment usage, number of deletions in V and J, number of

deletions from both sides of D, number of insertions in each junc-

tion (V-D, D-J), and nucleotide insertion bias in each junction. In

a modified set of simulations, the entire junction region (between

the 39 end of the V region and the 59 end of the J region) was sim-

ulated using position-dependent probabilities for eachnucleotide as

estimated fromour data, without relying onD segment assignment.

The simulations generated convergent recombinations emerging

from two sources: The same CDR3 nt sequence can be generated

by different recombination events, and a number of CDR3 nt

sequences can encode the same CDR3 aa sequence (Venturi et al.

2008b). All probabilities used for the simulations were estimated

either from in-frame reads or from out-of-frame reads that

accounted for ;7% of the sequences in our data set. The out-of-

frame sequences represent nonproductive TCR rearrangements

that do not lead to receptor expression, and as a result cannot be

influenced by antigen-induced selection. Simulations based on

these different models and assumptions gave similar results (see

Methods for full details of the assumptions used in the simula-

tions and their realization).

We used these measured biases to create 28 repertoires of

randomly generated nucleotide sequences, matching the sample

size in the experimental data. We then analyzed these 28 virtual

repertoires for patterns of sequence sharing in comparison with

the experimental data. The simulations show a general trend that

is similar to that observed experimentally, where the number of

shared sequences gradually decreased with sharing level (Fig. 5A).

Of note, a large number of sequences (n = 630) were found to be

public in the simulated repertoires, somewhat higher than the

number observed experimentally. In addition, simulated public

CDR3 sequences manifested a higher level of convergent re-

combination compared with private sequences in the simulation,

with a general trend similar to that observed experimentally

Figure 2. Convergent recombination continuously increases as a function of sharing. (A) Convergent recombination of all CDR3 sequences as
a function of sharing level. Each black dot represents the total number of nt sequences coding for the same CDR3 aa sequence (summed across all mice in
which this sequence is found). The red dots show the mean value for each sharing category. The colored dots refer to the four sequences shown in B. (B)
The frequencies of nt sequences that encode four selected CDR3 aa sequences: CASSLGGQNTLYF (purple, found in n = 28 mice); CASSLGGNQDTQYF
(blue, n = 27); CASSDNANSDYT (orange, n = 7); and CGANRGLDTQYF (green, n = 3). Sequences are marked also in A and in Figure 1C. Each color in the
bars of each panel represents a different nt sequence.
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(Supplemental Fig. S3). As our simulations account only for

properties of the DNA rearrangement process, and do not include

T-cell selection, these results suggest that recombination biases and

convergent recombination could play important roles in shaping

the observed pattern of CDR3 sharing.

Further comparisons of CDR3 sharing revealed only a modest

overlap between the simulated and experimentally obtained

public CDR3 aa sequences; most sequences that were found to be

public in the simulation were not public in the actual data and

vice-versa (Fig. 5B). In contrast, most public CDR3 aa sequences

found in one run of the simulation were also public in an in-

dependent random run (Fig. 5B). This observation prompted us to

compare sequence sharing between simulation and experiment

globally, in a sequence-specific way.Most sequences preserved very

similar sharing scores in two independent runs of the simulation

(Fig. 5C), which is also manifested by the high level of correlation

in sharing scores (R2 = 0.91, Pearson’s correlation coefficient).

In contrast, comparison of simulation with experimental data

showed amuchwider spread (Fig. 5D). In extreme cases, sequences

that were private in the simulation were public in the data, while

some public simulated sequences were private in the data. The

correlation of sharing levels between data and simulation was

significantly lower than that observed between two runs of the

simulation (R2 = 0.55).

Figure 3. Public CDR3 sequences differ from private sequences in a number of characteristics. (A) The average length (nt) of private (shared by one to
three mice) and public (shared by 26–28mice) CDR3 sequences. Error bars, SE (P < 8.53 10�8, comparing themean length of CDR3 nt sequences shared
by n = 3 and by n = 26 mice). (B,C) The mean number of nt insertions (B, P < 2.23 10�16) and nt deletions (C, no significant difference between groups)
summed over the V-D and D-J junctions, in private and public sequences. Error bars, SE. (D) Frequencies of V segments in private (red) and public (blue)
sequences. (E) Frequencies of J segments in private (red) and public (blue) sequences. Segments in D and E are ordered by the ratio of their frequencies in
private vs. public sequences. Error bars, SD. (All V segments except V7 and all J segments except J1.1 and J1.7 showed significant difference P < 0.05).
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We used the consistent sharing level obtained in the simula-

tions to define three groups of CDR3 sequences: ;93% of the se-

quences differed by 10 or less in their sharing level between data

and simulation (jDSdata�simj#10). However, 6% of the CDR3 aa

sequences were shared in the data at significantly lower levels

than those predicted by the simulation (red region in Fig. 5D,

DSdata�sim < � 10), and 1.15% were shared at significantly higher

levels in the data (blue region in Fig. 5D, DSdata�sim >10). Specific

examples for sequences of the three groups are shown in Figure 5E,

where the observed sharing level of a CDR3 aa sequence in the data

is compared with its simulated sharing level in 100 runs of the

simulation. These results show that some specific CDR3 sequences

are shared at significantly higher (or lower) levels than expected by

our null model that is based on recombination biases; this finding

supports a role for clonal selection in modulating the sharing level

and publicness of specific CDR3 sequences.

Public CDR3 sequences are found across MHC haplotypes
but differ in their V-segment usage

As noted above, the annotated sequences were derived from vari-

ous mouse strains that differ in their MHC haplotypes. To further

explore the MHC restrictions of the public sequences, we used

TCR-seq to map the repertoires of T cells interacting with different

Figure 4. Annotated CDR3 sequences associated with self-related antigens feature a high level of sharing. (A) Frequencies of 124 annotated TCR
sequences that were found in our data set. The frequency of each sequence (rows) in eachmouse in our data set (columns) is shown (log10 scale, color bar
on the left; gray color: sequence not found). Annotated sequences are grouped into four functional categories, according to the model in which they were
detected (see Supplemental Table S2). (B) Sharing distributions of the annotated sequences, according to their functional category. (C,D) Comparison of
annotated CDR3 aa sequences of the different functional categories, in terms of mean frequency in the 28 tested mice (C ) and mean number of nt
insertions in the VD and DJ junctions (D).
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MHC molecules: C57BL/6 CD8+ T cells (which are restricted by

MHC class-I H2b); C3H.SWCD4+ Tcells (which have the H2bMHC

allele, but a different genetic background thanC57BL/6); andC3H.

HeSnJ CD4+ T cells (which are congenic with the C3H.SW strain,

but bear the H2k allele). These repertories were compared with

those of the MHC-II H2b-restricted CD4+ T cells of the C57BL/6

mice. We found that >82% of the 289 public CDR3 aa sequences

were also present in the other T-cell repertories (Supplemental Fig.

S4). Interestingly, most of these public CDR3 sequences were as-

sociated with several different V region gene segments. Moreover,

theV gene segments associatedwith each sharedCDR3 aa sequence

tended to differ between the different MHC-restricted T-cell

groups—see Figure 6A and Supplemental Figure S5. A global analysis

of the degree of similarity in V-segment usage of the public CDR3

sequences between C57BL/6 (H2b) CD4+ T cells and the other T-cell

groups showed that differences in MHC restriction were associated

Figure 5 Simulations of the VDJ recombination process provide a measure for the impact of biases on sharing levels. (A) The fraction of CDR3 aa
sequences found in each sharing category, in two implementations of simulation of the biased VDJ recombination process (see Methods for details). Both
simulation A (red) and simulation B (blue) show a similar trend to that observed in the data (Fig. 1B), where 0.08% and 0.05% of CDR3 sequences are
public, respectively. (B) Amodest overlap of public CDR3-types is found between simulation and data, with only 91 CDR3 aa sequences found to be public
in both (top plot). Higher overlap in public sequences exists between independent iterations of the simulation (bottom). (C ) Sharing is well correlated
between two independent iterations of simulation A. Only a very small number of CDR3 sequences differ by more than 10 in their sharing level between
the two runs of the simulation. (D) A comparison of sharing level between simulation (y-axis) and data (x-axis). Each dot represents one CDR3 aa sequence.
(Red region) 6% of the sequences show much lower sharing in the data (DSdata�sim < � 10). (Blue region) 1.15% of the sequences show much higher
sharing in the data (DSdata�sim > 10). (E) Measured (vertical dashed line) and simulated (red bars, histograms of 100 random runs of simulation A) sharing
levels of four selected CDR3 aa sequences from each region in D. (Top) Neutral, showing similar sharing in simulations and data (purple circles in D,
jDSdata�simj# 10); (middle) positive, showingmuch higher sharing in data vs. simulation (blue triangles inD, DSdata�sim > 10); (bottom) negative (red squares
in D, DSdata�sim < � 10) showing much lower sharing in the data. Two sequences in each row are taken from the annotated group of sequences shown in
Figure 4.
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with more diverse V gene usage (Fig. 6B; see Supplemental Material

for details). For example, the C3H.SW strain bearing the H2b

haplotype showed a pattern of V segment usage that was more

similar to the C57BL/6 (also a H2b haplotype) than was the C3H.

HeSnJ strain that carries the H2k haplotype. Note that our data set

does not include TCRA chain sequences, which alsomust be taken

into account in MHC restriction. Nevertheless, these data imply

that V segment usage by public T-cell CDR3 aa segments is dom-

inated by the MHC haplotype to a greater extent than by the non-

MHC genetic background.

Discussion
Howmightwe explain the high level of convergent recombination

of public sequences together with their greater abundance rela-

tive to the more private sequences? Our present knowledge of

TCR repertoire development would suggest that these differences

could result mainly from two mechanisms: (1) biases in the re-

combination process that favor the generation of certain sequences,

which renders them more abundant and more public (Venturi

et al. 2006; Ndifon et al. 2012); and (2) different degrees of posi-

tive selection by particular antigen epitopes, such that the more

public CDR3 aa types would enjoy a selective advantage, partic-

ularly in the process of tonic stimulation needed to preserve TCR

repertoires in the periphery (Ernst et al. 1999; Hochweller et al.

2010), which is where we sampled them. Negative selection could

also shape the observed repertoire, leading to loss of potentially

public sequences. The two mechanisms can function together:

Recombination biases ensure the initial presence of certain public

TCR sequences in different individuals, and positive and negative

selection modulate the maintenance or loss of specific CDR3 se-

quences. Results of our simulations support a combination of

both mechanisms. In general, the simulations suggest that re-

combination bias and convergent recombination can by them-

selves generate public sequences, and at a frequency similar or

larger than that found in the data. However, we found hetero-

geneous behaviors when evaluating specific CDR3 sequences.

Some sequences were as public in the data as predicted by the null

model, whereas others were much more public or much more

private than predicted by the null model. This suggests that posi-

tive and negative selection further shape patterns of sequence

sharing and publicness, beyond what can be expected based on

recombination biases and convergent recombination alone. The

comparison with the null model can be used in future studies

to focus on specific sequences that are subject to strong negative

or positive selection. Involvement of selection in the generation

of public clones is also supported by their enrichment for self-

associated (but not pathogen-associated) antigens, and by the var-

iable pattern of V-segment usage of public CDR3 sequences across

MHC haplotypes.

The observed impact of MHC haplotype on TCR V-region

usage with less effect on CDR3 segment usage (Fig. 6; Supple-

mental Fig. S5) is compatible with structural studies, which show

that the CDR1 and CDR2 segments of the TCR, which are

expressed on the V-gene segments of the TCR outside the CDR3

region, interact directly with the MHC molecule (Huseby et al.

2005; Rudolph et al. 2006). Shared CDR3 segments with variable V

regions are not limited to the TCR; CDR3 regions of the immu-

noglobulin heavy chain associated with different V segments have

also been reported in the B-cell receptor (BCR) antibody responses

of humans to dengue virus (Parameswaran et al. 2013).

The novel finding of annotated CDR3 sequences in our data

set of healthy mice (Fig. 4A; Supplemental Table S2) highlights

a functional difference between the more private TCR sequences,

which we found to be associated with all classes of antigens, and

the more public sequences, which appear to be associated mainly

with autoimmune conditions, allograft reactions, and tumor in-

filtration (Fig. 4). The standard clonal selection paradigm of

adaptive immunity (Burnet 1976) would predict that T cells

expressing TCRs capable of binding to self-antigens must be de-

leted during development,most likely in the thymus. Yet, as we see

here, a set of autoimmune CDR3 aa sequences are commonly

shared and even appear to be amplified with high frequency and

convergent recombination. The high convergent recombination

and high frequency of self-associated public CDR3-types could be

explained by frequent encounters with self antigens, which are

Figure 6. Differences in MHC restriction are associated with more diverse V gene usage. (A) V segment usage of two public CDR3 aa sequences.
Weighted mean frequency of V segment usage for each sequence was calculated for different MHC-restricted T-cell groups: CD4+ T cells from C57BL/6
mice (left, MHC-II, H2b haplotype, n = 28); CD4+ T cells fromC3H.SWmice (second left, H2b, n = 3); CD4+ T cells of C3H.HeSnJmice (second right, H2k, n =
2); and CD8+ T cells from C57BL/6 mice (right, MHC-I, H2b, n = 2). V segments are indicated by the color bar on the right. (B) Average correlations in V
segment usage calculated between all 289 public CDR3 aa sequences in our C57BL/6 H2b strain data set and the three other MHC-restricted T-cell groups
as in A. Error bars, SEM (see Supplemental Material for details).
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continuously present in the body, while foreign viral antigens are

encountered only as a result of sporadic infection or immuniza-

tion. In other words, private and public CDR3-types might express

the degree and dynamics of their contact with cognate antigens

subsequent to any bias in nt recombination in the thymus.

Shared autoreactivity is not limited to T-cell CDR3-types;

there also appears to be an enrichment in self-reactive, autoanti-

bodies present frombirth in thehealthy human antibody repertoire.

We have previously found that humans, during their development

in the uterus, produce a shared set of IgM and IgA autoantibody

reactivities that bind to shared self-antigens (Merbl et al. 2007; Madi

et al. 2009). Thus, both the TCR repertoire, shown here for CDR3 aa

sequences, and the antibody repertoire, shown elsewhere for self-

antigen binding, feature healthy autoimmunity that is highly

shared.

Some yet to be discovered advantage must account for the

high frequency of public CDR3 TCR aa sequences associated with

autoimmunity; it is not likely that the prevalence of such se-

quences in healthy subjects has evolved to cause autoimmune

disease. The example of the C9 CDR3 sequence discussed above

suggests that some public TCR specificities may play a pivotal role

in ‘‘controlling’’ autoimmunity (Tikochinski et al. 1999); hence, it

is conceivable that modulating such public CDR3-types might

provide a new therapeutic approach to modulating autoimmune

disease. TCR diversity has been an obstacle for treatments such as

T-cell vaccination based on specific TCR sequences (Cohen 2001),

which might be alleviated if public TCRs can be used as effective

T-cell vaccines.

The immunological homunculus theory (Cohen 1992, 2000)

is based on the idea that the healthy immune system helps

maintain the organism and regulate inflammation by encoding in

healthy lymphocyte repertoires a functionally useful immune

image of the body. The present discovery of public CDR3 aa se-

quences that recognize self-antigens points to amolecular basis for

the immunological homunculus concept, and suggests questions

for revisiting the basic processes of repertoire selection. Clinical

applications could be in the offing.

Methods

Mice
Female 5- to 8-wk-old C57BL/6, C3H.HeSnJ, and C3H.SWmice were
obtained from Harlan Laboratories. All mice were housed at the
Weizmann Institute, in compliance with national and international
regulations.

CD4+ CD8+ cell purification

CD4+ or CD8+ T cells were purified from splenocytes by magnet-
ic bead separation. Cells were precipitated and lysed for RNA
purification.

Immunization

Ninemice were injected intraperitonealy (IP) with 100mg 1:1 ratio of
Chicken Ovalbumin emulsified in CFA and seven mice with CFA
only; 12 mice were not immunized. Three spleens from each im-
munized groupwere harvested on days 5 and 14 after immunization.
Three of the OVA immunized mice received an additional 100 mg
OVA/CFA boost injection IP onday 14 and spleenswere harvested on
day 60 together with one additional CFA-only immunized mouse.

Library preparation for TCR-seq and data preprocessing

Librarieswere prepared and preprocessed as published (Ndifon et al.
2012). Briefly, total RNA was extracted from T cells and reverse
transcribed using a TCR Cb-specific primer linked to the 39-end
Illumina sequencing adapter. cDNA was then amplified using PCR
with a Cb-39adp primer and a set of Vb-specific 59 primers. Each Vb-
specific primer included a restriction-site sequence for the AcuI re-
striction enzyme. PCR products were digested with AcuI enzyme,
followed by ligation of 59Illumina adaptor. Finally, products were
amplified by PCR using universal primers for the 59 and 39 llumina
adapters. The libraries were sequenced using GenomeAnalyzer II or
HiSeq 2000 (Illumina). Sequence filtering, VDJ annotation, nor-
malization, and translation were performed as published (Ndifon
et al. 2012). See Supplemental Material for additional details.

Generating in silico TCR repertoires by simulation of the VDJ
recombination process

In silico TCR repertoires were generated by computer simulations
that recapitulate the biases observed in the VDJ recombination
data. Simulations were implemented in two complementary ap-
proaches. In Simulation A, biases used to generate the sequences
were measured from the data, using unique counts of in-frame
reads, to estimate the distributions of the following properties: V
and J segment usage; and, for both junctions (V-D, D-J), the
number of deletions in each end of the junction, number of in-
sertions, and the TdT nucleotide insertion bias. Biases were as-
sumed as independent for this model. In Simulation B, biases were
measured from the raw data, processed by Decombinator (Thomas
et al. 2013). The following generation parameters were learned
from the nonfunctional (out of frame) CDR3 sequences: V and J
genes usage, conditional probabilities for deletions in each gene,
and junctional nucleotide probabilities, including junction length.
For both simulations, only generated nucleotide sequences de-
termined as in-frame CDR3 were used, and all 28 virtual reper-
toires were simulated according to their respective experimental
sample sizes.

Data access
The sequence data from this study have been submitted to the
NCBI Sequence Read Archive (SRA; http://www.ncbi.nlm.nih.gov/
sra) under accession number SRP042610.
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