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Adaptive immunity in humans is provided by hypervariable Ig-like
molecules on the surface of B and T cells. The final set of these
molecules in each organism is formed under the influence of two
forces: individual genetic traits and the environment, which
includes the diverse spectra of alien and self-antigens. Here we
assess the impact of individual genetic factors on the formation of
the adaptive immunity by analyzing the T-cell receptor (TCR)
repertoires of three pairs of monozygous twins by next-genera-
tion sequencing. Surprisingly, we found that an overlap between
the TCR repertoires of monozygous twins is similar to an overlap
between the TCR repertoires of nonrelated individuals. However,
the number of identical complementary determining region 3
sequences in two individuals is significantly increased for twin
pairs in the fraction of highly abundant TCR molecules, which is
enriched by the antigen-experienced T cells. We found that the
initial recruitment of particular TCR V genes for recombination
and subsequent selection in the thymus is strictly determined by
individual genetic factors. J genes of TCRs are selected ran-
domly for recombination; however, the subsequent selection
in the thymus gives preference to some a but not  J segments.
These findings provide a deeper insight into the mechanism of
TCR repertoire generation.
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daptive immunity is provided by B and T cells bearing B-cell

receptors (BCRs) and Ig-like T-cell receptors (TCRs), re-
spectively. These hypervariable molecules are the key part of the
adaptive immune system as they can potentially recognize any
alien agent and drive specific immune responses. The o/f TCRs
recognize short peptides in the complex with major histocom-
patibility complex (MHC) molecules and play the key role in the
targeted immune response. The total diversity of TCR molecules
in an individual human organism is initially formed via genomic
recombination with subsequent positive and negative selection at
several stages of maturation and activation. The maximal theo-
retical diversity of TCRp chain’s amino acid sequences in
humans is estimated between 5 x 10" (1) and 10'* (2), whereas
the maximal number of o/ pairs reaches 10'® (3). This huge
number of variants is probably never achieved: the whole TCRf
chain repertoire size in a single human organism is estimated at
1-5 x 10° (1, 4-6), although this is only a lower bound estimate.
Two driving forces shape the final face of individual TCR rep-
ertoire: the individual genetics and the complexity of environ-
mental factors. The genes coding for proteins involved in VDJ
recombination, antigen processing and presentation, and prod-
ucts of genes participating in the immune response signaling
belong to the first type of the repertoire-forming factors. The
spectrum of the organism’s self-peptides presented in the thymus
also depends on the individual’s set of the MHC molecules.
Moreover, this spectrum of peptides is determined by the amino
acid sequences of the organism’s proteins, which thus can also be
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considered a genetic factor. Furthermore, TCRs arising to the
same alien antigenic peptides are known to be MHC restricted (7).
The environmental factors include the whole range of pathogens
met by the individual including disease-causing bacteria and viruses,
as well as vaccines, symbionts, etc. The genetic component can
potentially have a major impact on the initial recombination
and selection in the thymus forming the naive TCR repertoire,
whereas the subsequent interference with antigens provides the
selective expansion of some TCRs and forms the final repertoire
structure. However, the particular impact of genetic factors on
TCR repertoire structure and diversity is unknown.

All genes of monozygous (MZ) twins are identical (including
those responsible for the TCR repertoire formation), and therefore,
MZ twins are widely used in the studies where the genetic impact
is evaluated. Several studies of TCR repertoires were performed
mainly focusing on diseases concordant and discordant MZ twins
and using complementarity determining region 3 (CDR3) spectra-
typing and/or low depth sequencing (8-11). Some of these studies
reported the common use of particular V genes and common clo-
notypes. In recent years, the high-throughput sequencing technol-
ogies paved the way to whole-repertoire studies of individual TCRs
that led to new findings in the field of adaptive immunity (1, 5, 6,
12-22). In this study, for the first time to the best of our knowledge,
we obtain and compare the o and p chain TCR repertoires of three
pairs of MZ twins using next-generation sequencing (NGS).

Significance

The power of adaptive immunity in humans is realized through
the hypervariable molecules: the T-cell receptors (TCRs). Each of
those is built from genetically encoded parts with the addition
of random nucleotides finally forming individual TCR reper-
toire. Despite that the individual TCR repertoire potentially can
include 10''-10" different variants, substantially less mole-
cules are found in a single individual. The particular genetic
impact on the final set of TCR molecules is still poorly un-
derstood. In this study, for the first time to the best of our
knowledge, we compare deep TCR repertoires of genetically
identical twins. We found that, although TCR repertoires of any
pair of individuals have the same amount of identical recep-
tors, twin repertoires share certain specific features.
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Results

Library Preparation and Sequencing. RNA samples from three fe-
male pairs of monozygous twins (A, C, and D) were studied in
this work. All individuals were HLA (MHC I) typed, and we
found that each of the three MZ pairs had the same MHC I
alleles profile (Table S1). TCR repertoires (for a and p chains)
were obtained for all three pairs of monozygous twins. Se-
quencing libraries were prepared as described previously (12, 15,
23) with several modifications (Fig. S1 and SI Materials and
Methods). To avoid any potential cross-contamination during
library preparation and sequencing, we introduced sample-
specific barcodes on both ends of each TCR c¢cDNA library in
the course of cDNA synthesis and amplification. In total, we
obtained around 50,000,000 sequencing reads for 12 samples (6 a
and 6 B) using the Illumina sequencing platform. After removing
the reads with improper index combinations, TCR clonesets were
generated for each library using our MiTCR software package (24)
(see Table S2 for reads and clones distribution). Briefly, MiTCR
extracts the CDR3 sequence from each read, identifies V, D, and J
gene segments, merges and counts sequences with the identical
CDR3 to form clonotypes, filters out or rescues low-quality reads,
and provides advanced correction of PCR and sequencing errors.
MiITCR CDR3 extraction yielded 2.2-3.6 million reads for each of
the 12 libraries (Table S2). The identified number of clonotypes was
different for each individual, varying from ~100,000 to nearly
500,000. The resulting clonotypes are available at http://labcfg.ibch.
ru/ter.html#MZTwins and http://mitcr.milaboratory.com/datasets/
twins2013/ in MiTCR format (24). A portion of each library was
comprised by the out-of-frame clonotypes representing the non-
functional TCR sequences formed during the recombination step.
The percentage of such sequences was different for a and p TCR
libraries, varying in most cases from 12.5% to 14.5% and from 2.9%
to 4.1% for o and B libraries, respectively (Table S2).

V Gene Usage but Not J Gene Usage Is Similar in Twins Before the
T-Cell Selection in Thymus. Proteins involved in TCR gene re-
combination could affect the initial TCR repertoire formed at the
very early stage before selection in the thymus. MZ twins have
identical genes coding for the TCR recombination machinery; thus,
their TCR repertoires are expected to be more similar at this step.
In course of T-cell maturation, TCR locus recombination events
can produce nonfunctional TCRs with frameshifts or stop codons
(25). In this case, the T cell tries to arrange the second allele, and
if the successful (in-frame) TCR formation occurs, the T cell
carries both functional and nonfunctional TCR genes (26). The
latter allele expression is usually down-regulated by the nonsense-
mediated mRNA decay (NMD). However, the corresponding
RNA is still present in the T cell at some concentration.

To analyze the nonfunctional TCR repertoire, we first re-
moved artificial (carrying PCR or sequencing errors) out-of-
frame clonotypes by mapping them to the in-frame sequences
with one indel nucleotide allowed in the CDR3. The remaining
genuine out-of-frame sequences were not affected by any type of
selection (either in the thymus or on the periphery) and thus
were used to characterize the initial repertoire formed by re-
combination itself (1, 2, 20). We then calculated the Jensen—
Shannon (JS) divergence divided by mean entropy (SI Materials
and Methods) for V and J gene usage in all possible pairs formed
by six individuals for a and p out-of-frame TCR clonotypes,
irrespective of each clonotype frequency (Fig. 1). The more
similar distribution of V or J segments between a pair of indi-
viduals is characterized by the lower JS divergence (distance)
value. V segment usage for TCRp out-of-frame clonotypes was
more similar (4-10 times lower JS divergence) in each twin pair
compared with other individuals (Fig. 1, V). For TCRa out-of-
frame clonotypes the lowest JS distance was also observed be-
tween the individual and her twin except for C1 (Fig. 1, Va). In
contrast, JS divergence for J gene usage was distributed in a nearly
stochastic manner, indicating no significant skew in J segment use
in twin pairs for both a and p TCR chains (Fig. 1, Ja and JB).
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J Gene Usage Is Affected by Selection in the Thymus. The next step
of TCR repertoire formation includes the selection of T cells
with functional CDR3 sequences against the individual’s specific
repertoire of MHC molecules in the thymus. After maturation in
the thymus, a pool of naive T cells able to recognize MHC and at
the same time not to recognize auto-antigens is formed. At this
step, individual genetics is the main driving force as the MHC
molecules and self-antigenic peptides are both genetically enco-
ded. As the high-throughput sequencing provides deep TCR
repertoire profiling, the main diversity of the obtained repertoire
is generated by the naive T cells. At the same time, antigen-
experienced expanded clones represented by a large number of
sequencing reads have a minor influence on the total clonotype
diversity [for example, Robins et al. (1) report a mean of 420,000
unique CDR3 sequences in FACS-sorted naive samples com-
pared with 69,000 unique sequences in a memory pool]. Thus, we
suggested that the entire set of the in-frame TCR clonotypes
sequenced is dominated by a naive T-cell repertoire. We calcu-
lated the JS divergence for V and J gene usage for o and f in-
frame TCR clonotypes of all possible pairs of individuals (Fig. 2).

V gene usage for both a and p in-frame TCR clonotypes was
obviously closer for all three twin pairs compared with any pair
of unrelated individuals (Fig. 2, Vp and Va). J gene usage for the
TCR in-frame clonotypes demonstrated diverse patterns of JS
divergence: for individuals Al and A2, the shortest JS distance
was to the twin individual, whereas for individuals D1/D2 and
C1/C2, the distribution of JS distance was stochastic (Fig. 2, Jp).

A significant change in the pattern of JS divergence of Ja
usage was observed for the in-frame clonotypes compared with
the out-of-frame clonotypes. Ja usage for the in-frame clono-
types was much more similar for all three twin pairs than for
random pairs of individuals, whereas for the out-of-frame TCRa
repertoires, J genes demonstrated stochastic distribution in-
dependent of kinship (Figs. 1, Ja, and 2, Ja). Additionally av-
erage JS distance for Jo in-frames was considerably (5-10 times)
shorter compared with out-of-frames between any pair of indi-
viduals. This finding suggests that TCRs’ J segments are initially
selected for recombination in a relatively random manner in all
humans, but during the subsequent selection, the usage of Ja
segments becomes more universal for all individuals. Twin pairs
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Fig. 1. JS divergence for Vp, Jp and Va, Ja segment usage of out-of-frame
clonotypes. Each column indicates the JS divergence divided by the mean
entropy (for each pair) between an individual and five other individuals.
Error bars indicate SD calculated using the bootstrap analysis. Red circles,
individuals A1 or A2; blue circles, individuals C1 or C2; green circles, indi-
viduals D1 or D2.
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Fig. 2. JS divergence for Vg, Jp and Va, Ja segment usage of in-frame clo-
notypes. Each column indicates the JS divergence divided by the mean en-
tropy (for each pair) between an individual and five other individuals. Error
bars indicate SD calculated using the bootstrap analysis. Red circles, indi-
viduals A1 or A2; blue circles, individuals C1 or C2; green circles, individuals
D1 or D2.

use even a more similar pattern of Ja segments after selection
compared with unrelated individuals.

MZ Twins Have More Shared Clonotypes Among the Most Abundant
T-Cell Clones. The final individual repertoire of TCRs results from
three sequential processes: the recombination of the germ-line
TCR gene locus, selection in the thymus, and interaction with
different antigens (including self-antigens). Therefore, as MZ
twins bear identical genes coding for proteins involved in TCR
recombination and identical sets of genes involved in antigen
presentation, they are expected to have more similar sets of TCR
molecules. Indeed, this fact is clearly observed from the similar
usage of V gene segments (see Fig. 2) coding for CDR1 and
CDR2 responsible for interaction with MHC. Moreover, twins
reared together are exposed to a similar set of antigens pro-
cessed in the same way for a long period of their life. Thus, we
expected the set of TCR CDR3 sequences to have more simi-
larity between twins than between unrelated individuals.

We analyzed the number of amino acid CDR3 clonotypes (i.e.,
having an identical amino acid sequence of CDR3 independently
of their nucleotide CDR3 sequence) shared between each pair of
individuals (Table S3) for @ and p TCR repertoires. The minimal
number of shared CDR3p clonotypes (6,906) was observed for
individuals A1 and A2, both having the lowest number of iden-
tified clonotypes (hereafter “cloneset size”; 228,772 and 102,989
individual clonotypes, respectively), whereas the maximal num-
ber (39,479) was determined for C1 and D2 having the largest
clonotype sets (around 527,000 and 500,000, respectively). The
same pattern was observed for overlap of the a chain CDR3
repertoires. The number of shared clonotypes for all possible
pairs of individuals and the product of the intersected clonesets
sizes is shown in Fig. 3. We observed a linear correlation between
the number of shared CDR3 clonotypes and the product of the
cloneset sizes for both a and p TCR chains. R* was 0.9752 and
0.9814 (for o and P regression lines, respectively). Thus, the
number of shared clonotypes between TCR repertoires of two
individuals is mainly determined by the intersected cloneset
sizes. The impact of the identical TCR recombination machinery
and MHC turns out not to be substantial as at least two of the
three twin pairs exactly fit the regression line (Fig. 3, red circles).
Using the data for all pairs, we calculated 98% prediction
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intervals for both lines. We also added the data on the number of
shared CDR3 clonotypes obtained by Warren et al. (6) for two
pairs of individuals (Fig. 3, empty triangles). These clonesets
were generated using the similar RNA-based TCR library
preparation method. Data on them fell into our model’s pre-
diction interval despite that the TCR extraction and cloneset
generation methods were different. Thus, the number of CDR3
clonotypes shared between TCR repertoires of two individuals
can be predicted from the intersected clonesets sizes quite
precisely. The normalized number of shared CDR3 clonotypes
(i.e., the number of shared CDR3 clonotypes divided by the
product of the intersected cloneset sizes) can be approximated as
a cloneset size-independent measure of CDR3 repertoire simi-
larity between two individuals.

The abundant clonotypes (i.e., clonotypes with a higher num-
ber of sequencing reads) are enriched by antigen experienced
T-cell clones, whereas the clonotypes with a low number of reads
are to a great extent represented by the naive T cells [it should be
mentioned, however, that some naive T lymphocytes can be
abundant (27) and some antigen experienced T-cell clones are
quite rare]. Fig. 4 shows the relationship between the number of
shared CDR3 clonotypes and the abundance of the selected
clonotypes in the datasets for each possible pair of individuals
(1,000 most abundant clonotypes in individual 1 vs. 1,000 most
abundant clonotypes in individual 2; 2,000 most abundant clo-
notypes in individual 1 vs. 2,000 most abundant clonotypes in
individual 2, etc.). The number of shared CDR3 clonotypes was
divided by the product of the intersected cloneset sizes (1,000 x
1,000, 2,000 x 2,000, etc.) for normalization. Previous observa-
tions suggest that if we randomly pick a limited number (1,000,
2,000, etc.) of clonotypes from each individual cloneset (in-
dependent of each clonotype read count), the normalized number
of shared clonotypes remains constant.

We found that the normalized number of shared clonotypes is
significantly higher among the most abundant TCRp CDR3
clonotypes for any pair of individuals. Notably, each of the six
individuals had an even more increased number of the most
abundant CDR3p clonotypes shared with her twin (Fig. 4).
Similarly, more shared CDR3 amino acid sequences were ob-
served among abundant o clonotypes. However, the difference
between the twin and unrelated pairs was not obvious. Although
individuals C1, C2, D1, and D2 shared the highest number of
common clonotypes with their twins, the difference with the
unrelated individuals was minimal, whereas no difference was
observed for the individuals Al and A2 (Fig. S2).

30000 50000
1 1 1 1 1

10000
I

Number of shared clonotypes (CDR3, aminoacid)

0

T T T T T T
0 5x10™ 10" 1,5x10" 2x10" 2,5x10" 3x10™

MxN (where M=cloneset size individual 1, N= cloneset size individual 2)

Fig. 3. Correlation between the number of shared clonotypes in each pair
of individuals and the product of intersected cloneset sizes. Red circles cor-
respond to twin pairs, and black circles correspond to unrelated pairs. Empty
triangles correspond to the number of shared clonotypes obtained for two
pairs of individuals by Warren et al. (6). Dash lines indicate the 98% pre-
diction intervals for both regression lines.
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Shared Clonotypes Features Are Different for Twins and Unrelated
Individuals. The antigen specificity of the T-cell receptors to the
peptide-MHC complex is provided by three complement de-
termining regions (CDRs). One of them (CDR3) is hyper-
variable (i.e., can consist of potentially any combination of amino
acids), whereas CDR1 and CDR?2 are selected from a set of
about 50 possible variants (genetically encoded V genes). Thus,
T-cell receptors having identical amino acid sequences of all
three CDRs most probably recognize the same antigen-MHC
complex in different individuals.

We analyzed the percentage of TCR clonotypes having the
same V gene among clonotypes with identical amino acid CDR3s
for each possible pair of six individuals for both o and § chains
(Fig. 5). For the whole set of identified clonotypes the percent-
age of identical V genes among TCRs with identical CDR3 was
similar for any pair of individuals for both o and p chains. Twenty-
eight percent to 42% of clonotypes with identical CDR3p addi-
tionally have the same V gene, wherein three monozygous twin
pairs have the highest percent (P = 0.0088, Mann-Whitney U test;
Fig. 5, p all). For the TCRa clonotypes, this percent lied between
62% and 69% with no significant deviation for the twin pairs (P =
0.233, Mann—-Whitney U test; Fig. 5, a all). We also calculated the
percent of clonotypes with identical V genes among the carriers of
identical CDR3s taken from the top 10,000 most abundant clono-
types for each possible pair of individuals for « and p TCRs (Fig. 5,
p top 10K and a top 10K). We observed a significant increase of this
value among the most abundant TCRp sequences for all pairs
(mean, 47%) compared with all clonotypes (mean, 33%). In-
terestingly, this percent was significantly (P = 0.0044, Mann—
Whitney U test) higher for all three twin pairs (from 57% for C1/C2
to 81% for D1/D2). In contrast, there was no significant difference
between the percentage of identical V genes among all and the
top 10,000 most abundant TCRa clonotypes with identical CDR3
(means were 65% and 64%, respectively). This percentage for
twin pairs among the 10,000 most abundant TCRa was slightly
higher (P = 0.048, Mann-Whitney U test).

To further characterize the shared TCRs pool, we analyzed
the number of random nucleotides added at the junction be-
tween the V-D and D-J segments for the p chain and V-J for the
a chain. The average number of added nucleotides in the in-
dividual repertoire was 7.4 (sum for both junctions) for the p
chain and 6.2 (for the single junction) for the o chain. In the
shared TCR pools, we observed a significant decrease in the
number of added nucleotides (3.3 and 3.8 for § and a, re-
spectively), with no difference between twin pairs and unrelated
individual pairs. This decrease is not surprising as TCRs with
a lower number of inserted nucleotides have a higher chance for
independent convergent generation in different individuals [as
indicated previously (18, 20, 21)] and thus a higher chance to
match in two or more humans. In contrast, when we intersected
the most abundant clonotypes (top 10,000), the number of
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1.3 5 7 9 1113 1517 19 individual.

inserted nucleotides for matched TCRs differed between twin
pairs and unrelated pairs (2.9 vs. 1.9, respectively, P < 0.00001,
two-sided ¢ test) for p chains. For o chains, the number of
inserted nucleotides was very close for twin and unrelated pairs
for the most abundant shared clonotypes (2.07 and 1.90, re-
spectively, P = 0.22, two-sided ¢ test).

Clonotypes shared by twins and by unrelated individuals
can represent T cells fighting common viruses like CMV and
Epstein-Barr virus (EBV). We stained peripheral blood mononu-
clear cells (PBMCs) from donor A2 with the HLA-A*02 multimer
with CMV peptide NLVPMVATV(NLV), FACS sorted the
stained cells, generated the TCR libraries, and sequenced them by
Ilumina. We identified 25 p and 21 a distinct clonotypes and
searched for their exact CDR3 amino acid matches in other in-
dividual datasets. Nine p and 12 o matched clonotypes were found
in at least one other individual (Table S4). Interestingly, the
matched clonotypes were found in the datasets of C1/C2 twins
despite that they do not have the HLA-A*02 alleles. When com-
paring the V segments of matched CMV-NLV-specific donor A2
clonotypes, we found that individuals A1, D1, and D2 in many cases
have the same V gene in addition to the same CDR3p (5/6 for Al,
4/6 for D1, and 3/5 for D2). In contrast, none of the matched
CDR3p sequences from C1 and C2 had the same V segment. Thus,

80~ .

N
.'9% . ®
8O 70L .
2z % %%
gEC® 380-0 .
Sk 60 ¢ o
o« r e}
xQ . o
DQ, o
O °
= & 50L
s
> i
o o 40L :
sE . %
=L oo 00

() o o
o c 30k 2
= 833!5
sg °
28 2
§5 %r
5§
=2 10}
e 8

Beta all Alpha all Beta top 10K Alpha top 10K

Fig. 5. The percentage of clonotypes with identical CDR3 amino acid sequences
sharing the same V gene for all possible pairs of individuals. Black circles indicate
twin pairs, empty circles indicate all other pairs, and lines indicate median values.
p all, among all identified TCRp clonotypes; « all, among all identified TCRx
clonotypes, p top 10K, among 10,000 most abundant TCRp clonotypes; o top 10K,
among 10,000 most abundant TCRa clonotypes.
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we can suggest that these clonotypes recognize the same CMV
peptide (as they have identical CDR3) but presented by an-
other MHC molecule (as they have different V segments
coding for the CDR1/CDR?2 that recognize MHC) (28). No
such observation was made for the o chain where identical/
different V segments among matched CMV-positive CDR3s are
distributed quite randomly between individuals. For donor A2,
we calculated the portion of HLA-A(02-NLV-specific CDR3
clonotypes among all of the clonotypes shared with each other
individual for several abundance categories (top 10,000 most
abundant clonotypes in both donors, top 30,000, etc.; Fig. S34).
These data suggest that more identical CMV-specific T cells are
present among abundant clonotypes. However, the absolute
numbers of such clonotypes are too low to make confident
conclusions. To get deeper insight into this issue, we generated
a list of 257 TCRp CDR3 sequences known to recognize dif-
ferent CMV or EBV peptides in complex with a number of MHC
I variants (HLA-A*02; HLA-B*07, B*08; at least one allele is
present in every individual; Table S1) from the previously pub-
lished works (SI Materials and Methods). Then we compared the
list with the clonesets of all six individuals from this work. Sixty-
nine of 257 CMV/EBV-specific amino acid CDR3 sequences
were found in at least one individual, and 6 sequences were
found in all six individuals. Next, we calculated the percent of
CMV/EBV-specific CDR3s among clonotypes shared by each
pair of six individuals (Fig. S3B). The portion of such CDR3
sequences is again higher in the fraction of abundant clonotypes.
The higher percentage of CMV/EBV-specific clonotypes sug-
gests that a significant portion of abundant clonotypes in the
human organism may be represented by common virus-specific
TCRs. More generally, the higher proportion of shared clones
among abundant clonotypes could be a consequence of peripheral
selection and expansion of antigen-specific clonotypes driven
by persistent pathogens. We observed no significant difference
between twins and nonrelated individuals for this parameter.

Discussion

To summarize the results of the current study, we conclude
the following.

V gene segment selection for TCR f and o chains is very
similar in twin pairs. This result could be expected because twins
have identical sets of MHC molecules and V segments coding for
MHC recognizing motifs (29, 30). However, we found that not
only the TCRs of cells affected by thymic selection (in-frame
TCRs), but also the TCRs formed before selection (out-of-frame
TCREs) are strictly dependent on individual genetic factors. Each of
the analyzed twin pairs has a much closer distribution of V gene
usage in the out-of-frame clonesets than any pair of random indi-
viduals, as evaluated by JS divergence. The same conclusion is valid
for V gene segments usage in o chain TCRs. These findings indicate
that the selection of variable segments for the mature TCRs during
recombination is determined by the genes coding for the TCR re-
combination machinery, as it was suggested previously (31).

In contrast, the selection of J gene segments for both o and p
TCR chains at the initial recombination step (as evaluated from
the out-of-frame clonesets) is not different in twin pairs and
random pairs of individuals. This finding indicates that the se-
lection of J gene segments for recombination is not strictly de-
termined by genetic factors. The pattern of JS divergence of J
segment distributions is dramatically changed for the in-frame a
TCRs after thymic selection. For each of the six individuals, her
twin becomes the closest one in a segment usage leaving behind
all unrelated individuals. Moreover, we observe that JS diver-
gences fall down for all pairs of individuals when moving from the
out-of-frame to the in-frame Ja segment usage. At the same time,
Jp segment usage remains generally independent on the individuals’
kinship. This finding most probably suggests that the part of the
TCRa chain receptor encoded by the J gene segment is involved in
the recognition of MHC molecules at the selection stage in the
thymus, whereas the same part of the f chain molecule is not.
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However, this suggestion has to be validated by more independent
studies.

An accurate estimation of the shared clonotypes amount when
comparing large individual TCR repertoires appears to be quite
a challenging task: missing particular points when performing such
calculations can lead to incorrect conclusions and false discoveries.
First, the compared datasets should be generated using the same
protocol of sample preparation, comparable depth of sequencing,
and TCR sequence extraction algorithms. Additionally, many PCR
cycles and millions of sequencing reads inevitably generate a huge
artificial TCR diversity and lead to an incorrect evaluation of the
cloneset size. This artificial diversity can be partially avoided by
using proper error correction algorithms (12, 24). Second, possible
cross-contamination between individual TCR datasets should be
avoided by standard precautions (PCR boxes, clean rooms, etc.),
as well as by the use of additional platform-specific strategies pre-
venting molecular exchange in course of library preparation and
sequencing (e.g., double sample barcoding; SI Materials and Meth-
ods and Fig. S1). Finally, the number of shared clonotypes between
a pair of individuals can be compared correctly only if the compa-
rable amount of starting material (T cells and isolated RNA or
DNA) and the similar sequencing depth are achieved. For example,
if a total of 10,000 clonotypes is identified for samples 1 and 2, they
are mainly comprised by the expanded T-cell clones and have
a higher proportion of public (common) clonotypes, whereas
200,000 sample 3 clonotypes would to a great extent consist of the
naive T cells and contain a lower portion of public TCRs. In this
example the normalized (divided by the product of cloneset sizes)
number of shared clonotypes will be higher for the sample pair 1/2
than for the pairs 1/3 and 2/3.

In this study, we clearly demonstrate that the number of
CDR3 clonotypes shared between any pair of individuals is
strictly dependent on the product of the intersected cloneset
sizes for both o and p TCR chains. This finding is in agreement
with the observation made for the out-of-frame (generated)
repertoire by Murugan et al. (2). Surprisingly, MZ twins do not
deviate from this trend. The lines depicting the linear relation-
ship are approximated with p = by X MN + by, where p is the
number of identical CDR3s in a pair of individuals; M and N are
the sizes of the two intersected clonesets; and b; and b are the
slope and the intercept, respectively. Different values of b,
specifying the slope of lines for § (1.472 x 10~7) and for « chains
(4.351 x 1077) indicate different potential diversity and thus
different numbers of shared clonotypes for o and f chains. The
more diverse f chain potentially has less shared clonotypes in
a pair of individual repertoires because amino acid sequence
convergence is less probable. An extrapolation of the line to the
zero intersected cloneset sizes indicates that every pair of indi-
viduals will inevitably have some shared clonotypes and their
number is reflected by the by coefficient. Presence of such
shared clonotypes can be partially explained by the existence
of natural killer T (NKT) and mucosa-associated invariant T
(MAIT) cells having the identical TCRa chain sequences in all
humans (32, 33). Indeed, we found all of the CDR3 sequences
originated from MAIT cells and 8 of 12 CDR3 sequences origi-
nated from NKT cells (32) in our datasets. Moreover, the majority
of MAIT CDR3 sequences were present in all individuals within
10,000 most abundant clonotypes. The frequently formed public
clonotypes against common persisting viruses like CMV and EBV
can also contribute to the preexisting shared sequences. Thus, the
real behavior of the line near zero is more complex: when a small
number of clonotypes (less than ~10,000-20,000) is detected the
chance to pick public clonotypes is higher, thus increasing the
actual portion of shared clonotypes in a pair of individuals (as
reflected in Fig. 4 and Fig. S2).

In general, deep TCR repertoires (mainly composed by low
abundant T cells) of MZ twins have the same amount of shared
CDR3 clonotypes compared with unrelated individuals. The
shared clonotypes in all people are characterized by a lower
number of nucleotides added at the germ-line segment junc-
tions compared with individual repertoires, as shown previously
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(20, 34, 35). Interestingly, individual TCR repertoires of mice
(nearly genetically identical within the same strain) share at
least 10 times more CDR3 clonotypes (36) than human pairs.
This fact is probably explained by the overall lower number of
added nucleotides in mice TCRs [around 4.0 (34)] providing
a higher chance to generate identical CDR3 independently. The
observed percentage of identical V segments among TCRs with
identical CDR3 shared by twins is also similar to unrelated pairs.

In contrast, the most abundant clonotypes (supposed to mainly
reflect the antigen experienced T cells) shared by identical twins
show some characteristics of p chain that clearly distinguish them
from the ones shared by random individuals. First, the proportion
of shared CDR3 sequences among abundant f clonotypes is sig-
nificantly higher in twin pairs. Second, abundant clonotypes shared
by twins have a higher number of added nucleotides compared with
unrelated humans. Finally, the most abundant clonotypes with
identical CDR3s share the same Vp segments in twin pairs for p
TCR chains more often. Most probably, these clonotypes in twins
have an initial higher probability to rearrange and then are activated
by the same antigens presented in the same MHC context. The
results of the experiments with CMV-specific T cells sorting also
favor this suggestion. However, it is not possible to exclude the
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influence of environmental factors: all three pairs of twins in this
study were reared together and most probably met the same in-
fectious agents, vaccines, etc. To further clarify this point deep TCR
profiling of twins reared apart is needed. At the same time, we did
not observe any significant difference in characteristics of most
abundant TCRa chain clonotypes shared between the twins and
between the unrelated individuals. This finding suggests that a chain
CDR3 is less involved in specific antigenic peptides recognition.

Materials and Methods

A detailed description of experimental procedures is given in S/ Materials and
Methods and Fig. S4. Briefly, RNA was isolated from PBMCs of three female
pairs of healthy MZ twins and used for TCR ¢cDNA library preparation (see
Table S5 for oligonucleotides used). cDNA libraries were sequences by
Illumina. TCR clonotypes were generated using MiTCR software.
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