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T cell receptor (TCR) repertoire data contain information about
infections that could be used in disease diagnostics and vaccine
development, but extracting that information remains a major
challenge. Here we developed a statistical framework to detect
TCR clone proliferation and contraction from longitudinal reper-
toire data. We applied this framework to data from three pairs of
identical twins immunized with the yellow fever vaccine. We iden-
tified 600 to 1,700 responding TCRs in each donor and validated
them using three independent assays. While the responding TCRs
were mostly private, albeit with higher overlap between twins,
they could be well-predicted using a classifier based on sequence
similarity. Our method can also be applied to samples obtained
postinfection, making it suitable for systematic discovery of new
infection-specific TCRs in the clinic.

vaccination | high-throughput sequencing | twins | T cell receptor |
RepSeq

he extremely diverse repertoire of T cell receptor (TCR)

sequences allows the immune system to develop a specific
response to almost any possible pathogen. In recent years, huge
progress has been made in the deep profiling of TCR repertoires
by high-throughput sequencing (RepSeq), allowing for the iden-
tification of millions of TCR sequences in a single experiment
(1). TCR sequences, phenotypes, and the relative abundances
of the corresponding T cell clones encode both the history
of previous infections and the protection against yet unseen
pathogens. However, despite recent large-scale efforts (2, 3), it
is still impossible to predict systematically which antigen is rec-
ognized by a TCR with a given sequence. The most reliable
method to identify antigen-specific TCR—MHC-multimer stain-
ing (4)—is restricted by the choice of HLA alleles (which are the
most polymorphic genes in the human population) (5) and by
the knowledge of immunodominant peptides. HLA-independent
methods for quantitative monitoring of challenge-specific TCRs
in vivo are still lacking.

Here we developed a methodology for identifying respond-
ing TCRg clonotypes from time-dependent RepSeq data and
applied it to yellow fever immunization: a classical model of
acute viral infection in humans. The yellow fever vaccine (YFV
strain 17D) is one of the most efficient and safe vaccines ever
made (6). Because YFV 17D is a live attenuated virus, vacci-
nation leads to viremia and very intense T cell and humoral
responses (7). Tracking of activated T cell subsets such as CD8+
CD38+HLA-DR+ (7) and fluorescent MHC-tetramer staining
(8) make it possible to quantitatively describe the kinetics of

www.pnas.org/cgi/doi/10.1073/pnas.1809642115

the T cell response to primary YFV 17D immunization. The
response peaks around day 14 after immunization, when acti-
vated T cells responding to vaccination occupy 2% to 13% of
the CD8+ subpopulation (7-9) and 3% to 4% of the CD4+
subpopulation (10-12). Several immunodominant peptides were
identified, and the corresponding pMHC-multimers have made
it possible to track YFV-specific T cells years and even decades
after immunization (8, 12, 13). The only RepSeq study of yel-
low fever immunization available to our knowledge (14) reports
thousands of CD8+ T cell clones expanding after yellow fever
immunization and preferential recruitment of highly expanded
CD8+ T cell clones to the memory subpopulation. However, the
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T cells play a key role in the adaptive immune system. The
broad repertoire of unique receptors expressed by T cells is in
principle able to recognize a huge diversity of pathogens, but
how to extract that information from blood samples remains
unclear. By sequencing and analyzing the statistics of T cell
receptors of subjects vaccinated against yellow fever, we iden-
tified vaccine-specific receptors that expanded following vac-
cination. We show that each individual has a unique response,
which is similar yet across subjects in its sequence compo-
sition, with a slightly higher similarity between twins. Our
method can be used in the clinic to track disease-specific T cell
clones expanding or contracting after infection, vaccination,
or therapy.
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clonal structure of the T cell immune response, how personalized
this response is, and what the impact of genetic factors on the
response is still remain poorly understood. Studying monozygous
twins allows us to quantify the impact of genetic factors using a
small cohort of donors (15-17).

In this study, we identified nearly 5,000 YFV 17D-responding
TCRs in three pairs of identical twin donors, using RepSeq
profiling of T cell repertoires at different timepoints analyzed
with advanced statistical modeling. We validated the yellow fever
specificity of expanded clones using three independent func-
tional tests. The detailed analysis of the TCRf sequences of the
expanded clones showed both a highly personalized response and
high sequence similarity across individuals, especially between
twins. This convergence allowed us to develop a supervised clas-
sifier that predicted YFV-reactive TCR3 sequences with high
specificity. Remarkably, the dynamics of clonal contraction in
the month after the peak response specifically predicts the YFV-
reactive TCRf clonotypes. Thus, our methodology can be used
during the postinfection period in the clinic to identify TCR
sequences that recognized and responded to an acute infection
of interest, even without prior knowledge of donor MHC alleles
or pathogen epitopes.

Results

Detection of Significantly Expanded TCR3 Following YFV 17D Vacci-
nation. Blood samples were obtained for three pairs of identical
twin volunteers aged 20 to 23. We collected peripheral blood
samples on five different timepoints (two before and three
after immunization) with the live attenuated YFV 17D vaccine
(see Fig. 14). On each timepoint, we collected two biologi-
cal replicates—two independent tubes of blood—to isolate bulk
peripheral blood mononuclear cells (PBMCs) and another tube
of blood to isolate CD4+ and CD8+ T cell subpopulations.
Additional portions of blood were used for other subpopulation
isolation (CD45RO+) and functional tests on several timepoints
(see Materials and Methods for details). From each sample,
cDNA libraries of TCRg chains were prepared as previously
described (18) and sequenced on the Illumina HiSeq platform.
We developed a Bayesian statistical framework that identi-
fies clonotypes both significantly (p < 0.05) and strongly (fold-
change > 32) expanded between different timepoints compared
with the expected variability between replicates (see Materi-
als and Methods). We reproduced the results with edgeR (19),
a widely used method to analyze differential gene expression
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in RNA-sequencing experiments (see SI Appendix, Fig. S1).
Since differential expression analysis software such as edgeR
was developed for RNA-seq data, its applicability to RepSeq
data cannot be assumed a priori. By explicitly modeling the dif-
ference between true clone size, sampled clone size, and read
count through a two-step process, our model better captures the
low-number pair-count statistics than single-step models used by
existing methods (see SI Appendix, Fig. S2). Another advantage
is that our Bayesian approach allows us to transparently assess
the uncertainty of the estimated fold-change for each clone, by
providing its complete posterior distribution (see SI Appendix,
Fig. S3). In Fig. 1B, we show the number of TCR/ clonotypes
identified as expanded with respect to day 0. In all donors, we
observe many more expanded clonotypes between day 0 and
day 15 than for any other pair of timepoints, despite varia-
tions between donors. In the following, we simply call “expanded
clonotypes” TCR/ sequences that significantly increased in frac-
tion between days 0 and 15. Clonotypes with a significantly higher
frequency on the prevaccination timepoint relative to the vacci-
nation timepoint (day 0 vs day —7, so actually corresponding to a
contraction) were relatively few for all donors except for patient
1 (P1), whom we speculate was undergoing another transient
immune response.

Most expanded clones were not detected before immuniza-
tion, and often not even on day 7, due to their low frequency.
We report expansion rates of up to 2,000- to 3,000-fold in
7 d, although this estimate is only a lower bound due to lack of
detection before day 15 (see SI Appendix, Fig. S4).

The Majority of Expanded TCR3s Are YFV 17D-Specific. We hypoth-
esized that most of the expanded clonotypes proliferated specif-
ically in response to the YFV 17D vaccine. To check this
hypothesis, three independent functional tests with subsequent
TCRp repertoire sequencing were performed on donor SI:
(i) interferon (IFN)-gamma secretion assay after stimulation
with YFV 17D vaccine; (i) fluorescent sorting of the acti-
vated CD8+CD38+HLA-DR+ subset, which was reported to
be largely YFV 17D-specific at the peak of the response (7);
(#if) staining with a MHC-dextramer loaded with an immun-
odominant epitope. For i and ii, we considered the clonotype
validated if it was enriched in the IFN-gamma positive (i) or
CD8+CD38+HLA-DR+ (ii) fractions, by comparison with the
bulk PBMC or CD8+ populations, respectively (using a one-
sided exact Fisher test; see SI Appendix). We found that out
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Fig. 1. (A) Yellow fever vaccination (YFV 17D) study design. (Top) Experimental timeline with the list of samples collected at each timepoint. Unsorted

PBMC samples were collected in two biological replicates at each timepoint. (Bottom) Method overview. Peripheral blood samples were subjected to PBMC
isolation, synthesis of TCR3 cDNA libraries, lllumina sequencing, and reconstruction of TCRg repertoires. (B) Number of significantly expanded clonotypes in
comparison with day 0. The number peaks at day 15 for all donors. The comparison with day —7 corresponds to a contraction reflecting the normal dynamics
of a healthy repertoire in absence of vaccination. (C) Activated CD8+CD38+HLA-DR+ subpopulation is enriched with clonotypes expanded between days
0 and 15. Relative abundance of a TCR3 sequence in the CD8+CD38+HLA-DR+ activated subpopulation (x axis) versus its abundance in the bulk CD8+
population isolated at the same timepoint (y axis). Yellow dots indicate clonotypes that strongly expanded between day 0 and day 15. Brighter shades of
blue and yellow indicate clonotypes significantly enriched in the activated subpopulation. Black line shows identity. Red circles indicate sequences found in
the A02-NS4b,q4_55,-dextramer-positive fraction 2 y later.
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of 773 clonotypes expanded in donor S1 (see Fig 1B), 331
were enriched in the CD8+CD38+HLA-DR+ fraction (see
Fig. 1C) and 64 were enriched in the IFN-gamma secretion
assay (see SI Appendix, Fig. S5). For iii, we isolated T cells
positive for the HLA-A*02 dextramer loaded with the immun-
odominant YFV epitope NS4bs14_220 (LLWNGPMAV) from
a sample collected 2 y after immunization of donor S1 and
sequenced their TCRB. We found 68 clonotypes in the
dextramer-positive fraction that were labeled as expanded for
this donor by our statistical method. Their cumulative frequency
accounted for at least 22% of the CD8+ expanded fraction at
day 15. We also sequenced unsorted PBMCs for the 2-y time-
point of this donor and found that the fraction of the repertoire
occupied by the YFV-responding clones largely declined 2 y
after immunization—from 2.1% (on day 45) to 0.07%—but still
exceeded prevaccination levels by nearly 2 orders of magnitude.

The total number of clonotypes validated by any of the three
methods was 395 out of 773. Notably, the remaining unvalidated
clonotypes had significantly lower average frequencies than the
validated ones on day 15 (p < 10715, ¢ test; ST Appendix, Fig.
S6). To check whether our method did not simply pick up large
clones at day 15 (YFV-specific or not), we repeatedly subsam-
pled 773 random TCRfs according to their abundance at day
15 and asked whether they were found in any of the validation
datasets. On average, only 29.2 + 0.2 of those were found in the
CD8+CD38+HLA-DR + subset (vs. 331 of the expanded clono-
types), 8.3 £ 0.1 in the IFN-gamma assay (vs. 64), and 6.4 £0.1
in the dextramer assay (vs. 68).

To further validate the expanded clones for YFV 17D speci-
ficity, we used previously published TCRS sequences from
the VDJdb database (20) (https://vdjdb.cdr3.net; see Dataset
S1) specific for the NS4bgis—202 YFV 17D immunodomi-
nant epitope (n =264) and an unrelated epitope as a control
(n =370): the cytomegalovirus (CMV) immunodominant HLA-
A*02-restricted pp65495—503 peptide (NLVPMVATV). All of
our donors are HLA-A*02-positive (complete HLA genotypes
can be found in SI Appendix, Table S1). We checked if published
A02-NS4ba14_220—specific TCRA sequences could be found in
sets of expanded clonotypes identified in each donor by our
model (S] Appendix, Table S2). We found multiple exact matches
for published A02-NS4b214_220—specific sequences and no exact
matches for CMV-specific A02-pp65495—503 sequences. We also
found an increase of cumulative frequency of published YFV-
specific (but not CMV-specific) TCRSs in CD8+ repertoires
of our donors after immunization (see SI Appendix and SI
Appendix, Fig. S7).

In summary, the expanded clonotypes were validated for their
YFV specificity and were also consistent with published YFV-
specific TCRs.

The CD8+ T Cell Response Is Sustained Longer than the CD4+
Response. To track the fractions of the CD4+ and CD8+ reper-
toires involved in the response over time, we calculated the
cumulative frequency of expanded clonotypes in the CD4+
and CD8+ compartments at each timepoint. We found similar
dynamics in all donors, with both CD8+ and CD4+ responses
peaking on day 15. In all donors, the CD4+ response fell off
more quickly than the CD8+ response from day 15 to day 45,
with a mean 12.6(£3)-fold decrease for CD4+ versus 5.4(+1.4)
for CD8+ (p =0.027, paired one-sided ¢ test). We checked the
significance of this difference in decay for each donor separately
using our statistical framework (see SI Appendix). The respond-
ing clonotypes at the peak of the response occupied up to 8% of
the repertoire (cumulative frequency) for CD8+ and up to 5%
for CD4+ T cells. Almost all these clonotypes were undetected
before immunization.

The previous analysis described the dynamics of the CD4+
and CD8+ responses separately. What is the relative impor-
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tance and diversity of the CD4+ and CD8+ responses within
the overall T cell population? To answer this question, we asso-
ciated expanded clonotypes from the unsorted PBMC sample
to either the CD4+ or CD8+ subsets in the following way: We
labeled an expanded clonotype from the unsorted PBMC sample
CD4+ if it had a larger concentration in the CD4+ subpop-
ulation sequenced than in the CD8+ subpopulation and vice
versa. This procedure gave unambiguous in silico phenotypes
for each expanded clonotype sequence from the PBMC at day
15: The relative abundance of sequences in the CD4+ versus
CD8+ compartments was strongly bimodal, with two peaks close
to 100% CD4+ and 100% CD8+ (see SI Appendix, Fig. S8). This
analysis revealed that both CD4+ and CD8+ clones strongly
expanded in response to the vaccination, with no strong prefer-
ence for CD4+ or CD8+ expanded clonotypes in terms of the
cumulative frequency or diversity (see SI Appendix, Fig. S9). We
next asked if the presence of expanded clonotypes in the mem-
ory (CD45RO+) compartment 45 d after immunization depends
on their CD4+ or CD8+ phenotype. We detected on average
49% (+7%) of CD4+ expanded clonotypes in memory reper-
toires 45 d after immunization versus only 21% (£3%) of CD8+
expanded clonotypes. This may be explained by different levels
of CD45RO + expression in CD4+ and CD8+ memory T cells
reactive to yellow fever.

TCR Response Is Highly Personalized Even Among Twins. Our
method not only reconstructs the dynamics of immune response
but also enables the analysis of TCR sequences of the respond-
ing T cell clones. For each donor, we found 600 to 1,700 YFV
17D-reactive clonotypes expanded between day 0 and day 15. We
compared the pairwise sharing of responding amino acid TCRj
sequences between different individuals. We found more overlap
in twins than in nonrelated individuals (see Fig. 24). How-
ever, absolute numbers of identical expanded TCRS clonotypes
were low even in twin pairs (up to 21 out of 1,685 amino acid
sequences), indicating that each individual developed an almost
unique response. We also observed that the same nucleotide
variants encoded some of the amino acid TCRf sequences
shared between the twins (see SI Appendix, Table S3). This
identity of nucleotide variants was more frequent in twins than
expected from convergent recombination alone (p < 0.014; see
SI Appendix).

Overall, shared sequences (across at least two donors)
accounted for a small fraction of the response in each donor.
Only 2.5% to 4.4% of unique responding TCRS sequences
were public (present in more than one donor). These sequences
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Fig. 2. Sharing of YFV-responding TCRf3s across donors. (A) Number of
expanded TCRB amino acid clonotypes shared between pairs of donors,
divided by the product of the numbers of expanded clonotypes in each
donor. All three twin pairs (S, P, and Q) show higher numbers of shared
expanded clonotype TCRfAs than unrelated individuals and are clustered
together by hierarchical clustering (dendrogram on top). (B) The normal-
ized sharing of expanded clonotype TCR3s (Left) is much higher than the
normalized sharing in the whole TCRS repertoire (Right). Sharing in twins
(red) always exceeds sharing in unrelated individuals (blue).
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Fig. 3. Convergence of amino acid sequences in the YFV-responding TCRj3
repertoire. (A) Number of pairs of similar clones (Left: exact same CDR3
amino acid sequence; Middle: up to one mismatch; Right: up to two mis-
matches) normalized by the number of possible pairings in each individual
(see SI Appendix). The number of similar clones in the data (yellow dots)
is larger than the number of similar clones in randomly drawn samples
(dark-blue dots) of the same size (p =0.022, 0.015, 0.008 for zero, one,
and two mismatches; one-sided paired t test). As a reference, the red dots
show an example of a restricted and specific repertoire for the yellow fever
virus immunodominant epitope NS4by14_»y, [data from VDJdb (20); see
Dataset S1]. (B) One thousand most abundant TCRs from donor S1 at day
15. Each vertex corresponds to a TCR3 amino acid sequence; edges con-
nect sequences differing by two or fewer amino acids in their CDR3. Only
vertices with neighbors are plotted. Yellow clonotypes indicate expanded
clonotypes, while blue clonotypes were present before immunization at sim-
ilar frequencies as on day 15. The vast majority of edges (95 out of 103)
are formed between TCR3 clonotypes of the same status (expanded or not
expanded).

correspond to 2.7% to 8.2% of YF-specific cells in all donors
except Q1, which show an outlying value of 33% due to large
expansion of few public TCRS sequences (see SI Appendix,
Table S4). Despite the low numbers of shared TCRfs, nor-
malized sharing of YFV 17D-reactive amino acid clonotype
sequences was more than 2 orders of magnitude higher than in
the total TCRf repertoire for both twins and unrelated indi-
viduals (Fig. 2B). This may result from convergent selection
of the same TCR/ variants recognizing the same epitopes in
different donors.

TCR Sequence Analysis Reveals a Mixture of Convergent and Private
Response. It was previously shown that in many cases TCRs rec-
ognizing the same antigens have restricted sequence diversity
(2, 21). To analyze the sequence diversity of responding TCRs,
we performed a pairwise comparison of all expanded TCRfS
sequences within each donor at the amino acid level. In each indi-
vidual, we identified many more pairs of expanded TCRs with the
same or highly similar CDR3 4 amino acid sequences (up to zero,
one, or two amino acid mismatch) on day 15 than in a random
subset of equal size (see Fig. 34). Interestingly, our expanded
TCRs were still more diverse than published TCRs selected
for their specificity to a single immunodominant YFV epitope
NS4bs14—222 [red dots; data from VDJdb (20); see Dataset
S1], suggesting that the response is directed against multiple
epitopes in each donor. Expanded TCRs form multiple dense
clusters of highly similar sequences (Fig. 3B, yellow circles),
suggesting they are responding to multiple epitopes. Further
experiments need to test this conjecture. By contrast, prevacci-
nation abundant TCRs form fewer, sparser, and smaller clusters
(blue circles).

Sequence Score Based on Distance to Expanded TCR Predicts YFV 17D
Specificity. The similarity of sequences in the expanded reper-
toire makes it possible to build a simple classifier to identify
novel YFV 17D-specific TCRS sequences. For each TCRS of
interest, we defined a YFV specificity score as the Hamming
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distance to the closest amino acid sequence neighbor among the
expanded clonotypes from all six donors. To test how informa-
tive this score is about YFV specificity, we first applied it to
published TCRs [from VDIJdb (20); Dataset S1] specific to the
NS4ba14-222 epitope from YFV 17D and to the pp65495—503 epi-
tope from CMYV as a negative control. We found that TCRpSs
of published YFV-specific clonotypes were much closer to our
set of expanded sequences than CMV-specific clonotypes (S
Appendix, Fig. S104), with some exact matches for YFV-specific
but none for CMV-specific sequences (SI Appendix, Table S2).
Accordingly, using the score to discriminate YFV-specific from
CMV-specific published sequences yields good specificity and
sensitivity (SI Appendix, Fig. S10B).

We then asked if the score could be used to identify reactive
clonotypes in the repertoire of an individual after immunization.
To test this capability, we used a leave-one-out approach. Infor-
mation about expanded clonotypes in five individuals was used
to build a score as described earlier. The score was then used
to predict expanded clonotypes among the 1,000 most abundant
ones at day 15 in the sixth individual. The score performed with
similar accuracy as on published epitope-specific clonotypes (S
Appendix, Fig. S10C).

Retrospective Detection of YFV 17D-Reactive TCRs Using Postvac-
cination Data. So far we have identified responding TCRs as
those that significantly expanded between days 0 and 15. While
prechallenge timepoints are easy to collect in vaccination studies,
this is not the case for acute infections, where the first samples
can usually be obtained only after the onset of symptoms, when
it is too late to detect TCR expansion. However, the clonal con-
traction dynamics (Fig. 4, day 15 to day 45) can in principle be
used to identify responding clonotypes, by comparing a timepoint
taken on the peak of the response to a timepoint taken several
weeks or months after the infection.

To demonstrate the feasibility of this detection on our data,
we identified significantly (p < 0.05, fold-change > 1; see Materi-
als and Methods) contracted clonotypes between day 15 and day
45 using our model. We computed the overlap between this set of
candidate TCRg clonotypes with the subset of expanded clono-
types obtained before (SI Appendix, Fig. S11). Strikingly, 74%
to 97% of the significantly contracted TCRs were also present
in the expanded subset, showing that the contraction dynamics
can help to identify YFV-reactive clonotypes with high speci-
ficity. This method is also sensitive: 45% to 81% of expanded
TCRs could be identified by contraction. This shows that con-
traction dynamics alone is sufficient to identify a large fraction
of the responding TCRs. Thus, our method could be used to
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Fig. 4. Dynamics of YFV-responding T cells in the CD4+ and CD8+ com-
partments. Total fraction of (A) CD4+ and (B) CD8+ repertoires occupied
by clonotypes significantly expanded from day 0 to day 15 for different
timepoints. CD4+ and CD8+ T cell subpopulations show similar dynamics,
although the CD8+ response degrades more slowly. Error bars are smaller
than one line width.
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identify clonotypes responding to infections in the clinic, when
preinfection timepoints are not available.

Discussion

In this study, we used high-throughput TCRS repertoire profil-
ing to identify major changes occurring in the repertoire after
immunization with the live attenuated YFV 17D vaccine. We
found several hundreds of unique TCR clones in each donor
expanded in response to vaccination. A strong clonal expansion
of up to > 2000-fold occurred between days 7 and 15 following
vaccination. This proliferation corresponds to at least 11 divi-
sions in 7 d, with an average of 15 h per cell cycle. Similar division
rates (doubling times of 8 to 15 and 11 to 17 h for CD4+ and
CD8+ T cells, respectively) were observed for lymphocytic chori-
omeningitis virus (LCMYV) infection (22) and also in adoptive
transfer experiments in mice (18 h) (23). However, in our case,
the actual expansion rate could be much higher, because when
a clonotype is not found on day 7, its initial concentration is
unknown, providing only a lower bound estimate of the fold-
change. Higher sequencing depth or shorter intervals between
timepoints are needed to refine this estimate of expansion rates.
This extension would allow us to study the impact of the T cell
clone phenotype and the TCR sequence on the clonal expan-
sion rate. Initial low concentrations of YFV-reactive clonotypes
suggest their naive phenotype.

Our longitudinal approach can be applied to identify antigen-
specific clonotypes for poorly characterized pathogens with
unknown epitopes, which may be useful to study the immune
response to emerging viral infections. One could also use this
approach to track the response to infection and vaccination
of unconventional T cell subsets for which antigens are still
unknown (i.e., vé T cells).

While analyzing expansion between a prevaccination time-
point and the peak of the T cell response (day 15 in our case)
is the the most natural choice, for real-world, nonexperimen-
tal acute infections, acquiring a pre-infection timepoint is often
impossible or impractical. In this case, we showed how to use the
dynamics of clonal contraction to identify reactive clonotypes,
by comparing their abundance at the peak of the response to a
timepoint taken a few weeks later. Implementing such a protocol
in the clinic for acute primary viral infections with predictable
kinetics [e.g., tick-borne encephalitis (24), hantavirus infection
(25), and dengue fever (26) in which the T cell response peak
occurs 1 wk after symptom onset] could lead to the rapid growth
of the number of annotated TCR sequences specific to a range
of infectious diseases, facilitating diagnostics and vaccine design.
For secondary immune responses and chronic infections, fur-
ther studies are required to determine the set of timepoints and
sequencing depth needed to identify responding clonotypes.

Simultaneous sequencing of bulk PBMC, CD4+, and CD8+
subsets allowed us to determine the phenotype of the respond-
ing clones and to describe the kinetics of the response inside
each compartment. While Blom et al. (10) found that YFV-
specific CD4+ T cell concentration peaked slightly earlier than
CD8+ T cells, we did not detect any difference in the expansion
kinetics with our limited temporal resolution. More timepoints
between days 7 and 15 could have been helped to detect such
differences. However, we did find differences in the contraction
kinetics, with CD4+ cells contracting faster than CD8+ cells.
We also found differential recruitment to the CD45RO+ mem-
ory compartment, with many more CD4+ than CD8+ TCRps
detected in the CD45RO + fraction on day 45. CD8+ mem-
ory formed in response to YFV immunization was shown to
be largely CD45RA+ (8, 10, 13), whereas James et al. (27)
found that CD4+ memory cells were mainly CD45RA~-. Our
results suggest that CD4+ and CD8+ YFV-reactive memory
populations also differ in their CD45RO expression.
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Our study describes the reaction of the T cell repertoire in a
model of an acute infection in genetically identical individuals.
It was previously shown that the T cell repertoires of twins have
more sequence overlap in abundant clonotypes (15, 16). Part of
this extensive overlap may be explained by in utero sharing of
T cells (18). The authors in ref. 17 also found more overlap in
vaccinia virus-specific CD4+ repertoires (isolated by in vitro cul-
tivation with the antigen) in twins. Consistent with these findings,
we report more TCR3 amino acid sequence overlap in the YFV-
reactive repertoires of twins than in those of unrelated individ-
uals. The maximum normalized number of shared YFV-reactive
clonotypes that we observe between twins (3 x 10™°) is very close
to the values measured by Qi et al. (17) for VZV-specific clono-
types (4 x 10™%). Twin YFV-specific TCR clonotypes also show
higher nucleotide sequence overlap than those of unrelated indi-
viduals, even relative to their higher amino acid sequence overlap
(see SI Appendix, Table S4). To assess the significance of this
observation, we used a generative model (28) to ask how likely it
is to produce such an amount of shared nucleotide sequences by
convergent recombination (see SI Appendix). In the vast majority
of simulations (p < 0.014), the model underestimates the num-
ber of shared sequences between twin donors. We speculate that
some of these shared clonotypes were exchanged in utero. Yet
two-thirds of YFV-reactive TCRS amino acid sequences shared
between twins have different nucleotide sequences and can only
be explained by convergent recombination and selection. Our
results also suggest a mechanism for the previously reported
extensive sharing of abundant TCRs in twins (15). Under this
mechanism, twins would share more TCR sequences expanded
in response to the same infection.

We showed that the response to the vaccine is very diverse,
with few TCRfs shared even between donors with identical
genetic and environmental backgrounds. Nevertheless, using a
simple similarity measure, it is possible to identify YFV-specific
clonotypes from yet unseen repertoires with high specificity,
using datasets of TCRs with known YFV specificity. The sen-
sitivity of this classifier could be improved by collecting more
examples of YFV-specific TCRs from more donors. We also
show how published antigen-specific sequences can be used for
functional repertoire annotation. On day 15 after immunization,
we found a much higher cumulative frequency of published A02-
NS4ba14-220—specific sequences compared with prevaccination
levels. Yet only a few significantly expanded clones matched
those published sequences. This could be explained in two
possible ways. First, our significantly expanded clones may be
specific to epitopes other than NS4bz14_222. Second, the A(02-
NS4ba14—220-specific TCRf repertoire may be so diverse that
little overlap is to be expected between random subsamples of it.
Further accumulation of antigen-specific TCR sequence data—
acquired by sequencing of multimer-specific cells, longitudinal
studies as done here, and disease-associated studies with large
cohorts (29, 30)—will provide the means for disease diagnos-
tics and extraction of clinically relevant information from T cell
repertoire data.

Materials and Methods

Donors and Samples. Detailed description of all experimental procedures
could be found in S/ Appendix. Three pairs of healthy identical twins
participated in this study. The blood was collected with informed con-
sent in a certified diagnostics laboratory. The study was approved by
the institutional review board (IRB) of Pirogov Russian National Research
Medical University. PBMCs were isolated with the Ficoll-Paque method,
and CD4+, CD8+, and CD45RO+ subpopulations were immunomagneti-
cally positively isolated from PBMCs. Staining with the HLA-A*02 dex-
tramer loaded with the NS4b,14_»,> peptide (LLWNGPMAV) from YFV
17D (Immudex) was performed according to the manufacturer’s proto-
col. The IFN-gamma secretion assay was performed using the IFN-gamma
Secretion Assay-Cell Enrichment and Detection Kit (Myltenyi Biotec) accord-
ing to the manufacturer’s protocol. To stimulate IFN-gamma production,
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whole blood was incubated with viral particles and anti-CD28 antibody
for 5 h. All isolated cells were immediately lyzed with Trizol reagent
(Invitrogen).

TCR3 cDNA Library Preparation and Sequencing. TCR3 cDNA library prepa-
ration, sequencing, and data analysis were performed as described in ref.
18. Briefly, total RNA was isolated from cells using TRIzol reagent. The
5'RACE cDNA synthesis with primer specific for TCR3 constant segments
was followed by two-step PCR amplification. All libraries were sequenced on
Illumina HiSeq 2500 platform. Raw data were demultiplexed and clustered
by UMI (unique molecular identifiers) using the MIGEC software (31);
alignment of V, D, and J templates was then performed by MiXCR (32).

Statistical Analysis. We identified expanded clones probabilistically using
Bayesian statistics. We first assumed and inferred from data (using maxi-
mum likelihood) a generative model with power-law clone size distribution
(33), followed by selective expansion of a subset of clones after vaccina-
tion. The number of cells of each clone in each sample was modeled by a
negative binomial and the number of sequenced mRNAs for each cell by
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a Poisson distribution. We then applied Bayes rule to compute the poste-
rior probability distribution of the fold-change in concentration for each
clone. Clones that expanded > 32-fold with posterior probability > 0.95
were selected for further analysis. Mathematical details are given in S/
Appendix.

Data and Code Availability.

The code for the clonal expansion model is available on github:
https://github.com/mptouzel/pogorelyy_et_al_2018. Raw data are
available on NCBI Sequence Read Archive (accession no.
PRJNA493983).
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