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SUMMARY

Tracking antigen-specific T cell responses over
time within individuals is difficult because of lack of
knowledge of antigen-specific TCR sequences, limi-
tations in sample size, and assay sensitivities. We
hypothesized that analyses of high-throughput
sequencing of TCR clonotypes could provide func-
tional readouts of individuals’ immunological his-
tories. Using high-throughput TCR sequencing, we
develop a database of TCRpB sequences from large
cohorts of mice before (naive) and after smallpox
vaccination. We computationally identify 315 vac-
cine-associated TCR sequences (VATS) that are
used to train a diagnostic classifier that distinguishes
naive from vaccinated samples in mice up to
9 months post-vaccination with >99% accuracy.
We determine that the VATS library contains virus-
responsive TCRs by in vitro expansion assays and vi-
rus-specific tetramer sorting. These data outline a
platform for advancing our capabilities to identify
pathogen-specific TCR sequences, which can be
used to identify and quantitate low-frequency path-
ogen-specific TCR sequences in circulation over
time with exceptional sensitivity.

INTRODUCTION

T cell and B cell responses are responsible for generating the
adaptive immune response to vaccines and infections. T cells
recognize pathogen-specific peptides in the context of the major
histocompatibility complex (MHC) through the T cell receptor
(TCR). The TCR is a heterodimeric protein composed of TCRa
and TCR@ chains. During T cell development, each TCR chain
is generated through quasi-random genetic recombination
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from the germline loci of the variable (V), diversity (D), and joining
(J) gene segments (Manfras et al., 1999; Robins et al., 2010). In
mice, the tcrb locus has approximately 35 different TCRVf seg-
ments, 2 TCRDB segments, and 14 TCRJ B segments. During
recombination, tcrv, tcrd, and tcrj segments are rearranged
together to create and encode complementary determining re-
gion 3 (CDR3). CDR3 is the most variable region of the TCR
that interacts with foreign peptide. These genetic rearrangement
events result in a high degree of diversity in CDR3 of the TCR (Ar-
stila et al., 1999; Cabaniols et al., 2001; Davis and Bjorkman,
1988; Robins et al., 2009).

During an immune response, antigen presentation results in
the activation and expansion of T cells with TCR(s) specific to
the pathogen (Ishizuka et al., 2009; Venturi et al., 2008b,
2016). Clonally expanded T cells carry the same unique TCR re-
arrangement (Manfras et al., 1999). Once the pathogen has
been cleared, a subset of T cells with TCRs specific to the
pathogen remain as long-lived memory cells. The unique DNA
rearrangements have the potential to serve as a stable
biomarker, cataloging an individual’s functional T cell memory
and immunological history (Emerson and DeWitt, 2017; Estor-
ninho et al., 2013).

On average, ~107 unique TCRp chains can be identified from
the ~10'2 circulating T cells present in a healthy human adult
(Robins et al., 2009). The ability to readily identify identical TCR
sequences among multiple individuals (public TCRs) is chal-
lenging because an individual has the potential to generate
~10'® unique TCR recombinants. Nonetheless, in both humans
and murine models, there are examples of public T cell re-
sponses to infectious disease (such as cytomegalovirus [CMV]
and influenza) and in autoimmunity (Elhanati et al., 2014; Emer-
son and DeWitt, 2017; Li et al., 2012; Lossius et al., 2014; Mar-
rero et al., 2016; Valkenburg et al., 2016; Venturi et al., 2008b).
The presence of virus-specific public TCRs may be due partly
to preferential use of specific TCR V and J chains in response
to conserved hierarchy of epitope recognition (Chen et al.,
2000; Hancock et al., 2015; Kim et al., 2013). Public TCR se-
quences from antigen-experienced T cells should be readily
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Figure 1. Overview, Sample Collection, and Immune Responses
after Smallpox Vaccination and Monkeypox Infection

(A) Flow diagram depicting the methodology of sample collection, vaccination
and infection, DNA extraction, and immunosequencing.

(B) Measurement of pox-specific serum antibodies from HLA-A2 humanized
mice before or after ACAM2000 smallpox vaccination (left; n = 29) or mon-
keypox virus (MPXV) infection (right; n = 29). Serum OD readings from mice
post-vaccination or post-infection are displayed as a relative increase in the
measured OD compared with their respective pre-treatment serum collection.
Significance was determined using a paired t test.

identifiable within the circulating T cell repertoire because of
clonal expansion and the formation of memory T cell populations
(Emerson and DeWitt, 2017; Heit et al., 2017).

Identifying antigen-specific T cells and tracking an antigen-
specific response over time within individuals is a difficult task,
especially against emerging pathogens, in which case precise
immunogenic epitopes are not well described. Even when anti-
gens are known, the frequencies of antigen-specific T cell pop-
ulations are notoriously low and can often be difficult to identify
(Douiillard et al., 1997; Wolf and DiPaolo, 2016; Lim et al., 2000).
This is due partly to a lack of knowledge concerning antigen-spe-
cific TCR sequences. Another issue is that antigen-specific TCR
identification using many traditional immune assays is restricted
to the most high-frequency responders (Wolf and DiPaolo, 2016;
van der Velden et al., 2014; van der Velden and van Dongen,
2009). However, advancements in next-generation sequencing
are allowing researchers to analyze TCR and B cell receptor
(BCR) (Ig) repertoires (immunosequencing) with unprecedented
depth and sensitivity, identifying 10°-107 individual sequences
in humans from a very limited volume of whole blood (DeWitt
et al.,, 2015; Faham et al., 2012; Kirsch et al., 2015; Logan
etal., 2014; Robins et al., 2009). Recent publications have shown
that high-throughput TCR sequencing data are comprehensive
enough to be used to accurately predict individual HLA-A and
HLA-B alleles in humans and to identify conserved molecular
patterns within CDR3 associated with tuberculosis exposure in
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mice (Emerson and DeWitt, 2017; Thomas et al., 2014). By
analyzing the TCRp repertoires of mice before and after path-
ogen exposure, we hypothesize that it is possible to computa-
tionally identify the comprehensive functional T cell response
to a specific pathogen, making it possible to distinguish between
exposed and unexposed individuals and to track the functional
T cell response over time.

In this study, we sampled the circulating CD4* and CD8" T cell
populations from cohorts of mice before and after exposure to the
smallpox vaccine (ACAM2000) and highly related monkeypox vi-
rus (MPXV) Zaire-79, generating extensive TCRp sequence data-
bases (Shchelkunov et al., 2002). Analyzing the TCR sequence
databases, we identified the virus-specific T cell response and
identified a library of public vaccine-associated TCRf sequences
(VATS) that were associated with the smallpox-vaccinated but
not naive samples. The VATS library was used to train a diag-
nostic classifier that tracked the virus-specific TCRs circulating
in blood over time and correctly distinguished between vacci-
nated and naive samples with >99% accuracy, including sam-
ples from mice up to 9 months post-vaccination. The accuracy
of the diagnostic classifier was validated by testing an unrelated
cohort of mice infected with the highly related MPXV, distinguish-
ing naive from MPXV-infected mice with 96% accuracy. The
VATS library was confirmed to contain vaccine-specific TCR se-
quences by vaccine-specific tetramer sorting of CD8* T cells and
in vitro cultures supplemented with ACAM2000. Tetramer* VATS
were tracked over time in individual mice and were found in mice
up to 9 months post-vaccination; this is a reflection of the virus-
specific response and shows that from a small sample of blood,
the outlined diagnostic approach is capable of determining an in-
dividual’s prior pathogen exposure by identifying low-frequency
virus-specific TCR sequences.

RESULTS

Vaccination and Infection of AAD Mice with
Orthopoxvirus

An extensive TCR sequence database was generated from a
large cohort of HLA-A2 transgenic (AAD) mice before and up to
9 months after administration of the ACAM2000 smallpox vac-
cine or infection with MPXV. Fifty-eight AAD HLA-A2 transgenic
mice (HLA-A2), pooled from three independent experiments,
were entered into the study. The expression of the HLA-A2 trans-
genic molecule allows a portion of the virus-specific T cell
response to be generated in the context of human MHC mole-
cules (Kotturi et al., 2009). A cohort of 29 HLA-A2 mice were
vaccinated with the smallpox vaccine, and another cohort of
29 mice were infected with MPXV, and blood samples were
collected over time (Figure 1A). Increased pox-specific anti-
bodies were observed in serum 2 and 8 weeks post-vaccination
or infection compared with naive in all mice by ELISA, confirming
the generation of an immune response against the vaccine or
infection (Figure 1B). Blood samples (~100 pL) collected before
(naive) and 2 weeks, 8 weeks, 16 weeks, and 9 months after
exposure had genomic DNA purified for immunosequencing of
the TCRp repertoire to identify all TCRpB clonotypes present in
each sample. A unique TCRp clonotype in this study is defined
as a unique combination of a V gene, CDR3 amino acid



Table 1. TCRB Sequence Rearrangements and Clonotypes in Vaccinated and Infected Mice

Treatment Time Point Number of Samples (n) Number of Unique Clonotypes  Total Number of Rearrangements
Naive samples 32 700,000 1,469,000
ACAM2000 vaccinated 2 week samples 29 391,500 700,000
8 week samples 29 185,000 420,000
16 week samples 18 222,500 397,500
9 month samples 23 209,000 316,000
MPXV infected 2 week samples 29 300,000 538,500
8 week samples 29 177,500 326,000
16 week samples 29 374,500 705,000
9 month samples 27 285,000 433,000

Consolidated data referencing the total number of mice, unique TCRp sequences (clonotypes), total number of rearranged TCRp genes sequenced for
each time point for naive, ACAM2000 vaccinated, and MPXV infected samples.

sequence, and J gene. From the genomic DNA purified from the
whole blood, 2.85 x 10° unique TCRB clonotypes were identified
from the TCR repertoires of all naive (n = 32), vaccinated (n = 99),
and infected (n = 114) samples (Table 1). In brief, after confirming
the generation of a pox-specific immune response in all mice,
high-throughput sequencing data of TCRpB genes from a large
cohort of mice were used to compile a large database of TCR
clonotypes in order to computationally identify vaccine- and
infection-specific TCRs.

Development of the VATS Library

TCR repertoires from whole blood of mice pre- and post-vacci-
nation were analyzed to computationally identify TCR clono-
types present post-vaccination but absent pre-vaccination
versus sequences present pre- and post-vaccination. Within
individual mice, TCR clonotypes were identified that were
expanded in the blood post-vaccination (2 and 8 weeks) and ab-
sent prior to vaccination (vaccine-associated) in addition to TCR
clonotypes present pre- and post-vaccination (non-vaccine-
associated) (Figure 2A).

Next it was determined whether the computationally identified
VATS contained TCR clonotypes that functionally expanded in
response to smallpox vaccine. Splenocytes of mice from the
original cohort 12 weeks after vaccination were cultured with
or without the smallpox vaccine for 5 days to induce expansion
of vaccine-specific T cells in vitro. Intra-mouse analysis of the
TCR repertoires pre- and 2 and 8 weeks post-vaccination were
compared with the libraries from splenocytes cultured with or
without ACAM2000. It has been previously shown that the small-
pox vaccine does not induce bystander activation of CD8*
T cells, which leads us to conclude that TCR sequences from
proliferating T cells in this experimental design are virus specific
(Miller et al., 2008). The relative abundances of vaccine-associ-
ated and non-vaccine-associated TCR clonotypes were
compared between vaccine-stimulated and unstimulated cul-
tures. Post-vaccine-associated sequences were significantly
expanded (8.9-fold, p < 0.0001) in the vaccine-stimulated versus
unstimulated controls; this is significantly greater (p < 0.0001)
than the expansion (0.94-fold) measured in non-VATS (Fig-
ure 2B). These data show that computational identification of
vaccine-associated TCRp clonotypes enriches for virus-specific
TCR sequences.

To distinguish between TCR repertoires from naive and
exposed samples, a vaccine-associated public TCRp library
was generated. Pre- and post-vaccination TCRB sequence
libraries were analyzed, computationally detecting the virus-
specific T cell response by identifying sequences that were sta-
tistically associated with post-vaccination samples. TCRp
sequences from all naive (n = 32) and 2 and 8 week post-vacci-
nation TCRp repertoires (n = 58) were used for this analysis. Each
TCRB clonotype identified from the 58 post-vaccinated samples
(~576,000) was analyzed using a one-tailed Fisher’s exact test
for association with vaccinated libraries compared with naive
libraries (Figure 2C). Vaccine-associated TCRp libraries were
designed at various p values to determine a threshold to appro-
priately filter the virus-associated TCRB sequences for use in
generating the diagnostic assay. Using a heuristic test,
comparing the coverage (average number of vaccine-associated
sequences present in a single sample) between vaccinated and
naive mice, a significance threshold of 0.11 (by one-tailed
Fisher’s exact test) was identified as the optimal exclusionary
threshold (see STAR Methods). Using this threshold, 315 individ-
ual VATS were identified (Table S1).

A diagnostic classifier was developed by calculating the num-
ber of VATS present relative to the total number of unique TCRpB
clonotypes present for each sample. It was observed that the
number of VATS present in a sample was significantly correlated
with the total number of unique TCRp clonotypes in both vacci-
nated and naive samples, indicating that the number of TCRB
clonotypes present directly affects the number of VATS identi-
fied (Figure 3A). To normalize for differences in the number of
TCRB clonotypes identified in various samples, comparisons be-
tween naive and vaccinated samples were analyzed in the
context of %VATS, the proportion of VATS in an individual sam-
ple. This calculation is displayed as a percentage of all unique
TCRB clonotypes:

# VATS present
# Unique TCRp clonotypes

A binary classification system was constructed to differentiate
naive and vaccinated samples on the basis of the normal
distribution of %VATS from the TCR repertoires of the naive
or vaccinated groups. In this way, the TCR repertoires from
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(A) Line graph displaying a representative assort-
ment of vaccine-associated (black lines) or non-

+ACAM2000 vaccine-associated (gray lines) T cell receptor f

3 Untreated (TCRB) clonotypes. Each line represents a unique
TCRB clonotype.

(B) Expansion of TCRB sequences from spleno-

cytes of vaccinated mice cultured with (black bars)

|i| or without (white bars) ACAM2000 either found in

mice pre-vaccination (non-vaccine-associated) or
identified in both 2 and 8 week post-vaccination
TCRP repertoires but absent pre-vaccination
(post-vaccine-associated) (n = 29 mice). Signifi-
cance was calculated using chi-square test with
Yates'’s correction (**p < 0.0001).

(C) Tabular representation of public TCRB clono-

TCRBV03-01 CASSLGFYEQYF TCRBJ02-07
TCRBV19-01 CASSRDKQDTQYF TCRBJ02-05 13
TCRBV14-01 CASSSTGYNNQAPLF TCRBJ01-05 1
TCRBV01-01 CTCSAEGVSNERLFF TCRBJ01-04 1
TCRBV14-01 CASSFTGQNNQAPLF TCRBJ01-05 10
TCRBV13-03 CASSDAGAEQFF TCRBJ02-01 9
TCRBV14-01 CASSFTGRNNQAPLF TCRBJ01-05 8

14

the vaccinated and naive samples act as “training data,” teach-
ing the diagnostic classifier to predict the vaccination status of
samples (method described in STAR Methods). A comparison
of naive and smallpox-vaccinated samples showed a 43-fold in-
crease inthe %VATS in vaccinated repertoires (average 0.248 +
0.047%) compared with naive repertoires (average 0.0057 +
0.0039%) (Figure 3B). The diagnostic classifier of 315 TCRf se-
quences correctly classified 100% (32 of 32) of naive samples
and 100% (58 of 58) of the vaccinated samples (Figure 3C).
To determine whether the results of the training data were
over-fitted from using the complete training dataset to inform
the diagnostic classifier, an exhaustive leave-one-out (LOO)
analysis was performed. All samples associated with an individ-
ual mouse (pre- and post-vaccination) were removed from the
training data, and the VATS library was redefined for each indi-
vidual mouse (average 308 + 30 clonotypes per library). The
same methodology described previously was used to train a
diagnostic assay and test the accuracy of the classifier using
the sample(s) associated with the mouse left out. Overall, the
LOO analysis showed that the diagnostic assay correctly clas-
sified 94% of naive samples and 83% of vaccinated samples
(Figure S1A). To confirm data from the LOO analysis, TCRp rep-
ertoires from an independent cohort of HLA-A2 mice (n = 20) not
used in the construction of the VATS library or training of the
diagnostic classifier were analyzed before and after vaccination
with the ACAM2000 smallpox vaccine. We show that the diag-
nostic classifier correctly identified 90% (18 of 20) of naive and
95% (19 of 20) of vaccinated samples, and analysis of %VATS
reveals no significant difference between training and cross-
validation samples (Figures S1B and S1C). Additionally, a
cohort of HLA-A2 mice (n = 15) infected with an unrelated virus
(Zika virus) were distinguished from the smallpox-vaccinated
mice with 93% accuracy (data not shown). Overall, the training
and cross-validation data from the LOO analysis closely resem-
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To test whether the VATS diagnostic classifier was capable of
identifying the vaccine-specific T cell response after the primary
infection and generation of long-term memory, blood collected
16 weeks and 9 months after vaccination was analyzed. Sixteen
week and 9-month post-vaccination samples were collected
from the same mice 2 and 8 week samples used for the training
data. TCRp sequences from 16 week and 9 month post-vaccina-
tion samples were not used to generate the VATS library or as
part of the training data. Enrichment of VATS was observed in
the 16 week and 9 month post-vaccinated samples. The VATS
library occupied on average 0.091 + 0.019% and 0.105 =
0.043% of TCRp sequences from 16 week and 9 month post-
vaccination samples, respectively, compared with naive reper-
toires (0.0057 + 0.0039%). Compared with the determination
threshold calculated by the diagnostic assay, 100% of
16 week (18 of 18) and 96% of 9 month (22 of 23) post-vacci-
nated samples were correctly differentiated from naive samples
(Figure 3D). These data show that computational assessment of
the TCRB repertoire is capable of tracking the low-frequency
virus-specific long-term memory population within the circu-
lating T cell pool.

MPXV-Infected Mice Are Distinguished from Naive
Samples Using VATS Library

The accuracy of the VATS library and diagnostic classifier was
tested using an unrelated cohort of mice infected with a highly
related Orthopoxvirus, MPXV. The percentage of sequences in
the post-MPXV samples matching sequences from the VATS
library was calculated to determine if the vaccine-associated
diagnostic assay could distinguish between the naive
and MPXV-infected samples. %VATS was significantly
increased (p < 6.3 x 10724 in samples from mice 2 and 8 weeks
post-MPXYV infection (0.084 + 0.035%) compared with the 32
naive samples (0.0057 + 0.0039%). Additionally, %VATS was
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significantly increased in samples from mice 16 weeks (0.08 +
0.026%, p 1.7 x 107" and 9 months (0.097 + 0.033%,
p 1.5 x 1079 after infection with MPXV compared with naive
samples (Figure 4A). The VATS library and diagnostic approach
developed in the ACAM2000-vaccinated mice correctly distin-
guished 55 of 58 (95%) 2 and 8 week MPXV-infected mice
from naive samples as well as 29 of 29 (100%) and 27 of 27
(100%) samples from mice 16 weeks and 9 months after
MPXYV infection (Figure 4B). The data show that the diagnostic
assay is a robust platform, not only distinguishing ACAM2000-
vaccinated mice from naive but also an independent cohort of
mice infected with a highly related virus (95% identical) (Shchel-
kunov et al., 2002).

Cross-Validation of Diagnostic Classification System
through Identification of MPXV-Associated TCRf3
Sequences

To determine whether the platform used to generate the VATS
could be replicated independent of the ACAM2000 analysis,
the same protocol was used with the TCRB sequences identified
in the MPXV-infected mice to generate a separate library of
MPXV-associated TCR sequences (MATS). A total of 120
MATS were identified (Table S2). Using the same diagnostic
approach implemented with the VATS library, a diagnostic clas-
sifier using the MATS library was generated. The proportion of a

identity of samples versus the sample’s classifi-
cation by the diagnostic assay. The assay correctly
predicted 18 of 18 (100%) 16 week and 22 of
23 (96%) 9 month post-vaccination samples
(p=6.5 % 10729,

samples unique TCRp clonotypes occupied by MATS (%MATS)
was calculated and used to distinguish between naive and in-
fected or vaccinated samples. Compared with naive samples
(0.0009 + 0.0018%), there were significant increases in the %
MATS of MPXV-infected samples (0.114 + 0.037%, 126.7-fold
increase) and ACAMZ2000-vaccinated samples (0.036% =+
0.02%, 40-fold increase) (Figure S2A). The diagnostic assay us-
ing the MATS library correctly classified 97% of the naive sam-
ples (31 of 32), 100% of the MPXV-infected samples (58 of 58),
and 97 % of the ACAM2000 smallpox-vaccinated (56 of 58) sam-
ples (Figure S2B). With these data, the methodology for produc-
ing a diagnostic assay capable of distinguishing between naive
and MPXV- or vaccine-exposed samples with a high degree of
accuracy was replicated using a large independent cohort of
mice. This confirms that construction of pathogen-associated
TCR libraries as diagnostic assays can be used as a highly
robust, accurate, and reproducible methodology for the identifi-
cation and tracking of vaccine- and pathogen-specific T cell
populations.

The VATS Library Contains Virus-Specific TCR
Sequences

The diagnostic assay has shown the ability to monitor and track
the presence of sequences from the VATS library over time in
vaccinated or infected mice. Using sequence analyses, the
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Figure 4. VATS Diagnostic Classification of MPXV-Infected Mice
(A) Bar graph displaying the distribution of VATS of mice 2 and 8 weeks (dark
gray bars; n = 58), 16 weeks (light gray bars; n = 29), and 9 months (shaded
bars; 27 of 27) post-MPXV infection compared with the vaccinated (black bars)
or naive (white bars) training data.

(B) ROC curve representing the overall accuracy of the diagnostic classifier to
distinguish between naive samples and samples from mice infected with
MPXV at the various time points post-infection. Overall, 55 of 58 (95%) of
samples 2 and 8 weeks post-infection and 100% of samples 16 weeks (29 of
29) and 9 months (27 of 27) post-infection were correctly differentiated from
naive samples.

relative frequencies of TCR sequences from the VATS library
within the circulating T cell repertoire was determined. The fre-
quencies of VATS sequences significantly decrease in mice
over time from 2 weeks (0.35 + 0.13%) through 9 months (0.11
+ 0.05%) after exposure (Figure 5A). The decrease in frequency
of VATS sequences over time is consistent with that of an anti-
gen-specific response, displaying virus-specific T cells at higher
frequencies early after vaccination (2 weeks) before declining in
frequency and remaining as long-lived memory T cells (8 weeks,
16 weeks, and 9 months) (Figure 5E). Previously in Figure 2, it
was shown that in vitro stimulation of splenocytes from vacci-
nated mice with the ACAM2000 smallpox vaccine resulted in
preferential expansion of TCR clonotypes associated with
post-vaccinated samples. To determine if the VATS library con-
tained virus-specific TCRs, splenocytes from vaccinated mice
were cultured in vitro with or without ACAM2000 for 5 days to
induce expansion of vaccine-specific T cells. The TCR repertoire
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from T cells cultured with ACAM2000 was analyzed for the
expansion of sequences included in the VATS library compared
with the untreated control. The frequencies of VATS were 4-fold
higher after culture with ACAM2000, representing ~0.47% of all
T cells sequenced compared with 0.12% in unstimulated con-
trols (Figure 5B). These data confirm that TCRs recognizing
smallpox vaccine antigens are present in the VATS library.

TCR sequences identified in the VATS library were examined
for sequences specific for known HLA-A2 epitopes previously
identified in VACV-immune humans and HLA-A2 transgenic
mice (Gilchuk et al., 2013). HLA-A2 tetramers loaded with nine
different vaccinia peptides were used to identify and isolate
HLA-A2-restricted vaccinia-specific T cells (Table 2). The
vaccinia peptides loaded onto HLA-A2 tetramers had been pre-
viously shown by Gilchuk et al. (2013) to elicit strong CD8" T cells
responses in HLA-A2 transgenic mice. Mice approximately
6 months post-vaccination were boosted with ACAM2000; after
4 days, splenocytes were isolated, and tetramer-binding CD8"*
T cells were isolated using fluorescence-activated cell sorting
(FACS) with pooled tetramers (Figure 5C). TCRB sequences
from tetramer sorted cells were compared with the VATS library
to determine if the VATS library contained HLA-A2 vaccine-spe-
cific sequences. Overall, tetramer* sorted T cells were enriched
for VATS sequences, representing 0.46% of all TCRp clonotypes
(3 of 658) compared with 0.09% of clonotypes (51 of 56,772) in
the tetramer™ T cell population (Figure 5D). The frequencies of
the HLA-A2 tetramer® VATS were tracked over time in vacci-
nated mice from before vaccination through 9 months after
exposure. Significant increases were observed in the fre-
quencies of the tetramer* VATS 2 weeks after vaccination before
decreasing in subsequent time points (Figure 5E). This is a clear
representation of the antigen-specific response to the vaccine,
from the expansion of virus-specific T cells during primary expo-
sure to the induction of the low-frequency memory T cells that
remain in circulation. Despite being present at low frequencies
in the circulation (<1:50,000), by identifying the VATS library, it
is possible to identify the virus-specific sequences from a very
small volume of blood. Overall, these data confirm the computa-
tional identification of the virus-specific response and that virus-
specific TCRB sequences can be readily identified even at very
low frequencies within the circulating memory T cell population
over long periods of time.

DISCUSSION

In this study, high-throughput TCR repertoire analyses from a
large cohort of mice (n = 58) were used to identify and track
TCR sequences responding to either the ACAM2000 smallpox
vaccine or infection with MPXV. In total, >2.8 x 10° unique
TCRp clonotypes were analyzed from 245 individual blood sam-
ples collected before and after exposure. Data from mice admin-
istered the ACAM2000 smallpox vaccine were used to identify a
library of 315 VATS. The VATS library acted as a diagnostic clas-
sifier, differentiating between naive and vaccinated or infected
mice on the basis of the presence or absence of the public
TCRB sequences. The VATS library correctly identified samples
from mice vaccinated with the smallpox vaccine and infected
with MPXV from 2 weeks up to 9 months post-vaccination or
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Figure 5. The VATS Library Is Representative of the Functional Vi-
rus-Specific Response

(A) The frequency of VATS in mice vaccinated with the ACAM2000 smallpox
vaccine over time. Each line represents the summed frequency of VATS in a
single mouse from 2 weeks to 9 months post-vaccination. Dark dotted line
represents the mean frequency of VATS in naive TCR repertoires + SD (light
dotted lines). Significance (p < 0.0001) was determined using one-way ANOVA
testing with Bonferroni’s multiple comparison test.

(B) Graphical representation of the expansion of VATS after in vitro culture with
(black bar) or without (white bar) ACAM2000. Represented as the summed
frequency (percentage of all TCRpB sequences) of VATS. Significance was
calculated using chi-square test with Yates’s correction.

(C) Representative flow plots displaying irrelevant tetramer (top) and nine
pooled HLA-A2 tetramers loaded with vaccinia-specific peptides (bottom)
binding to CD8™ T cells.

(D) Bar graph displaying the proportion of tetramer™ or tetramer* sequences
that were included in the VATS library. p value calculated using a two-tailed
Fisher’s exact test.

(E) Summed frequency of tetramer* VATS in ACAM2000-vaccinated mice over
time. Each line represents the frequency of the tetramer* VATS in an individual
mouse from prior to vaccination through 9 months post-vaccination. Signifi-
cance (p < 0.0001) was determined using one-way ANOVA testing with Bon-
ferroni’s multiple-comparison test.

infection. Overall, the diagnostic classifier was capable of distin-
guishing between vaccinated or infected samples and naive
repertoires with >95% accuracy, which was replicated with
MPXV-infected mice and the generation of the MATS library.

It was confirmed that the VATS library represented the public
vaccine-specific T cell population by comparing the VATS library
with TCRs expanded after in vitro culture with ACAM2000 and
from vaccinia-specific HLA-A2.1 tetramer sorted T cells. The
overlap between the TCR repertoires identified by in vitro expan-
sion or tetramer sorting and the VATS library was limited. This
was expected given the large number of immune-recognized
Orthopoxvirus epitopes, various MHC molecules in mice, and
that the majority of antigen-specific TCR clonotypes are private
(specific to the individual mouse). This was previously shown in
the human TCR repertoire, analyzing HLA-A2-restricted CD8"
T cells recognizing Epstein-Barr virus- and CMV-specific epi-
topes (Venturi et al., 2008a). Although only a small number of
VATS sequences were found in the tetramer* TCRR repertoire,
those sequences could be readily tracked and identified in
mice up to 9 months after vaccination. Thus, this approach al-
lowed the development of a tool to follow the virus-specific
response over sequential time points in an aging population of
mice. The frequencies at which the tetramer* VATS were found
in the circulation by TCR sequencing were as low as 1:50,000,
meaning that using the VATS library to probe the TCR repertoire
can be more sensitive than other technologies such as tetramer
staining, intracellular cytokine staining, or allele-specific oligonu-
cleotide PCR (Campana, 2010; Faham et al., 2012; Wolf and Di-
Paolo, 2016; van der Velden et al., 2014; van der Velden and van
Dongen, 2009).

The low-frequency virus-specific memory response previously
could only be readily measured through immune assays
screening for serum antibodies against vaccinia and other pox
viruses, which have historically been shown to be a very powerful
and accurate tool for determining an individual’s prior exposure
to Orthopoxvirus (Frey et al., 2003; Newman et al., 2003; Yin
et al., 2013). However, we have shown that immunosequencing
of the TCRp chain can differentiate between naive and vacci-
nated or infected individuals with approximately the same level
of accuracy (Hammarlund et al., 2005). Considering the nature
of the two methods, there are some key differences between im-
munosequencing of the TCR repertoire and serum antibody
profiling. A major difference is that immunosequencing relies
on genomic DNA or cDNA. In areas of the world where resources
are limited, the molecular stability and shelf life of DNA compared
with serum and antibodies offers significant benefit when
collecting and transporting samples. Additionally, once the
appropriate pathogen-associated TCR sequence libraries are
developed, an individual’s TCR repertoire could easily be used
to determine prior exposure to a host of different pathogens
with virtually no increase in effort, whereas testing serum for an-
tibodies would require multiple tests for subsequent infectious
agents (Emerson and DeWitt, 2017). Although the initial effort
of collecting and analyzing large training cohorts for each target
pathogen may be substantial, as sequencing data from subse-
quent studies become available, the resources required to
produce large datasets becomes less (Emerson and DeWitt,
2017). Immunosequencing data, when published, are archived
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Table 2. HLA-A2.1 Vaccinia-Specific Peptides

Peptides ORF
RLYDYFTRV HLs11-210
ILDDNLYKV G5R15.26
ALDEKLFLI A23R573281
GLFDFVNFV A46R142-150
KVDDTFYYV Gl
RVYEALYYV D12Lo51-059
KIDDMIEEV COLeo2-610
SLSNLDFRL F11La40_a48
ILSDENYLL ABL171-179

Previously published HLA-A2 restricted peptides and corresponding
open reading frames.

in public databases. This allows researchers to use previously
published TCR repertoire data to increase diagnostic power
while lowering the resources required to achieve large sample
sizes (DeWitt et al., 2016).

Using this technology, it may be possible to develop panels
of TCR sequence libraries capable of determining individuals’
prior exposure to multiple pathogens simultaneously. The
ability to discern an individual’s immunological history has sig-
nificant clinical benefits. Additionally, it is known that multiple
viruses are able to undergo rapid mutation to evade immune
detection. Analysis of the TCR repertoire could potentially be
used in an attempt to track viral variants. However, we recog-
nize that there are significant challenges involved in recapitu-
lating this approach in human populations. Compared with
genetically identical mice, humans display significant diversity
in their HLA haplotypes, including rare HLAs, and TCR reper-
toires will likely limit the detection of public TCRs. Additionally,
human populations are under constant exposure to different
commensals, pathogens, and environmental stimuli, which
can make identifying TCR sequences recognizing specific
pathogens significantly more difficult. However, by acquiring
larger blood volumes (5 mL in human versus 100 pL in mouse)
and performing sequencing at greater depths, generating TCR
repertoires of hundreds of thousands of clonotypes per sample,
it is possible to perform similar studies in humans. This
has been shown to be possible using populations of CMV*
and CMV™ human populations (Emerson and DeWitt, 2017).
Future studies are focused on adapting the current methodol-
ogy to determine prior pathogen-specific exposure in human
populations.

In summary, we have demonstrated that immunosequencing
is a powerful and highly versatile tool for analyzing the TCR
repertoire. In this study, an extensive database of TCRp se-
quences was generated from the circulating TCR repertoires
from a large cohort of mice (n = 58) and used to identify and track
the vaccine-specific T cell response over time. This allowed a
comprehensive analysis of Orthopoxvirus-associated TCR se-
quences and shows that analyses of TCR repertoires can be
used to determine individuals’ prior exposure to ACAM2000 or
MPXV with a high degree of accuracy and is capable of tracking
the virus-specific populations present at ultra-low frequencies
long after primary exposure resolved.
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REAGENT or RESOURCE SOURCE IDENTIFIER
Antibodies

anti-mouse IgG-Peroxidase Sigma-Aldrich RRID: AB_258426
anti-mouse CD4 PerCP-efluor710 (Clone GK1.5) ebioscience RRID: AB_11149869
anti-mouse CD8 BV450 (Clone 53-6.7) BD Horizon RRID: AB_1645281
anti-mouse CD19 BV605 (clone ID3) BD Horizon RRID: AB_2732057
Bacterial and Virus Strains

ACAM2000 smallpox vaccine CDC NA

MPXV ZAI-79 Stabenow et. al. (2010) NA

Chemicals, Peptides, and Recombinant Proteins

HLA-A2.1 Tetramer-PE Gilchuk et. al. (2013) NA

ACK Lysis Buffer Lonza www.lonza.com
Fetal Bovine Serum Sigma-Aldrich Cat# N4637
RPMI-1640 Fisher Cat# MT15040CV
Critical Commercial Assays

QIAGEN Blood and Tissue Kit QIAGEN Cat # 69506

ImmunoSeq Adaptive Biotechnologies RRID:SCR_014709

Deposited Data

High-Throughput TCRp data This paper. Mendeley Data https://doi.org/10.17632/cf92gt44zf.1

Experimental Models: Cell Lines

BSC-1 cells ATCC RRID:CVCL_0607

Experimental Models: Organisms/Strains

Mouse: AAD C57BL/6J The Jackson Laboratory RRID:IMSR_JAX:004191

Software and Algorithms

FlowJo 7.5
GraphPad Prism 5.0
ImmunoSeq Analyzer

RRID:SCR_008520
RRID:SCR_002798
RRID:SCR_014709

TreeStar Inc.
GraphPad Software, Inc.
Adaptive Biotechnologies

Other

BD FACSAria Il cell sorter BD Biosciences NA
ImmunoSeq System lllumina NA

CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests for resources and reagents should be directed to and will be fulfiled by the Lead Contact,
Dr. Richard DiPaolo (richard.dipaolo@health.slu.edu).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mice

HLA-A2.1 AAD C57BL/6 male and female mice were purchased from Jackson Laboratories and maintained under specific pathogen
conditions (Gilchuk et al., 2013). The HLA-A2.1 AAD mice express a transgenic HLA-A2.1 chimeric molecule containing the human
-2 microglobulin and HLA-A2.1 o1 and o2 domains with a mouse a3 and transmembrane domain (AAD HLA-A2). Mice entered the
study at approximately 6-8 weeks of age. Male mice weighed between 18 and 23 g, female mice weighed between 16-21 g. Mice
were housed in groups of 3 to 5 mice per cage. All animal work has been conducted in accordance with the Guide for Care and
Use of Laboratory Animals of the National Institute of Health with approval from the Saint Louis University Institutional Animal
Care and Use Committee.
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Virus

The ACAM2000 (Acambis, Inc.) smallpox vaccine is a live virus derived from the original Dryvax (Wyeth Laboratories, Inc.). MPXV is a
member of the Orthopoxvirus family and is 95% genetically identical to the smallpox vaccine. Vaccination with the smallpox vaccine
confers protection against MPXV infection (Handley et al., 2009; Parker and Buller, 2013). MPXV Zaire 79 was obtained from the Saint
Louis University School of Medicine, department of molecular microbiology and immunology Biosafety Level 3/Select Agent pro-
gram. ACAM2000 smallpox vaccine was a gift from the center for disease control (Atlanta, GA). Both MPXV and ACAM2000 smallpox
vaccine titers and infectivity were estimated plaque forming assay (Handley et al., 2009; Parker et al., 2014). 1x10° BSC-1 cells were
plated in DMEM+ 10%FCS in 24-well plates at 0.5mL final volume and cultured for 24 hours at 37°C and 5% CO,_ Stock viral sus-
pensions were serially diluted 1:10 in DMEM+ 1%FCS, and 300uL of supernatant from BSC-1 cells was removed. 100uL of diluted
virus solutions were added to BSC-1 cells in triplicate, gently swirled, and incubated for 1 hour at 37°C and 5% CO,. Overlay media
(1% carboxyl methyl cellulose in DMEM with 5% FCS) was warmed to 37°C and 1mL added to each well and cultures were returned
to the incubator. Cultures were maintained for 3-4 days at 37°C until plaques were visible. Plaques were visualized and virus inacti-
vated with 200uL 0.3% crystal violet/10% formalin solution for 1 hour. All liquid was aspirated and plates were washed with water,
inverted, and dried. Plaques were counted for each viral dilution, the average plaque count is divided by product of the dilution and
volume of virus overlay.

Primary T cell cultures

Spleens from male and female mice previously vaccinated with the ACAM2000 smallpox vaccine were mechanically disrupted to
form single cell suspensions. Cells were filtered through a 40um nylon mesh cell strainer and washed with complete RPMI supple-
mented with 10% fetal bovine serum (cCRPMI10F, 1% Penicillin/Streptomycin (Sigma-Aldrich, P0871, 10,000U/10mg per mL), 1%
L-glutamine (Sigma-Aldrich, G7513, 200mM), 1% non-essential amino acids (Sigma-Aldrich, M7145, 100x), 1% HEPES (Sigma-
Aldrich, H3537), 1% sodium pyruvate (Sigma-Aldrich, S8636, 100mM)). Red blood cells were lysed by incubation with 5mL 1x
ACK (ammonium-chloride-potassium) lysing buffer for 5 minutes at 37°C and 5% CO,. Cells were washed with cRPMI10F and
cell count determined. Splenocytes were cultured in cRPMIT0F at a concentration of 1x10%/mL at 37°C and 5% CO..

METHOD DETAILS

Vaccination/Infection of HLA-A2 Mice

At 6-8 weeks of age blood mice were anesthetized by intraperitoneal injection with 0.01mL/g body weight Ketamine (6mg/mL)/
Xylazine (0.5mg/mL) cocktail and intranasally administered sub-lethal doses of either the ACAM2000 smallpox vaccine (~5x10*
PFU) or MPXV Zaire-79 strain (0.5x10* PFU) in 25uL total volume (12.5uL per naris) (Moutaftsi et al., 2009; Parker and Buller,
2013; Parker et al., 2014; Stabenow et al., 2010). Male and female mice were entered into each treatment group with approximate
equality by cage. All mice recovered from the viral challenge. Blood samples were collected via the submandibular cheek bleed
1 week prior to vaccination or infection and at 2 weeks, 8 weeks, 16 weeks, and 9 months post-vaccination or post-infection.

Anti-pox Serum ELISA

Serum from HLA-A2 mice was collected by aspiration from whole blood prior to vaccination or infection and at 2-weeks and 8-weeks
after viral exposure by centrifugation at 11,000 g for 5min. Samples were tested for vaccinia-specific serum antibody by neutralizing
antibody ELISA(Frey et al., 2002). 96-well maxSorp plates (ThermoFisher 44-2404-21) were coated with crude extract from lysed
BSC-1 cells infected with live ACAM2000 smallpox vaccine. Plates were washed 3x with PBS and wells were coated with ~5x10*
PFU live ACAM2000 diluted in carbonate coating buffer (0.1M Na,CO3z 0.1M NaHCO3; pH 9.3) in 100ul overnight at 4°C. Wells
were washed and blocked with blocking buffer containing 5% BSA in PBS for 30min at RT. Plates were washed 3x with PBS and
serum samples diluted 1:20 in blocking buffer were added (in duplicate) to wells and incubated for 2 hours at RT. Plate was washed
3x with PBS, then 100uL anti-mouse HRP-conjugated antibody (Sigma A8924) was diluted 1:2500 in blocking buffer was added and
allowed to incubate for 1h. Plates were washed 3x with PBS and 75ul of True Blue peroxidase substrate (KPL, 71-00-65) was added
to each well and incubated for 15min in the dark at RT. 75ul of 1N HCI was added to each well and OD measured at 450nm.

Sample preparation and DNA Sequencing

Genomic DNA was extracted and purified using the QIAGEN Blood and Tissue Kit (item # 69506). Genomic DNA was amplified using
multiplexed primers targeting all V and J gene segments by (Carlson et al., 2013). tcrb CDR3 regions were amplified and sequenced
using ImmunoSEQ (Adaptive Biotechnologies). Synthetic templates mimicking natural V(D)J rearrangements were used to measure
and correct potential amplification bias (Carlson et al., 2013; Wolf et al., 2016). CDR3 segments were annotated according to the
International ImMunoGeneTics (IMGT) collaboration (Yousfi Monod et al., 2004), identifying V, D, and J genes contributing to each
rearrangement.

e2 Cell Reports 25, 2369-2378.e1-e4, November 27, 2018



T cell Expansion Assay

Cells were maintained in cRPMI10F media alone or supplemented with 0.2MOI live ACAM2000 smallpox vaccine and allowed to
incubate at 37°C for 5 days. T cell blasting and proliferation were observed prior to DNA extraction for Immunosequencing. Cultured
cells were pelleted by centrifugation at 1500rpm for 10 minutes and supernatant aspirated. Pelleted cells were re-suspended in 200ul
PBS prior to DNA extraction.

Flow Cytometry and HLA-A2 Tetramer Sorting

PE-conjugated HLA-A2.1 chimeric tetramers (HLA-A2 tetramers) loaded with vaccinia-derived peptides (Gilchuk et al., 2013) were a
kind gift from Dr. Sebastian Joyce (Vanderbilt). Pooled splenocytes from previously vaccinated mice were stained with T cell and B
cell lineage markers CD4 (ebioscience, PerCP-efluor710,clone GK1.5), CD8 (BD Horizon, BV450, clone 53-6.7), and CD19 (BD Ho-
rizon, BV605, clone ID3) for 20min at 4°C. Cells were washed 2x in PBS+2% FBS, then cells were incubated with vaccinia-peptide
loaded HLA-A2 tetramers (25ug/mL, 2ul_ per 1x10° splenocytes) for 1h at RT. TCR-epitope-tetramer binding CD4"CD19°CD8" T cell
populations were purified by FACS into tetramer™ and TCR-epitope-tetramer binding tetramer™ populations. Tetramer sorted T cells
were centrifuged at 1500rpm for 10 minutes. Supernatant was aspirated and cells re-suspended in 200ul PBS prior to DNA
extraction.

QUANTIFICATION AND STATISTICAL ANALYSIS

VATS and MATS Library Development

Alignment of shared and non-shared TCRp sequences was completed using ImmunoSEQ software provided by Adaptive Biotech-
nologies. Alignments of all 2-week and 8-week post-ACAM2000 smallpox vaccination TCR repertoires were used to identify public
TCR sequences. The list of public TCR sequences was compared to alignments of all TCRf repertoires from naive samples in order to
perform an association analysis to identify a set of TCRp sequences that had significantly increased incidence among vaccinated but
not naive TCR repertoires. For the association analysis, we performed a one-tailed Fisher’s Exact test on all sequences, comparing
the number of naive and vaccinated samples each TCRp sequence was present in.

To determine an optimal p value threshold for identifying VATS, we applied a heuristic test that selected the optimal p value
threshold based on the “coverage” provided by the library for both vaccinated (C,) and naive samples (C,)). “Coverage” is defined
as the summation of the number of samples containing each VATS divided by the number of samples. In the equations below, x; de-
notes the number of vaccinated samples a single TCR} is identified in (y; denotes naive samples) and n, represents the number of
samples in the training data (n,, represents naive samples).
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The ratio of C, to C,, is determined for each p value. Additionally, the Cv and Cn of each p value (rounded to the nearest whole integer),
are applied to a one-tailed Fisher’s Exact test against the total number of sequences in the prospective library to determine if there is
sufficient coverage to distinguish vaccinated from naive samples (p < 0.05).The p value with the largest C,:C,, ratio and offers signif-
icant coverage to distinguish vaccinated from naive samples was chosen.

Classification of vaccinated or MPXV exposed versus naive samples

To distinguish between vaccinated and naive samples, the proportion of VATS present in a sample was compared against the normal
distribution of the naive and vaccinated training data. Normal distribution for our purposes is used to measure the distance a sample
is from the mean. The normal distributions for the naive and vaccinated populations in our training data were calculated based on a
function of the difference between a single sample value (x) and the mean of a set of data (i) over the standard deviation of that set of
data (o). The greater the value, the greater association that sample has with the training group. By comparing a sample against the
normal distribution of vaccinated and naive training groups, we can determine which group a sample is more statistically associated
with.

(x=p?
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The Leave-one-out (LOO) analysis was completed as previously described (Emerson and DeWitt, 2017). Briefly, all samples associ-
ated with a single mouse were removed from the training data and the VATS library was re-derived using the remaining training
cohort. The % VATS was calculated for all samples and used to train the diagnostic classifier.
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Statistical analyses

Alignment of shared and non-shared TCRs was completed using ImmunoSeq software provided by Adaptive Biotechnologies.
Graphical analyses were created using GraphPad Prism 5.0. 1-way ANOVA and Bonferroni’s multiple comparison test was accom-
plished using GraphPad Prism 5.0. Pearson correlation was calculated using GraphPad Prism 5.0.

DATA AND SOFTWARE AVAILABILITY

TCR Sequencing Repertoires: https://doi.org/10.17632/cf92gt44zf.1
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