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Abstract

Diversity and size of the antigen-specific T cell receptor (TCR) repertoire are two critical
determinants for successful control of chronic infection. Varicella zoster virus (VZV) that
establishes latency during childhood is able to escape control mechanisms, in particular with
increasing age. We examined the TCR diversity of VZV-reactive CD4 T cells in individuals older
than 50 years by studying three identical twin pairs and three unrelated individuals before and
after vaccination with live attenuated VZV. While all individuals had a small number of dominant
T cell clones, the breadth of the VZV-specific repertoire differed markedly. A genetic influence
was seen for the sharing of individual TCR sequences from antigen-reactive cells, but not for
repertoire richness or the selection of dominant clones. VZV vaccination favored the expansion of
infrequent VZV antigen-reactive TCRs including those from naive T cells with lesser boosting of
dominant T cell clones. Thus, vaccination does not reinforce the /n vivo selection occurred during
chronic infection but leads to a diversification of the VVZV-reactive T cell repertoire. However, a
single booster immunization seems insufficient to establish new clonal dominance. Our results
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suggest that repertoire analysis of antigen-specific TCRs can be an important read-out to assess
whether a vaccination was able to generate memory cells in clonal sizes that are necessary for
immune protection.

Introduction

Varicella zoster virus (VZV) belongs to the family of alpha herpes viruses that establish
latent infection in humans. Cellular immunity, in particular virus-reactive CD4 T cells are
critical for effective viral control (1). With progressive age, reactivation of VZV, manifesting
as herpes zoster, is increasingly frequent, presumably due to a decline in VZV-specific T cell
immunity (2). The size of the antigen-specific T cell compartment is one critical determinant
of T cell immunity. Upon antigenic stimulation, antigen-specific naive T cells expand
rapidly more than 1000-fold. Although most of these effector T cells do not survive, long-
lived memory cells are maintained at frequencies that are at least 10-fold higher than those
in the naive compartment. Indeed, VZV-reactive memory T cells are present in most
individuals and decline with increasing age. The functional properties of antigen-reactive T
cells represent the second dimension of immune competence. Polyfunctionality, e.g. the
ability of T cells to produce different cytokines in response to antigenic stimulation, has
been identified as a positive correlate of protection (3).

In addition to T cell frequency and functionality, T cell receptor (TCR) diversity is a
defining hallmark of the antigen-reactive T cell repertoire (4). TCRs are highly polymorphic
heterodimers. Diversity is generated through the combination of gene segments combined
with insertion and deletion of single nucleotides. The potential richness of ap TCRs, defined
as the number of receptors with different sequences, is up to 1020, Next generation
sequencing, combined with novel statistical approaches, now allows us to estimate the total
number of different TCR B-chains in the human naive repertoire (5, 6). Using an incidence-
based nonparametric estimator by comparing the presence or absence of particular
sequences in replicate samples, we estimated that healthy young adults have TCR p-chains
with more than 20 million amino acid sequences (7). With increasing age this diversity
contracts 2- to 5-fold. Even with this contraction, the repertoire remains highly diverse.

In addition to the available TCR repertoire, the diversity of a virus-specific T cell response is
determined by the number of viral proteins that are recognized. VZV encodes 70 proteins,
with at least ten ORFs transcribed during latencies of which ORF63 is most prevalent (8). T
cell responses have been identified to several proteins including the glycoproteins gB, gC,
gE, gl and the Immediate Early proteins 1E4, IE62 and IE63 (9, 10). T cell responses to
different proteins may not be equally protective, but the overall breadth of the T cell
response may contribute to protection. Interestingly, vaccination appears to broaden the
spectrum of viral proteins to which T cell responses can be detected (10). However, a recent
vaccine study demonstrated that boosting the magnitude of the immune response to gE alone
is able to improve control of viral latency (11).

Differences in the diversity of TCRs already exist at the level of the recognition of single
peptide epitopes (12). A broader repertoire might be beneficial to prevent the emergence of
escape mutants, as has been shown for T cell responses to viruses or to tumor antigens (13,
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14). More relevant for infection with viruses having low mutation frequencies, such as VZV,
a more diverse TCR repertoire to a viral peptide increases the likelihood of cross-reactivity
to related viral peptides (15). Given the sequence similarities of different herpes viruses,
such a mechanism may contribute to maintaining protective memory. One example of T cell
cross-reactivity between VZV-, HSV- and EBV-derived peptides has been described,
although broader epidemiological evidence is lacking (16). Moreover, in case of chronic
CMV infection, the breadth of the viral peptide-specific TCR repertoire, but not the clonal
size of the T cell response, was inversely correlated with antibody titers to CMV, a measure
associated with detectable viremia (17).

The selection of TCR repertoires in epitope-specific immune responses has been addressed
mostly in CD8 T cells in murine systems (18). A central question is the degree to which
repertoire formation in an immune response is stochastic or deterministic. In general, during
infection or vaccination, epitope-specific naive CD8 T cells are recruited into the memory
compartment. However, deterministic selection mechanisms cause skewed clonal size
distributions that further increase in chronic infections and recall responses (19, 20). These
observations raise the question of whether vaccination induces a contraction of the virus
specific repertoire owing to the disproportionate expansion of dominant clones.

In the current study we examined the TCR repertoire of VZV antigen-reactive CD4 T cells
before and after vaccination with a live attenuated virus. We show large inter-individual
differences in repertoire diversity that were not determined by genetic factors and may
correlate with different degrees of susceptibility for zoster reactivation. Vaccination was able
to diversify the antigen-specific repertoire due to the preferential expansion of small clones
including those recruited from the naive compartment.

Heterogeneity in repertoire complexity of VZV antigen-reactive CD4 T cells

To determine whether the complexity of the VZV-reactive repertoire differs between
individuals, we performed next generation sequencing of TRB genes. Previous studies have
suggested that protection from VZV reactivation resides with CD4 T cells (1, 21), and we
therefore focused on them. To identify VZV antigen-reactive T cells, CFSE-labeled PBMCs
were cultured with a lysate of pOKa-infected MEL39 melanoma cells and CFSE-dim CD4 T
cells were isolated (Fig. 1A). Mock stimulation with a lysate of non-infected MEL39 cells
only induced minimal proliferation. Since the global CD4 memory repertoire includes
approximately one million different TRB genes in a total memory pool of 1011 CD4 T cells
(7), each culture was set up with ten million PBMC to avoid undersampling. We recovered
between 5,000 and 10,000 CFSE-dim CD4 T cells from each culture, which corresponded to
original frequencies of 0.03 to 0.21% after accounting for the number of divisions in the
culture, consistent with the estimates for VZV antigen-reactive CD4 T cell frequencies
obtained by other approaches (22, 23). Frequencies of mock lysate reactive T cells were one
to two magnitudes lower.

To determine how many T cells in the proliferating cultures were truly VZV reactive, cells
were restimulated with new VVZV lysate in the presence of CellTrace Violet (CTV)-labeled
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PBMC from the original donor. Production of IL-2, IFN-y and TNF-a was determined in
CSFE-dim CTV-negative cells by intracellular cytokine staining. Control cultures were
stimulated with ionomycin and PMA. Results in Figure 1B represent the ratio of cells that
produced one or any of the three cytokines in response to the VZV antigen compared to
polyclonally activated T cells. The data confirm that the vast majority of proliferating cells
were reactive to the VZV lysate and that contamination by proliferating bystander cells was
small.

The TCR repertoire of VZV antigen-reactive CD4 T cells was determined in nine healthy
individuals including three identical twin pairs. Their demographic data are shown in Table
S1. All of them had pre-existing VZV-specific antibodies. With the exception of individual E
who had a history of VZV reactivation more than 5 years ago, nobody had a history of
zoster. Libraries from two to three replicate VZV antigen-reactive cultures were generated
for each individual. Approximately 43,000 to 89,000 TCRp sequence reads were obtained
for each replicate (Table S2). Estimates of richness varied greatly among the nine
individuals; from 303 to 1901 distinct CD4 T cell clones (Fig. 1C). In this analysis, we used
stringent criteria to designate a TCR as derived from a VZV antigen-reactive T cell (see
Methods), and our estimates are therefore minimal estimates that may have missed
infrequent clones. Mock lysate-reactive TCRs were mostly sorted out by these criteria. In
general, it was difficult to generate sufficient numbers of mock lysate-reactive T cells for
analysis. Even when we collected sufficient mock lysate-reactive T cells to generate TCR
libraries of similar breadth, the number of TCRs surviving the selection criteria was ten-fold
lower (23, 5 and 257) than for VZV antigen-reactive cells. Taken together, our control
experiments support the notion that the number of false positive TCRs designated as VZV
antigen-reactive is very small.

Age did not account for the heterogeneity in the breadth of the VZV antigen-reactive
repertoires, since eight of nine individuals were between 50 and 60 years. As shown in Fig.
1D, clonal richness did not correlate with the frequencies of CD4 T cells that were driven
into proliferation by stimulation with VZV lysate (frequencies were determined by
correcting the percentage of CSFE-low cells for the number of divisions); i.e., a larger
response to VZV in vitro was not indicative of increased richness. The three identical twin
pairs did not show higher similarity in richness than unrelated individuals, suggesting that
genetic factors did not substantially influence the richness of VZV-specific T cell memory
(p=0.70 by a permutation test).

Since TCR sequence frequencies within the sorted population may be skewed due to
differences in proliferative behavior, we used the sequences as identifiers and determined
their frequencies in unstimulated ex vivo CD4 T cells to assess evenness, i.e. the clonal size
distributions in VZV antigen-reactive CD4 TCR repertoires (Fig. 1E). Approximately half
(range, 42-65%) of the TCRs were re-identified in a library of one million ex vivo CD4 T
cells. The distribution of sequence counts followed a power law with most of the detectable
VZV-specific clones relatively infrequent (1-50 reads per million reads). All individual
repertoires included 5 to 6 abundant clones whose frequency was more than two standard
deviations above the average clonal size. These abundant clones contributed between 8 to 28
percent of the total VZV antigen-reactive CD4 TCR repertoire (Fig. 1F). The space that the
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abundant clones occupied correlated inversely with the total number of VZV-specific CD4
TCRp sequences (Fig. 1G).

TRB gene repertoire of VZV-specific CD4 T cells

To determine unique sequence features of VZV-specific CD4 TRB repertoires, we examined
BV and BJ segment usage, and CDR3 sequences in VZV antigen-reactive CD4 T cells and
compared them with those from naive and memory CD4 T cells of the same individual. The
use of seven TRBV gene segments was significantly increased in VZV antigen-reactive CD4
T cells, while the use of seven TRBV and one TRBJ gene was significantly decreased
compared to naive CD4 T cells at an FDR<0.1 based on paired Wilcoxon rank sum test and
Benjamini Hochberg adjustment (Table S3). A largely overlapping set of BV and BJ gene
segments was found to be significantly different when VZV antigen-reactive CD4 T cells
were compared with memory CD4 T cells (FDR<0.1). We further analyzed CDR3 amino
acid sequences, the major contributor of TCR diversity and antigen specificity. Length
distributions, hydrophobicity and charge of CDR3 sequences were all similar in VZV-
specific CD4 T cells, naive CD4 T cells, and memory CD4 T cells (Fig. S3). Moreover,
abundant clones as defined in Fig. 1F had unique amino acid sequences with no evidence of
convergence.

Genetic control of naive, memory and VZV-specific CD4 TRB repertoires

A recent twin study has shown a genetic influence on TRBYV, but not J gene segment usage
in the global T cell repertoire due to a mechanism other than thymic selection (24). To
determine whether genetic factors impact the selection of the global antigen-reactive
repertoire of memory CD4 T cells or, more specifically, the TCR repertoire to a chronic viral
infection such as VZV, we compared TRBV and BJ gene segment usage in naive, memory
and VZV antigen-reactive CD4 T cells. Analysis of BV-BJ combination frequencies showed
clustering of all three identical twins for both naive and memory CD4 T cells (Fig. 2A).
However, similarities in BV-BJ combination usage in VZV-specific CD4 T cells repertoires
were lower in twin pair C or not present in twin pairs A and B suggesting that the genetic
influence on the TRBV-BJ usage in antigen-specific T cells in the setting of a chronic
infection is not a consistent feature in identical twins.

Selected BV and BJ segments, shown in Figure 2B, accounted for the similarities within the
twin pairs. For the most part, the same set of BV and BJ segments determined twin-specific
signatures for both naive and memory T cells, suggesting that the pre-existing naive
repertoire influences the composition of the memory repertoire. However, similarity scores
of different TRBV elements and to a lesser extents TRBJ elements were quite variable for
naive and memory cells. This finding is consistent with the existence of non-inherited
pressures on selection and on the formation of memory.

To examine another determinant of repertoire selection that could be influenced by genetic
predisposition, we assessed the extent of sharing of identical TCR B-chain amino acid
sequences in naive, memory, and VZV-specific CD4 T cells of different individuals. Data
were normalized to adjust for sequencing depth as described (24, 25). For naive CD4 T cells,
the normalized number of TCRp sequence sharing was between 4x1078 and 7x1078, i.e. for
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every 10 distinct TCR{ clones of an individual, about 2 to 3 T cells with identical TCRf
chains were found to be shared with an unrelated individual (Figure 2C). The number was
slightly higher at between 4x1078 and 1.6x10~7 for memory CD4 T cells. With 1.5x1077 to
4x%1075, sharing was the highest for VZV-specific CD4 T cells, suggesting that antigen
recognition resulted in the expansion of similar TCRpB-chain sequences. Twin analysis
showed that genetic factors influenced the selection of TCR sequences in response to
antigen. Identical twin pairs shared more TCRp sequences than unrelated individuals for
total naive, total memory and VZV antigen-reactive CD4 T cells with similarities highest for
VZV-reactive cells. In summary, a genetic influence was apparent for the formation of the
VZV-reactive T cell repertoire; however, this was limited to a few clonotypes and did not
include the clones that reached clonal dominance. For the majority of T cell clones, the
virus-specific TCR repertoire was less genetically influenced than the naive TCR repertoire.

Clonal heterogeneity in responses to VZV vaccination

To study the /n vivo clonal dynamics of the CD4 T cell response to live attenuated VZV
vaccination, we measured the frequencies of VZV antigen-reactive TRB clonotypes in
PBMCs collected on days 7, 14 and 28 after vaccination. Sequencing depths at each time
point and for each individual were similar (Table S2). Total frequencies of VZV antigen-
reactive CD4 T cells were estimated by adding up frequencies of individual sequences and
showed the expected time course of a vaccine-induced T cell response (Fig. 3A).
Frequencies were slightly higher than the frequencies obtained from the proliferation assay,
probably because the former approach is independent of whether all antigen-specific cells
are activated and survive in the culture. Prior to vaccination, the frequencies of VZV
antigen-reactive CD4 T cells were low, ranging from about 0.1% to 0.6% of total CD4 T
cells. After vaccination, the frequencies significantly increased, peaking at 0.5% to 3.2% at
day 8 or day 14 after vaccination. By day 28, the frequencies had declined, but they
remained significantly higher than before vaccination. Overall kinetic changes were small,
consistent with previous findings using ELISpot assays to quantify antigen-specific T cells
(22, 23). Responses were variable and did not appear to be determined by genetic factors;
identical twin pairs did not show higher similarity than unrelated individuals (Fig. 3A).

Not all clones expanded equally upon vaccination. We estimated the proportion of VZV
antigen-reactive CD4 T cells expanding between days 0 and 8 after vaccination by
comparing the distribution of observed p-values with the uniform distribution as the null
reference distribution (Figure 3B). As expected, none of the TCRs decreased in frequency
after vaccination and very few TCRs changed in an individual who was not vaccinated. In
contrast, in five of the nine vaccinated individuals more than 70% of TCRs responded to
vaccination with significant expansion. Interestingly, the response rate was much lower in
four individuals. Since we did not find a correlation between the global increase in
frequencies of VZV antigen-reactive T cells and the proportion of clones expanding, we
examined whether vaccination recruited new TCRs. Indeed, vaccination increased the total
number of TRB sequences in the VZV-reactive repertoire in all nine individuals, indicating
that it caused the expansion of infrequent VZV antigen-reactive clones and possibly
diversified the repertoire (Fig. 3C).
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Vaccination-induced expansion of naive and memory VZV-specific T cells

Primary VZV infection frequently occurs in childhood before the final T cell repertoire is
formed. Whether clinically silent viral reinfection or reactivation continues to recruit naive T
cells throughout life into the memory repertoire is unknown. As has been shown for other
antigenic systems (26), the naive repertoire may have a reserve of VZV-specific T cells that
could be mobilized by vaccination. To address this question, we determined whether VZV-
specific TCRp sequences on day 8 after vaccination can be identified in the original naive or
memory T cell repertoire on day 0. Approximately 50% of all VZV antigen-reactive TCR
sequences could be re-identified in unstimulated CD4 T cells, the majority in memory CD4
T cells (Fig. 4A). However, naive TCRf sequences also contributed to the VZV-reactive
TCR repertoire after vaccination. This number was small, but likely an underestimate since
the probability of re-identifying sequences in the naive repertoire is low due to its high
diversity. Most of the TCR sequences that we did not detect in our experiments could
therefore be derived from naive T cells. Some VZV antigen-reactive TCRp clones were
present in both naive and memory populations. Since CD4 memory T cells only infrequently
revert to the naive phenotype, these sequences may represent T cell clones that due to low
antigen availability were only incompletely recruited to the memory compartment. To
confirm that the naive CD4 repertoire includes VZV-reactive T cells, we sorted naive
CD4*CD45RA*CCR7* T cells from PBMC, stained them with CFSE and combined them
with CTV-labeled PBMC from the same individual as a source of antigen-presenting cells.
The cell mixture was stimulated with VZV lysate and cell proliferation was assessed by flow
cytometry. The scatter plot shown as Figure 4B identifies a small population of naive cells
that proliferated in response to VZV antigen (Fig.4C). As expected, clonal sizes of originally
naive VZV-specific CD4 T cells were smaller than those of memory T cells. After
vaccination, median clonal sizes of both populations increased significantly (Fig. 4C). These
data suggest that VZV vaccination not only increased the frequencies of existing memory
VZV-reactive CD4 T cell clones, but also activated naive CD4 T cell clones, thereby
increasing the richness of VZV-specific memory CD4 T cell repertoire and potentially
improving protective immunity to VZV.

Vaccination-induced diversification of the VZV-specific CD4 TCR repertoire

Our data indicate that VZV vaccination not only increased the frequency of VZV-reactive T
cells, but also modified the composition of these cell populations. To assess whether
vaccination influences repertoire diversity, we plotted fractional space against the number of
T cell clones, ranked by decreasing sequence count, that take up this space. Results from a
representative individual are shown in Fig. 5A; curves with a steep slope indicate repertoires
with low diversity, while curves that are less steep or level off early indicate higher diversity.
Vaccination induced an increase in diversity on day 8 that was maintained on days 14 and 28
after vaccination. Data for the nine individuals are summarized in Fig. 5B and 5C. The
diversity index was either expressed as number of clones or the percent of clones, sorted by
decreasing clonal size that took up 80% of the repertoire space. With both definitions, the
diversity of VZV antigen-reactive TCRp repertoire was increased on day 28 after
vaccination compared to day 0.
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A better response and larger expansion of VZV antigen-reactive infrequent clones to
vaccination compared to abundant clones is one possible mechanism that could contribute to
an increase in diversity, thereby increasing the evenness of the repertoire. To test this
hypothesis, we estimated the association between the percent increases of clonal frequencies
in response to vaccination and the clone sizes for each individual based on a Poisson model
and then combined the estimated association with a random effects model. In Fig. 5D, we
compared clonal size distributions of VZV-reactive T cells at day 0 and day 28. Each fitted
curve summarizes the relationship of clone sizes at day 0 and at day 28 for an individual.
Since the frequency estimates of large clones are based on many sequence replicates and
therefore robust, the slopes of the curve were supported in the small as well as the large
clone regions although abundant clones were few. Only two individuals (A2, D)
preferentially expanded one abundant clone. 7 out of the 9 curves were steeper in pre-
vaccination small clonal size region, while they tended to be more flat for the pre-
vaccination larger clonal size region indicating that percent expansion is greater for
infrequent clones than abundant clones. The result from random effects model for these 9
curves confirms the existence of this pattern in the population (p=0.02).

Discussion

The ability of memory T cells to resolve or contain viral infections is determined by the
frequency of antigen-specific T cells, their functionality, and the complexity of their TCR
repertoire (27). In the current study, we examined the diversity of VZV-reactive CD4 T cells
before and after vaccination in three pairs of identical twins and three unrelated individuals.
We found large differences in the repertoire richness of VZV antigen-reactive CD4 T cells
among individuals, even in identical twins. Vaccination with live attenuated VZV expanded
VZV-reactive T cell clones unevenly, with a preference for infrequent and non-dominant
TCRs. Vaccination therefore resulted in repertoire diversification with a smaller effect on
dominant, /n vivo selected T cell clones.

While inherited factors influenced the naive and memory repertoires of TRBV-BJ
combination frequencies, this effect was no longer seen for VZV-reactive T cells. However,
when CDR3 sequences were included in the analysis, we saw increased sharing of identical
TCR B-chain amino acid sequences in the VZV-reactive T cell response of twins compared
to unrelated individuals, consistent with the selection of the VZV-specific TCR repertoire
being partly under genetic control. Moreover, increased sharing of VZV-reactive compared
to naive sequences from the same twin pair indicates convergent recombination as described
at the level of epitope-specific T cell responses (28). For all individuals, we find clonal
dominance with a small number of clones making up a large fraction of the VZV-specific
repertoire. Clonal size distributions were not influenced by genetic factors and dominant T
cell clones did not show any evidence for increased sequence sharing.

Repertoire richness for VZV-reactive CD4 T cells varied widely in our study population.
Comparative studies of the TCR profiles of epitope-specific CTL precursors from murine
naive CD8 T cells with those from immune mice have come to the conclusions that memory
formation is not associated with a decline in richness (29) and that unevenness of clonal
sizes in the memory repertoire is due to preferential expansion of some clones (30). It
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therefore appears unlikely that memory repertoires of VZV-specific cells generated at time
of the initial infection differed in richness by an order of magnitude. The high discordance in
identical twins indicates that genetic factors do not determine the different degrees of
expansion during initial infection or the changes in repertoire diversity over lifetime.
Contraction in richness did not correlate with frequencies of VZV-reactive CD4 T cells,
suggesting that it is not a simple reflection of the loss of memory T cells with age.

Moreover, contraction was caused by a preferential loss of infrequent T cell clones,
consistent with the interpretation of greater selection of dominant T cell specificities. A
similar observation of contraction at the epitope level has been made for the repertoire of
influenza-specific CD8 T cells in older individuals suggesting that age may be a contributing
factor (20). The clinical relevance of repertoire diversity has been shown for CMV infection,
where the number of different TCRs reactive to a CMV peptide was more important for
effective control of viral latency than their frequencies (17). Whether repertoire contraction
could therefore be a predisposing factor of zoster reactivation remains to be determined. Our
study was not longitudinal and the study population was too small to make any clinical
correlations. However, it is interesting to note that the only individual with a previous history
of zoster reactivation had the smallest repertoire.

Vaccination with the live attenuated VZV had a very uneven effect on the frequencies of
different VZV-reactive TCRs. Surprisingly large clones that had reached dominance were
less likely to respond than small clones. Most studies of repertoire selection in T cell
responses imply that clonal dominance is a consequence of selection for higher avidity and
that these T cell clones are more useful (30). The failure to expand dominant clones may
explain why the zoster vaccine is of only modest benefit in older individuals (31). Clonal T
cell exhaustion and failure to proliferate have been described for other chronic viral
infections (32). Viruses that cause T cell exhaustion are generally thought to be highly
replicative, as is the case with hepatitis C and human immunodeficiency viruses. By
contrast, VZV establishes latency and should therefore not cause a high antigen load
chronically stimulating T cells. However, recent publications described expression of CD38
and PD1 on VVZV-specific T cells, characterizing them as activated or exhausted (33). It is
also possible that these dominant clones are less responsive because they are responsive
primarily to other herpes viruses and only cross-reactive to VZV with lower affinity. Cross-
reactivities of VZV-reactive CD4 and CD8 T cells with other herpes viruses including
HSV1, HSV2 and EBV have been described, and at least CD8 cross-reactive T cells
frequently expressed markers of terminal differentiation or exhaustion (16, 34). However,
this explanation appears unlikely since only four of the nine individuals vaccinated in this
study had HSV1- or HSV2-specific antibodies including individuals A2 and D who had
large clones, which responded to vaccination (Table S1, Figure 5D). Finally, some studies
propose that generation of dominance is determined by cell-intrinsic or stochastic factors,
not related to antigen-driven selection and therefore not necessarily highly useful (35).

Instead of further promoting the selection of dominant TCR sequences, VZV vaccination in
this study broadened the repertoire in individuals by preferentially expanding small T cell
clones including recruiting new specificities from the naive repertoire. Larger TCR diversity
in an antigen-specific T cell repertoire may provide better protection because it provides a
foundation for the selection of high avidity TCRs (36, 37). Continuous recruitment of naive
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T cells during chronic infection in a mouse model has been shown to increase the
heterogeneity of antiviral CD8 T cell responses (38). In the case of chronic VZV infection,
an untapped reservoir may remain in the naive compartment. Mobilizing this resource to
broaden the repertoire of VZV-specific T cells may therefore have long-term benefits for
VZV-specific immunity. We have studied the vaccine response to a live-attenuated virus and
used total VZV lysate as the antigen, and we are therefore not able to determine, which viral
protein or peptides these naive or more infrequent T cells recognize. It appears unlikely that
they are reactive to epitopes in the vaccine virus that are absent in the wild-type virus, since
sequence differences between the two viral strains are limited (39, 40). Repertoire studies of
CDA T cells selected on MHC/peptide tetramers would be desirable, however, peptide-
specific CD4 T cells are very infrequent and population studies using MHC class 11
tetramers are problematic due to the polymorphic nature of MHC molecules. Such studies
may be possible if a single component VZV vaccine such as the gE protein becomes
available (11).

The current vaccine strategy with a single immunization is built on the premise of refreshing
a recall response and is not optimal for rebuilding the memory compartment from infrequent
or naive cells and for selecting for dominance of new T cell clones; such a rebuilding of the
memory repertoire would require prolonged or repeated stimulation such as is the case with
infection or booster immunization. The attenuated VVZV virus seems not to replicate much
after vaccination - we have not found any viral sequences in peripheral blood or an
inflammatory response in the days subsequent to vaccination (Table S4). Viral replication is
possibly required to yield sufficient clonal expansion of the low-frequent VZV-reactive T
cells. Interestingly, vaccination with the new, adjuvanted subunit vaccine that confers better
protection than the currently approved live virus vaccine includes a booster after two months
consistent with the interpretation that repeated immunizations are needed to reach critical
frequencies of VZV-specific memory T cells (11).

Based on our study, one can envision several areas where TCR repertoire analysis of
antigen-specific T cells could find clinical applications. Obviously, more studies are needed
to determine whether low breadth or high clonal dominance is associated with increased risk
for VZV reactivation. In this context it will be important to compare the VZV-specific
repertoire after natural infection, to the repertoire that develops after primary vaccination in
children who are now universally vaccinated in the US. In vaccination studies, TCR
repertoire studies may emerge as an additional read-out system to determine whether a
vaccine can induce a broad response, sufficient increase in clonal T cell frequencies and
clonal dominance. This information will be valuable to guide the selection of adjuvants or
decide on booster immunizations.

MATERIALS AND METHODS
Study design

The study was designed as an exploratory study to describe the TCR repertoire of VZV-
specific T cells and to analyze longitudinal changes in repertoire diversity and clonal sizes
after vaccination with live attenuated VZV (ZostavaxR, Merck). Nine participants were
enrolled providing 70% power to detect a change in an outcome such the size of a particular

Sci Transl Med. Author manuscript; available in PMC 2016 September 30.
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T cell clone at the one-sided significance level of 0.1. Inclusion of three pairs of
monozygotic twins from the Twin Research Registry at SRI International (41) allowed us to
estimate the contribution of genetic factors in determining repertoire diversity before and
after vaccination. Demographic information on the study population is provided in Table S1.
Information on the isolation of VZV-reactive T cells, the sequencing of their TCR repertoire
and the mathematical analysis is in the supplemental methods.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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One Sentence Summary

Adult vaccination with an attenuated herpes zoster virus broadens the T cell receptor
repertoire of antigen-reactive CD4 T cells without reinforcing clonal dominance. Full
Text: http://stm.sciencemag.org/cgi/content/full/8/332/332ra46?
ijkey=496Lnc48LalkM&keytype=ref&siteid=scitransmed
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Fig. 1. The T cell receptor repertoire of VZV antigen-reactive CD4 T cells
(A) CFSE-labeled PBMCs were stimulated with VZV lysate or mock lysate for 8 days.

Scatter plots are gated on CD4 T cells and are representative of four experiments. (B) 8-day
VZV lysate activated PBMCs were either restimulated with PMA and ionomycin or VZV
lysate together with fresh T cell-depleted CTV color-coded PBMCs. The frequencies of
cytokine-producing cells stimulated by VZV lysate in CFSE!®W and CFSENigh
CTVnegativeCp4 T cells were normalized for the number of cytokine-producing cells after
stimulation with PMA and ionomycin. (C) The number of distinct TCRp chains in VZV
antigen-reactive CD4 T cells from three twin pairs (A, B and C) and three unrelated
individuals (D, E and F) was determined. Identical twins are indicated by the same color. (D)
Frequencies of VZV antigen-reactive T cells were correlated with the richness of their TCRp
chain repertoires (r=—0.5, p=0.18). (E) Total CD4 T cells were analyzed for the presence and
frequencies of VZV-reactive TCR sequences. Sequences that were too infrequent to be re-
identified were set at a minimum frequency of 1 in 108. Clonal size distributions are shown
by plotting normalized clonal size bins vs. the log number of TCR sequences found at that
particular frequency. Identical twins are shown in the same color, but different symbols. (F)
The stacked bar plot shows the proportion of the VZV antigen-reactive CD4 TCRp3
repertoire that the most abundant clones occupy. (G) The number of distinct VZV-reactive
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CD4 TCRp chains inversely correlated with the space taken up by the most abundant clones
(r=-0.8, p=0.01). Results are from two-sided non-parametric Spearman correlation.
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Fig. 2. Genetic impact on naive, memory and VZV antigen-reactive CD4 TCRf repertoires
(A) Heatmaps show hierarchical clustering of TRBV-TRBJ combination frequencies in

naive (left panel), memory (middle panel), and VZV antigen-reactive CD4 T cells (right
panel) for three twin pairs (A-C) and three unrelated individuals (D-F). The color represents
pairwise Pearson correlation coefficients ranging from 0.85 to 1 for naive and memory cells
and 0.2 to 1 for VZV-reactive T cells. (B) TRBV (left) and TRBJ (right) genes that were
significantly more similar in twin pairs than unrelated individuals were identified using a
nonparametric permutation test (p<0.05). Similarities are expressed as the ratio of
differences between unrelated individuals and differences within twins. Naive (orange) and
memory cells (green) are compared. (C) The repertoires in twins and non-twins were
analyzed for the presence of TCRs with identical amino acid sequences. Frequencies of
shared TCRp chain sequences were normalized by dividing the number of shared TCRp
chain sequences within a pair by the product of the total number of distinct TCR chain
sequences from these two individuals. Similarities were compared using nonparametric
permutation test.
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Fig. 3. Influence of vaccination on the CD4 T cell receptor repertoire of VZV-reactive cells
VZV antigen-reactive TCRp chain sequences were identified as described in Fig. 1 on days

0, 8, 14 and 28 and their individual frequencies in total CD4 T cells were determined. (A)
Line graphs show the sum of all frequencies of detected TCRp-chains in one individual.
Unrelated individuals are indicated by different colors, twins by different symbols. (B) The
percent of VZV-reactive TCRf chains that had a significant change in clonal size between
day 0 and day 8 after vaccination is shown. Changes between two time points from a non-
vaccinated control individual are shown for comparison. (C) The number of unique VZV-
specific TCRp chains before and on days 8, 14, and 28 after vaccination is shown. Paired
Wilcoxon-Mann-Whitney tests were performed for comparison in A and C, n=9.
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Fig. 4. VZV vaccination recruits antigen-specific CD4 T cells from the naive compartment in

addition to expanding memory T cells

(A) Stacked bars show the number of distinct VZV-specific CD4 TCRf chains that could be

recovered only in the naive or in the memory compartment and those present in both
compartments before vaccination. (B) CFSE-labeled purified naive T cells and CTV-labeled
PBMCs were cultured together in the presence of VZV lysate for 8 days. The scatter plot of
gated CD4 T cells identifies proliferating naive CD4 T cells and total CD4 T cells. Data are
representative of two experiments. (C) Clonal size distributions of VZV-specific TCR
chains that were originally derived from either naive or memory CD4 T cells are shown as
box plots of median frequencies of the nine individuals. Compared to day 0, clonal sizes
were significantly increased for both naive and memory population at all time-points after
vaccination (p<0.01, paired Wilcoxon-Mann-Whitney test, n=9).
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Fig. 5. VZV vaccination diversifies the VZV-reactive TCR repertoire
(A) The numbers of distinct VZV antigen-reactive TCRp chains ordered by decreasing

clonal size are plotted versus the cumulative space they occupy. Line graphs with different
colors illustrate the clonal size distributions for different time points after vaccination. Data
from one individual is shown. (B) The number of the largest distinct T cell clones that take
up 80% of VZV-reactive CD4 TCR repertoire was determined as illustrated by the
intersection with the indicated line in Fig. 5A. Results for the nine individuals before and 28
days after vaccination are shown as box plots. (C) Results are expressed as the percentage of
clones that take up 80% of the antigen-specific repertoire space by dividing the number of
different clones shown in Fig. 5B by the total number of clones for each time point and
individual. (D) Distribution of clonal frequencies in VZV-reactive CD4 TCR repertoire at
day 0 pre-vaccination is plotted against those at day 28 after vaccination. Each smoothed
line represents the fitting curve that summarizes the distribution of clonal sizes for one
individual. For comparison, lack of changes in clonal sizes is included as a dotted line.
Paired Wilcoxon-Mann-Whitney tests were performed for comparison in B and C, n=9.
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