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Longitudinal single cell profiling of epitope
specific memory CD4+ T cell responses to
recombinant zoster vaccine

Xiaomin Wen 1,7, Alex K. Hu2, Scott R. Presnell 2, Emily S. Ford3,4,
David M. Koelle 1,3,4,5,6 & William W. Kwok 1,3

Vaccination leads to rapid expansion of antigen-specific T cells within in the
first few days. However, understanding of transcriptomic changes and fates of
antigen-specific T cells upon vaccination remains limited. Here, we investigate
the fate of memory CD4+ T cells upon reactivation to recombinant zoster
vaccine for shingles at cellular and transcriptional levels. We show that gly-
coprotein E-specific memory CD4+ T cells respond strongly, their frequencies
remain high, and they retain markers of cell activation one year following
vaccination. Memory T cells with the most dominant TCR clonotype pre-
vaccination remain prevalent at year one post-vaccination. These data impli-
cate a major role for pre-existing memory T cells in perpetuating immune
repertoires upon re-encountering cognate antigens. Differential gene expres-
sion indicates that cells post-vaccination are distinct from cells at baseline,
suggesting committed memory T cells display transcriptional changes upon
vaccination that could alter their responses against cognate immunogens.

Antigen-specific T cells that target the vaccine immunogen expand
rapidly in the first few days after vaccination. This is followed by
contraction of the antigen-specific T cell population and sub-
sequent generation of memory T cells that are essential for pro-
tective immunity1. Recent advances in DNA and RNA-sequencing
technology have allowed for investigation of changes in T cell
receptor (TCR) repertoires pre- and post-vaccination2–4. As
expected, expansion of specific TCR clonotypes followed by con-
traction was observed after vaccination. Most of these studies
showed that vaccination increased the diversity of the TCR reper-
toires, and common CDR3 motifs were observed amongst indivi-
duals with identical HLA5–7. A subsequent drop in clonal diversity
has also been reported8. Primary vaccination was noted to pre-
ferentially expand naïve T cells of high clonal diversity but not
naïve T cells of low clonal diversity and pre-existing memory
T cells9,10. However, studies investigating transcriptomic changes

of antigen-specific T cell responses upon vaccination in humans
remain limited, with most studies focusing on the generation of
memory CD8+ T cells from naïve T cells upon primary
vaccination11–13. These studies show that memory precursor CD8+

T cells have transcriptomic signatures associated with cellular
metabolism and proliferation pathways11, whereas memory CD8+

T cells have transcriptomic signatures that resemble naïve T cells
and an epigenomic signature that resembles effector T cells12,13. A
study focused on circulating follicular helper (cTfh) CD4+ T cell
differentiation demonstrated an increased inflammatory gene
signature 7 days post-vaccination in adults over 65 years old versus
younger adults between 18 and 35 years old14. Despite these results,
the fate of memory T cells upon revaccination has not been suffi-
ciently examined. Other than an increase in frequency of antigen-
specific memory T cells, it remains unclear whether revaccination
induces additional transcriptional changes in memory T cells that
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influence their immune responsiveness. It is also unclear whether
memory T cells will lose their self-renewal capacity upon reacti-
vation and transition into terminally differentiated CD28−CD4+

T cells15.
For an investigation of memory CD4+ T cell responses to vaccine

challenge, the current study examines the CD4+ T cell response to
recombinant zoster vaccine (RZV) SHINGRIXTM in adults over 50
years old. RZV is a subunit vaccine that contains the recombinant
varicella zoster virus (VZV) glycoprotein E (gE) together with the
adjuvant AS01B, which consists ofmonophosphoryl lipid A (MPL) and
saponin QS-2116, and is a 2-dose regimen administered at least
60 days apart. Prior studies demonstrated that this vaccine elicits
strong T cell responses against VZV and is highly effective in pro-
tecting against herpes zoster16,17. Since most adults were exposed to
VZV in their early life and the virus remains dormant in their ganglia,
T cell responses to the first dose of the RZV vaccine offer an oppor-
tunity to examine responses of quiescent VZV-specific memory and
naïve T cells upon antigen re-exposure. The current one-year long-
itudinal study used HLA class II tetramers and single cell RNA
sequencing to follow phenotypic and transcriptomic changes of VZV
gE-specific T cell responses pre- and post-RZV vaccination, at both
the epitope-specific level and the TCR clonotypic level. For pheno-
typic analysis, markers being examined included both PD-1 and ICOS,
which are activation markers but also play a role in regulating T cell
proliferation and differentiation18. For transcriptional changes, we
focus on T cells with identical TCR clonotype. Our observations show
that a substantial proportion of memory T cells on day 365 had
identical TCR clonotypes with thememory T cells on day 0. However,
the study also found that the transcriptomic state of memory T cells
365 days post-vaccination was distinct from pre-vaccinated quies-
cent memory T cells on day 0.

ThemechanismsbywhichRZV effectively prevents disease due to
reactivation of a latent VZV infection are unknown. Because shingles is
severe in persons with CD4+ T cell deficiency, and RZV strongly and
durably increases immunogen-specific Th1 CD4+ T cells in blood, we
perform detailed epitope- and clonotype-level longitudinal studies in
humans. We find that the transcriptional profile of specific memory
CD4+ T cells is durably altered compared to pre-vaccine baseline, with
changes that persist long after receipt of the final dose of vaccine.
These results imply that administration of recombinant protein with
the adjuvants used in the licensed RZV product programs a long-

lasting phenotypic state in circulating CD4+ T cells thatmay be causally
associated with desirable clinical outcomes.

Results
Frequencies and phenotype of VZV gE epitope-specific T cell
before and after vaccination
Tetramer-guided epitopemapping (TGEM)19 was used to identify CD4+

T cell epitopes for VZV gE in healthy participants. Table 1 shows the 14
epitopes identified with 3 DRB1*01:01 (DR0101) restricted, 5
DRB1*04:01 (DR0401) restricted, 3 DRB1*04:04 (DR0404) restricted
and 3 DRB1*07:01 (DR0701) restricted. Three of these epitopes have
been previously reported by Voic et al.20. To track VZV gE epitope-
specific CD4+ T cells responses pre- and post-vaccination long-
itudinally, we recruited 7 healthy participants that had HLA corre-
sponding to DR0101, DR0401, DR0404 and DR0701. Blood was
collected at days 0 (baseline, immediately prior to first vaccine dose),
14, 60 (immediately prior to second dose), 74 (14 days post-second
dose) and 365 (Fig. 2A). Table S1 lists the HLA and demographics for
this cohort; all were between 53 and 67 years of agewith knownhistory
of varicella during childhood.

A tetramer activation assay was used to track the frequency and
phenotype of VZV gE-specific cells over time. For this assay, PBMCs
were incubated with tetramers at 37 °C for 5 h before analysis. Only
cells that were positive for both tetramer and the activation marker
CD154 were considered specific. This assay was chosen as it provided
higher quality single cell RNA sequencing (scRNA-seq) data than direct
ex vivo staining without activation. The short stimulation also mimics
the response of T cells after encountering the cognate antigen. Four
tetramer reagents: DR0101/gE190-209, DR0401/gE280-299, DR0404/
gE280-299 and DR0701/ gE190-209 were chosen for these assays because
their corresponding peptides elicited the highest T cell responses in
the TGEM assays (Table 1). Figure S1 shows the gating strategy to
identify VZV gE-specific CD4+ T cells, and Fig. 1 shows the staining
results for a representative participant (Donor 1).

The frequencies and surface phenotype of VZV gE-specific CD4+ T
cells for all 7 participants over the length of the study are shown in
Fig. 2; note, donor 1 and donor 7 are represented twice showing results
from DR0101/gE190-209, DR0401/gE280-299 and DR0701/gE190-209 tetra-
mers, as donor 1 isDR0401/DR0701 anddonor 7 is DR0101/DR0401. At
baseline, the frequencies of gE-specific CD4+ T cells ranged from 1.2 to
15.7/106 (median 4.8/106) CD4+ T cells. The percentage of
CCR7+CD45RA+ naïve gE-specific T cells at baseline ranged from 0% to
16%, with a median of 9.2% (Fig. S1D). The kinetics of the T cell
responses post-vaccination was as expected, with an increase in fre-
quency that peaked on day 14 after the first dose of vaccine, followed
by decline until day 60 and then another increase in frequency after
the second dose (Fig. 2A, B). In our cohort, the frequency of VZV gE-
specific CD4+ T cells was on average 15-fold higher than baseline after
the first dose of vaccine, 81-fold higher than the pre-vaccination
baseline 14 days after the second dose and 16-fold higher than baseline
one year after the first vaccination (Fig. 2B). In addition, the frequency
of VZVgE-specificCD4+ T cellswas 33-fold higher after the seconddose
compared to immediately before this dose (Fig. 2B).

Therewere also changes in the phenotype of VZVgE-specificCD4+

T cell over time (Fig. 2C). Compared to baseline, there was a significant
increase in the percentage of CXCR5+ cells at day 14, and a significant
decrease in the percentage of CCR4+ cells at day 365 (Fig. 2C). There
was also a decrease in the percentage of CCR7+ cells at day 74 (14 days
post-seconddose) compared to day60 (Fig. 2C). A trendof an increase
of CCR7+ cells at day 60 compared to day 0 was also observed. Up-
regulation of CD38, a marker for recently activated CD4+ T cells, was
observed 14 days after each dose of vaccine (Fig. 2C). The samepattern
was observed for the activationmarkers PD-1 and ICOSwith significant
increases 14 days after each vaccine dose (Fig. 2C). Furthermore,
although there was a significant decline in the percentage of ICOS+

Table 1 | VZV gE-specific CD4+ T cell epitopes

HLA Epitope
Position

AA seq % Tetramer
Positive

DRB1*01:01 gE190-209 RIYGVRYTETWSFLPSLTCT 8.2 (2)a

gE280-299 EIEPGVLKVLRTEKQYLGVY 2.4 (1)

gE307-326 DGTSTYATFLVTWKGDEKTR 1.6 (1)

DRB1*04:01 gE46-65 DTNSVYEPYYHSDHAESSWV 1.1 (2)

gE127-146 GDDTGIHVIPTLNGDDRHKI 0.6 (1)

gE154-173 YGDVFKGDLNPKPQGQRLIE 2.3 (2)

gE280-299 EIEPGVLKVLRTEKQYLGVY 5.3 (2)

gE568-587 AYRVDKSPYNQSMYYAGLPV 0.6 (1)

DRB1*04:04 gE91-110 FLENAHEHHGVYNQGRGIDS 0.4 (1)

gE127-146 GDDTGIHVIPTLNGDDRHKI 1.7 (2)

gE280-299 EIEPGVLKVLRTEKQYLGVY 18.0 (2)

DRB1*07:01 gE190-209 RIYGVRYTETWSFLPSLTCT 10.9 (2)

gE289-308 LRTEKQYLGVYIWNMRGSDG 0.8 (1)

gE442-461 CLGISHMEPSFGLILHDGGT 0.6 (1)
aNumber in parentheses indicates the number of participants tested. % Tetramer positive shows
% tetramer positive T cells in TGEM assay. If there was more than one participant being exam-
ined, the average is shown.
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cells at day 365 compared to day 74, this activation marker was sig-
nificantly up-regulated compared to baseline. In contrast, the per-
centage of PD-1+ cells at day 365 remained elevated and was not
significantlydifferent than observed for day 74 (Fig. 2C).We alsonoted
up-regulation and co-expression of CD38, ICOS and PD-1 at day 14 and
74 (Fig. 2D). Up-regulation and co-expression of CD38, ICOS and PD-1
have also been observed at day 14 post-vaccination in a yellow fever
virus vaccine study21. The kinetics of the appearance of these triple
positive cells was directly opposite to that of the CD38−ICOS−PD-1+

population (Fig. 2D). This likely reflects the transient up-regulation of
CD38and ICOS in contrast to themorepersistent up-regulation of PD-1
after activation. Correlation between expression of PD-1 and chemo-
kine receptors, CCR4, CXCR3, CCR6 and CXCR5, was not observed
(Fig. S2). The significant increase in frequency of T cells emphasized
the robustness of VZV gE-specific CD4+ T cell responses post-vacci-
nation, enabling a strong protective response from the vaccine. The
data also demonstrated that VZV gE-specific CD4+ T cells had long-
termmemory of the previous activation, as PD-1 and ICOSwere still up-
regulated compared to baseline one year post-vaccination.

TCRusages andTCRdiversity of gE-specific T cells pre- andpost-
vaccination
Single cell RNA sequencing was performed to characterize the TCRs
and transcriptome of individual VZV gE-specific CD4+ T cells. Cells
were available from every time point for donors 1, 2, 6, 7 and 8; and
only from baseline, day 14 and day 365 for donors 9 and 10. A total of
2231 tetramer+CD154+ cells were index sorted for TCR analyses: 1665
cells (74.6%of cells sequenced) provideddata for bothTRAV andTRBV
chains, 155 cells (6.9%) only TRAV chains and 336 cells (15.1%) only
TRBV chains. Neither TRAV nor TRBV chain sequence was recovered
from 75 cells (number of cells sorted and number of TCRαβ pairs
recovered for each individual at each time point is shown in Table S2).

A total of 730 and 671 unique TCRαβ pairs based on nucleotide and
amino acid sequence, respectively, were identified. Based on nucleo-
tide sequence, 237 clonotypes were expanded (present in 2 or more
cells), while 493 clonotypes were singletons. The number of unique
TCR clonotypes based on nucleotide sequence for DR0101/ gE190-209,
DR0401/gE280-299, DR0404/gE280-299 and DR0701/gE190-209 was 59,
443, 100 and 128, respectively.

Within an individual, sharing of TCRαβ clonotypes (both VDJβ and
VJα with CDR3 with identical nucleotide sequence) at different time
points was common (Figs. 3A and S3). Sharing of clonotypes at the
amino acid level (but not at the nucleotide level) between donors was
also observed (Fig. 3B), including 2 public TCRαβ clonotypes that were
shared by 4 out of 5 DRB1*04:01 donors in our cohort (Fig. 4A). There
was also sharing of either Vα or Vβ usage (at the amino acid level)
amongst 5 out of 5 DRB1*04:01 donors (Fig. S4). A strong preference
for usage of TRAV29DV5/AJ36 and TRBV28/BJ1-1 was observed for
DR0401/gE280-299-specific T cells. Amongst the 347 unique DRB1*04:01
restricted TCR clonotypes that include exactly one alpha and one beta
chain (as according to amino acid sequences), 32 utilized TRAV29DV5/
AJ36 and TRRBV28/BJ1-1 (Fig. 4B, Table S3). TCR sequence similarity
analysis using TCRdist shows sequence similarity amongst gE-specific
T cells using a strict neighbor distance of 24 units (Fig. 4C, D). 37 %
(166/449) of these TCRs were grouped into 33 clusters with two or
more clonotypes and 4 additional public TCR clusters with a single
TCR clonotype (clusters 27, 31, 32 and 33). 24 of these 37 clusters have
clonotypes from two or more individuals (Fig. 4D and Table S3). For
example, cluster 0 has 18 different clonotypes from 6 different indi-
viduals. TCRs within each of these clusters can be considered meta-
clonotypes, i.e., a groupof biochemically similar TCR that recognize an
identical T cell epitope20,22. TheCDR3motifs of the 3 largest, sequence-
related clusters are shown (Fig. 4E)22. These clusters, as shown in
Fig. 4C, were fairly restricted by the HLA restriction element. Most of

Fig. 1 | Phenotypic change of VZV gE-specific CD4+ T cells during RZV vacci-
nation. Representative FACS analysis on VZV gE-specific CD4+ T cells by surface
staining of CD45RA, CXCR5, CXCR3, CCR4, CCR6, CCR7, CD38, PD-1 and ICOS on
CD4+CD154+Tetramer (DR0401/gE280-299)

+ cells obtained from donor 1 at days 0

(baseline), 14, 60, 74 and 365 post-first dose of Shingrix (second dose was adminis-
teredafter sample collectionatday60). TheCD154(PE)+Tetramer(PE-Cy7orPE-Dazzle
594)+ cells were enriched by anti-PE MicroBeads and MS column then stained with
other surface antibodies described abovebeforeflowcytometry analyses and sorting.
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the clusters consist of TCRs restricted by a single HLA-DR allele. Of
note, bothDRB1*04:01 andDRB1*04:04 restricted clonotypes could be
observed within some clusters. In this context, it should be noted that
DRB1*04:01 andDRB1*04:04 only differ at two amino acids in theirfirst
exon, and in our studies, present an identical VZV T cell epitope.

Whether T cells of identical epitope specificity with high and low
TCR clonotype abundance expanded to a similar degree after

vaccination was also investigated. There was a weak direct correlation
between frequencies of T cells of identical clonotype pre- and post-
vaccination (day 0 versus day 14) and this was irrespective of clono-
type abundancy (Fig. 5A). A similar trend was observed for T cell fre-
quency at day 74 versus day 60 (Fig. 5B). This observation suggests
that T cells with dominant clonotypes are capable of expanding, but
the slope of the curve suggests that T cells with lower clonotype
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frequency expand to a greater extent than T cells with higher clono-
type frequency. Nevertheless, T cells with the most dominant clono-
type at baseline were still present at day 365 for all participants
examined, and themost abundant clonotype at day0was still themost
abundant clonotype at day 365 for 4 out of the 7 donors examined
(Table 2). Overall, 45% of unique TCR clonotypes frommemory cells at
day 0 and 38% from day 60 were also detected at subsequent time
points. For the 7 participants examined, 10% - 48% (with a median of
23%) of unique TCR clonotypes at day 365matched those at day 0 and
14% - 64% (with a median of 41%) of T cells at day 365 with clonotypes
matched those at day 0 (Table 2). In contrast, TCR clonotypes present
in CD45RA+CCR7+ naïve T cells (byflow)pre-vaccination at either day 0
or day 60 could not be detected at all subsequent time points.

Despite the persistence ofmemory T cells of identical clonotypes,
an increase in diversity of gE-specific TCR usage at day 365 compared

to those at day 0, as evaluated by Shannon diversity index, was still
observed (Fig. 5C). This increase in gE-specific TCR diversity also
implied a preferential expansion of memory T cells of low clonotype
frequency compared to those of high clonotype frequency.

Collectively, these results indicate that T cells of identical clono-
type persist within an individual after activation by vaccination. These
findings emphasize the significance of the memory TCR repertoires
rather than the naïve TCR repertoires in recall responses.

Differential gene expression pre- and post-vaccination
Using the same cells sorted for the TCR clonotype analysis, we char-
acterized the transcriptomic response of VZV gE-specific CD4+ T cells
to vaccination. To track changes in identical T cells over time, com-
parisons were limited to epitope-specific T cells with identical TCRαβ
clonotypes at the nucleotide level at the time points of interest.

Fig. 2 | Analysis of VZV gE-specific CD4+ T cells during RZV vaccination.
A Timeline of vaccination and PBMC collection.B The frequency of VZV gE-specific
CD4+ T cells driven by RZV vaccination. VZV gE-specific CD4+ T cells were identified
as CD4+CD154+Tetramer+ cells by tetramer activation assay. As shown is their fre-
quency change for each participant at baseline, day 14, 60, 74 and 365 post-first
dose of RZV (second dose was administered after sample collection at day 60).
p =0.0039: day 0 vs day 14; p =0.0078: day 60 vs day 74; p =0.0039: day 0 vs day
365. C, D The phenotype changes of VZV gE-specific CD4+ T cells driven by RZV
vaccination. The percentages of CD4+CD154+Tetramer+CD45RA− memory cells
expressing surface markers including CXCR5, CXCR3, CCR4, CCR6, CCR7, CD38,
PD-1 and ICOS are shown for each participant during their visits. CXCR5+%:

p =0.0391 for day 0 vs day 14; CCR4+%: p =0.0078 for day 0 vs day 365; CCR7+%:
p =0.0078 for day 60 vs day 74; CD38+%: p =0.0039 for day 0 vs day 14, p =0.0039
for day 60 vs day 74, p =0.0039 for day 74 vs day 365, p =0.0078 for day 0 vs day
365; ICOS+%: p =0.0039 for day 0 vs day 14, p =0.0039 for day 60 vs day 74,
p =0.0039 for day 74 vs day 365, p =0.0039 for day 0 vs day 365; PD1+%:p =0.0039
for day 0 vs day 14, p =0.0117 for day 60 vs day 74, p =0.0039 for day 0 vs day 365;
CD38+ICOS+PD1+%: p =0.0039 for day 0 vs day 14, p =0.0039 for day 60 vs day 74;
CD38−ICOS−PD1+%: p =0.0039 for day 0 vs day 14, p =0.0195 for day 60 vs day 74,
p =0.0039 for day 0 vs day 365. Wilcoxon matched-pairs signed rank test (two-
tailed) fromGraphPadPrism9wasused (n = 9). *p <0.05; **p <0.01. Sourcedata are
provided as a Source data file for (B–D).

Fig. 3 | Intra-individual TCR sharing at different time points. A Circos style plot
demonstrating clonal sharing within individual donors, across timepoints. Clone
groups were identified by the sharing of identical β- and α-chain T cell receptor
CDR3 junction sequences at the nucleotide level. Outer circle and arcs connecting
cells are colored by tetramer grouping. Inner circle indicates the timepoint.

B Circos style plot demonstrating clonal sharing within and across donors at all
timepoints. Clone groups were identified by the sharing of identical β- and α- chain
T cell receptor CDR3 junction sequences at the amino acid level. Outer circle and
arcs connecting cells are colored by donor/tetramer grouping. Inner circle indi-
cates the timepoint.
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The top 30 up-regulated differentially expressed (DE) genes
within each pairwise comparison are shown inTable S4, including each
time point compared to day 0 (first vaccine dose) as well as day 74 vs
day 60 (14 days post-second vaccine dose). The up-regulated genes at
day 14 after the first vaccine dose included those related to T cell
activation/co-stimulationmolecules (ICOS23, CD9924), T cell trafficking
(ELMO125, GMFG26) and T cell differentiation (NMB27, IRF428,

POU2AF129, IL18R130 and Zeb231,32). In addition, a substantial fraction of
the up-regulated genes were related to negative regulation of T cell
responses, including the negative costimulatory molecules CTLA433

and BTLA34, the transcription factor IKZF135, which suppresses proin-
flammatory gene expression, and the transcript encoding the T cell
proliferation suppression protein F536. There were also transcripts
related to clonal deletion and apoptosis (TBC1D4 and BCL2L1137,38).
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Genes that are related to T cell activation, trafficking, differ-
entiation and negative regulation of T cell responses were also
observed in all other pairwise comparisons with day 0. For the com-
parisonbetween day 74 and day0, DE genes related to T cell activation
and trafficking are ICOS23, ELMO125, GMFG26, TNFRSF4 and TNFRSF939;

genes related to T cell differentiation are NMB27, IRF428, JARID240,
RBPJ41, ID242, TET243 and ZEB231; genes related to negative regulation of
T cell responses and exhaustion are F536, CTLA433, FURIN44, IQGAP145,
CREM46, MAF47, SNX948 and BCL2L1138 (Table S4). Note, these gene sets
are similar to the DE gene set between day 14 and 0 but have more

Fig. 4 | gE-specific TCR usage in DR0401 individuals. A Public TCR usage. TCR α

and β amino acid CDR3 sequences are defined as a pair if they are detected in the
same cell, and TCR pairs that are detected in cells across multiple donors are
considered “shared.” 14 unique pairs were shared across 5 DR0401 donors, with 2
pairs shared by 4 donors, another 2 pairs shared by 3 donors and 10 pairs shared by
2 donors, as indicated. The number of cells containing each pair in each donor is
depicted by the size of the dot, as shown. B V and J gene segment usage of gE-
specific CD4+ T cells in DRB1*04:01 restricted donors. Different colors of the alluvia
flowing between the strata (gene segments) indicate distinct TCR clonotypes, as
determined by amino acid sequence, while width of the alluvia color indicates the
number of libraries in each clonotype. TCR gene segments used in more than

twenty libraries are labeled in the strata.C,D Paired T cell receptor (TCR) sequence
similarity graph of VZV specific T cells identified by tetramer sort with tetramers
listed in figure legend (see Methods). Network graph shows 166 unique clonotypes
(defined by amino acid sequence) which form 37 clusters defined by close
sequence-similarity (nearest neighbor distance 24), indicated by grey lines. Size of
circle reflects the number of copies of each sequence observed. Cluster members
are shaded by tetramer (C) or person (D) in which the clonotype was identified.
E Logoplots demonstrating the amino acid sequences of the CDR3 sequences in
clonotypes contributing to clusters 0, 1 and 2. Flanking Sankey diagrams demon-
strate the V and J chain usage in each cluster. Amino acid residues are shaded by
chemical characteristics.

Fig. 5 | Frequency and diversity of TCR clonotype pre- and post-vaccination.
A Comparison of tetramer positive, expanded T cells frequency per million CD4+

T cells, contrasting day 14 tobaseline. Eachpoint represents a single clonal groupof
T cells pre- (baseline) and post-vaccination (Day 14) colored by donor/tetramer
combination.B Similarly, contrasting day 74 today 60 (booster shot). Frequencyof
epitope-specific T cells of a specific clonotype were determined by the equation:
Frequency of epitope-specific T cells x % of cells with specific clonotype of interest
of all the cell analyzed at that particular time point. For statistical evaluation, a
linear model was fitted to the data, and Pearson’s correlation coefficient and p-

value, using a two-sided alternative, were calculated (R package ggpubr, stat_cor()
function, not adjusted for multiple comparisons). The grey shaded area indicates
the 95% confidence interval at each fitted ordinate location from the linear model.
C Simpson’s diversity was calculated for TCR clonotypes between the baseline and
day 365 visits using seven independent donor plus tetramer combinations, down-
sampled to match the smaller time point sample size per donor. A two-sided Wil-
coxon test for paired samples was used to provide a significant p-value when
comparing the two timepoint diversity value distributions (not adjusted for mul-
tiple comparisons). Source data are provided as a Source Data file.
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genes in each of the three categories discussed above. For compar-
isons between day 60 vs day 0 and day 365 vs day 0, genes related to
negative T cell signaling, such as F536, MAF47, TBC1D437 (day 60 only);
IQGAP145, DOK249, CDKN350 (day 365 only); and CTLA433 and BCL2L1138

(day 60 and day 365) were at a significantly higher level. TNFRSF9, an
activationmarker, was also significantly higher at day 365 compared to
baseline (Table S4). Transcripts of other activation-related genes,
including ICOS and TNFRSF4, were also at higher levels for the day 60
vs day0 comparisons butwerenot in the top 30 significant transcripts.

DE gene analyses between day 74 (14 days post-second dose) vs
day 60 showed less up-regulation of genes related to activation, traf-
ficking and differentiation in the top 30 DE gene sets. However, those
related to negative regulation of T cells, including FURIN, IQGAP1,
CTLA4, CREM, SNX9, DOK2 and CD4751, were present. TNFSF1B, which
is associated with suppression and pathogenic/dysfunctional T cells,
was also present52 (Table S4). GO term analyses of the top 30 DE genes
between day 60 vs 0, day 74 vs day 0 and day 74 vs day 60 also
confirmed that these DE genes are related to T cell activation, differ-
entiation and regulation of T cell activation (Table S5). These analyses
also show DE genes related to cytoskeletal organization, which likely
reflect both involvement of the cytoskeleton in cellular activation and
post-vaccinated T cells being more active in trafficking than quiescent
cells. Identical analyses of the top 30DE genes between day 14 vs day0
and day 365 vs day 0 did not show enrichment of genes related to the
activation, differentiation and regulation. The vast number ofDE genes
for the day 14 vs day 0 comparison and the more subtle difference
between day 365 vs day 0 comparison might account for our inability
to show enrichment of these genes with GO term analysis.

The set of data for the four time points post-vaccination as
compared to the pre-vaccination time point at baseline is summarized
as a heatmap in Fig. 6A. Genes related to negative regulation of T cell
expansion were mostly up-regulated at all time points and were a
major component of the top-regulated genes. The up-regulation of
genes related to the inhibition of T cell responses likely reflects a self-
regulatorymechanism to limit the exuberant expansion of T cells after
vaccination. Although the analyses of DE genes between different time
points were focused on expanded T cells with identical TCRs, a very
similar set of up-regulated geneswas also observedwhen all the sorted
epitope-specific cells were analyzed. For example, in the day 14 vs day
0 comparison with total sorted epitope-specific cells irrespective of
their TCRclonotypes, 21 of the top 30geneswere the sameas those for
T cells that have identical TCR. In the day 365 vs day 0 comparison, 18
of the top 30 genes were identical (Table S6), including genes related
to negative T cell signaling, activation and T cell differentiation. Thus,
both global and focused analyses of sorted cells show that T cells of
identical epitope specificity have a distinct transcriptomic profile one
year post-vaccination.

Since the presence of transcripts related to negative T cell sig-
naling in the DE gene analyses implied prior T cell activation, we

investigated whether post-vaccinated T cells expressed a higher level
of activation transcripts in comparison to pre-vaccinated T cells. We
generated an activation index using a T cell activation gene set sig-
nature defined by the following 8 genes: CD137, CD134, PD-1, ICOS,
CTLA4, CD38, CD8253 and CD8354. The log expression of these genes
was averaged acrosspersistent cells at each timepoint for every donor.
As shown in Fig. 6B, the activation index increases after both the first
and second vaccine doses and is still elevated at day 365 compared to
day 0. Interestingly, in previous studies, some of these activation
markers, such as CD137, PD-1, CTLA4 and CD83, were also associated
with regulatory functions, implicating self-regulatory features of acti-
vated T cells to prevent exuberant activation.

For further examination of changes in gene expression of T cells
with identical TCR clonotype over time, we also examined gene
expression of the hallmark gene sets in the molecular signature data-
base (MSigDB) at different time points55 (Fig. 6C). We found hallmark
gene sets that are related to mitotic spindle, IL2 and IL6 signaling,
interferon gamma response and KRAS signaling were highly up-
regulated at day 14 and 74 and down-regulated at day 60. These data
suggest cells at day 14 and 74 were highly activated and in a
proliferative state.

Up-regulation of gene expression at days 14 and 74 should be the
outcomes of a combination of both vaccination and a 5 hrs in vitro
tetramer activation. Down-regulation of hallmark gene sets related to
cell activation at day 60 compared to all time points suggests that
recently activated T cells are more resistant to a 5 hrs in vitro stimu-
lation compared to those at day 0 and day 360.

These data also show that T cells at day 360 were distinct from
those at day 0. Hallmark genes, including those related to glycolysis,
fatty acid metabolism, oxidative phosphorylation, notch signaling and
hedgehog signaling are differentially expressed at these 2 time points.
This suggests that cells at day 360 and those at day 0 were in different
metabolic, differentiation and activation states.

Pathway of memory VZV gE-specific CD4+ T cells post-
vaccination
To further characterize the phenotype of the VZV gE-specific CD4+

T cells pre- and post- vaccination, we analyzed the scRNA-seq tran-
script profiles from all five time points using Monocle 356. The VZV gE-
specific CD4+ T cells were segregated into five clusters as shown in the
Uniform Manifold Approximation and Projection (UMAP) plot
(Fig. 7A). We next examined the distribution of VZV gE-specific CD4+

T cells by time point and found that the majority cells from pre-
vaccination (day 0) were in cluster 1, the cells from days 14, 60 and 74
were distributed across clusters 2, 3 and 4 with a slightly higher pro-
portion of day 74 cells in cluster 4, and the majority of cells from day
365 in cluster 5 (Figs. 7B and S5). These data indicate that VZV gE-
specific CD4+ T cells have distinct transcriptomic profiles at days 0
(baseline, immediately before the first vaccine dose), 60 (immediately

Table 2 | Abundant and persistent TCR clonotypes

% of the most dominant
TCRαβ Clonotype at
baseline

%of the identical TCRαβ
Clonotype at day 14

% of the identical TCRαβ
Clonotype at day 365

% of unique TCR clonotype in
day 365 identical to those at
day 0

% of T cells in day 365 with
clonotype identical to those
at day 0

Donor 1 58% 64%a 8% 10% 14%

Donor 2 33% 12% 28%a 25% 48%

Donor 6 10% 8% 7% 47% 64%

Donor 7 28% 5% 15%a 11% 21%

Donor 8 20% 8% 14%a 23% 47%

Donor 9 9% 14%a 2% 29% 40%

Donor 10 16% 13% 10%a 19% 41%

The2ndcolumn shows the%ofT cellswith themost dominant TCRαβpair at baseline. The3rd and4th columns show the%ofT cells at day 14andday 365 that retained themost abundantclonotype
at baseline
aIn column 3 and 4 denoted those abundant TCR clonotypes at baseline that were also the most abundant clonotypes at later time points.
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before the second vaccine dose) and 365 (Fig. 7B), while cells at day 14
and 74 aremore alike and resemble those at day 60.We also examined
the distribution of two identical TCR clonotypes with one DR0401
restricted and the other DR0701 restricted (Fig. 7C). Both were
detected in all 5 clusters with the clonotypes at day 0 primarily in
cluster 1 and those at day 365 in cluster 5 (Fig. 7C). This highlights the
changes in transcriptomic profiles of an individual T cell clone at dif-
ferent time points pre- and post-vaccination.

To further define themonocle clusters, we determined the top DE
genes for each of the clusters (Table S7 and Fig. 7D). Cluster 1 DE genes
are associatedwith cell quiescence (ZFP36L157), cell survival (IL2, IL7R58

and BIRC359) and immediate early genes (NR4A2 andNR4A360). Cluster
2 DE genes are associated with newly activated T cells, such as those
associated with one-carbon metabolism (SFXN161), purine de novo
synthesis (PAICS and GART62) and cell division (SERBP163). F5, a T cell

proliferation inhibitory gene, is in cluster 2 with CCR7 and SELL, which
are associated with central memory T cells (TCM). Cluster 3 DE genes
are related to T cell activation/co-stimulation (ICOS), differentiation
(IRF428, JARID240, STK464 and ZEB231), apoptosis (BCL2L11) and T cell
dysfunction (TNFRSF1B). Cluster 4 DE genes are related to negative
TCR signaling (AKAP1365, CBLB66 and SAMSN167) andnon-apoptotic cell
death (LAPTM5)68. There is also substantial overlap between the DE
genes in Cluster 4 with those in Cluster 3, including those associated
with activation and T cell dysfunction. Cluster 5 DE genes are asso-
ciated with T cell homeostasis and polyfunctionality (PDIA669 and
PRMT170), T cell activation (CD82 and TNFRSF9) and oxidative phos-
phorylation (MT-ND571 andMRPL372). SignatureDE genes, as described
above in these different clusters, are in general agreement with the
quiescent or activation state of cells from different time points within
these clusters. Pre-vaccinated and day 365 cells weremostly located in

Fig. 6 | Top differentially expressed genes from T cells with persistent clono-
types. A For each comparison between two time points, cells containing TCR α/β
nucleotide sequence pairs that persisted across both time points were identified,
anddifferential expression analysis wasperformedbetween cells from the two time
points. For each comparison, a selection of genes was shown from those differ-
entially expressed at 5% FDR that are known to be related to activation, regulation
and differentiation. B The log expression of 8 genes associated with activation

(TNFRSF9, TNFRSF4, PDCD1, ICOS, CTLA4, CD38, CD82, CD83) was averaged
across persistent cells at each time point and displayed. C Gene set enrichment
analysis (GSEA) identified 43/50 hallmark gene sets that are enriched in at least one
cluster at 5% FDR. The dot plot displays via color the mean z-score of log-
transformed expression for the genes in each gene set, averaged across the cells in
each cluster. Source data are provided as a Source Data file for Fig. 6B.
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Fig. 7 | VZV gE-specific T cells from pre- and post-vaccination timepoints seg-
regate into different clusters as according to Monocle3 analysis. A Monocle3
clustering of transcriptome of gE-specific T cells from 5different time points within
a year.Monocle3 basedUMAPclustering of tetramer positive T cell RNA transcripts
batch corrected with donor/tetramer and the median CV of transcript coverage as
an indicator of sample quality. Cells were clustered using the “leiden” algorithm
with a resolution of 2.3e-3. B Distribution of gE-specific T cells from different time

points in the 5 different UMAP clusters. C Examples of distribution of gE-specific
T cells of identical clonotypes from different time points in the 5 different UMAP
clusters. D Top differentially expressed genes in the 5 different UMAP clusters.
E Distribution of TCM (CD45RA−CCR7+), TEM (CD45RA−CCR7−), TEMRA

(CD45RA+CCR7−), Tn (CD45RA+CCR7+) according to surface antibody staining in
the UMAP.
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clusters 1 and 5, respectively, while recently activated T cells at day 14,
60 and 70 were located within clusters 2, 3 and 4.

As these cells in the monocle clusters were index sorted, we also
examined themonocle clusters by surface markers CD45RA and CCR7
(Fig. 7E). This showed that the majority of CD45RA−CCR7+ (TCM) and
CD45RA+CCR7+ (naïve) T cells are primarily located in Cluster 2,
whereas most of the CD45RA−CCR7− T cells were in the other four
clusters (Fig. 7E). We observed that the CCR7 antibody staining data
corresponded well with the CCR7 transcriptomic data (Fig. S6A). A
high percentage of CCR7− T cells also have CD27 and CD28 transcripts
(Fig. S6B), implying that these CCR7− cells are not terminally differ-
entiated TEM (CD45RA−CCR7−CD27−CD28−) and resembled transitional
memory T cells (TTM, CCR7

−CD45RA−CD27+CD28+)73. The absence of
Zeb2 transcript in cluster 1 also confirmed that cells in this cluster are
mostly pre-vaccinated T cells (Fig. S6C). We noted that cells of iden-
tical clonotype at day 60 had a higher level of CCR7 transcript com-
pared to those at day 0 (Fig. S7). The transcriptomic data aligns with
the flow data, in which a higher percentage of T cells at day 60 had
higher surface expression of CCR7 compared to day 0 (Fig. 2C). The
main trajectory of the pseudotime pathway analysis shows that cells
transited from cluster 1, through clusters 2 and 3 into clusters 4 or 5
(Fig. S8). This trajectory data is supported by the chronological data
where cells in cluster 1 were mostly pre-vaccinated T cells, and cells in
cluster 5 were mostly T cells at the one-year time point. As cells in
cluster 1 were CCR7lo, these data show CCR7lo TTM/EM (cluster 1) can
convert to CCR7hi TCM (cluster 2) during activation and support the
idea that antigen-specific TTM cells play an important role in perpetu-
ating the immune response upon re-encountering cognate antigens.

Discussion
Responses of VZV gE-epitope specific CD4+ T cells at the single cell
level after RZV vaccination were examined in a TCR clonotypic fashion
in this 1-year longitudinal study.We observed thatmemory T cells with
abundant clonotypes at the pre-vaccination time point were fully
capable of expanding, and the most dominant clonotype was still the
dominant clonotype one year later after twodoses of the vaccine in the
majority of individuals. A relatively high percentage of the T cells at the
one-year timepoint had TCR clonotypes thatmatched those identified
frommemory gE-specific T cell populations at the day 0 time point. In
contrast, TCR clonotypes derived from naïve gE-specific T cells at day
0 or day 60 were not detected at any subsequent time points. In
examining T cells with identical TCR clonotype, up-regulation of
transcripts related to T cell activation and negative regulation of T cell
responses were observed post-vaccination through the remaining
length of the study. These data show that a substantial portion of
memory T cells one year post-vaccination were derived from the pre-
vaccinated memory T cells and have a distinct transcriptomic profile
compared to the pre-vaccinated memory T cells.

TCR clonotype analyses in this study also led to identification of
public TCR meta-clonotypes that are specific to the DRB1*04:01-
DRB1*0404/gE280-299 epitope. For confirmation of the publicity of
these meta-clonotypes, we evaluated data from a prior RZV study7. In
that study, CD4+ T cells that proliferated in response to gE antigen after
5 days of in vitro culture were bulk-sequenced at the TRB locus using a
genomic DNA platform that yields quantitative information concern-
ing cell abundance. We observed exact amino acid matching between
TRB sequences from single cells in the current report and sequences
from each of 5 HLA-DRB1*04:01 participants in the prior study. In
contrast, none of 4 participants lacking HLA-DRB1*04:01 or HLA-
DRB1*04:04 alleles had TRB matches (Table S8). These data highlight
the structural constraint of the TCR in its interaction with peptide-
MHC and the potential usage of meta-clonotypes in interrogating the
TCR repertoires for specific immune responses.

Previous studies with YFV vaccine and zoster vaccine live (ZVL)
examined whether T cells with abundant and infrequent clonotype

expanded to the same extent upon vaccination5,74. In the YFV study,
CD4+ T cells with dominant clonotypes expanded to the sameextent as
those with infrequent clonotypes. In the ZVL study, VZV T cells with
low clonotype frequency expanded to a greater extent after a single
dose of ZVL5. Note, both studies only used TCRβ to track T cell
expansion, and the T cells were of unknown epitope specificity. In the
current study, TCRαβ was used to track epitope-specific T cells.
Although T cells with high clonotype frequency were capable of
expanding, statistical analysis showed that cells with high clonotype
frequency expanded less than those with lower clonotype frequency.
Nevertheless, epitope-specific T cells with high TCR clonotype fre-
quency at baseline remained at relatively high clonotype frequency
one year post-vaccination in most participants.

Based on TCR sequencing, a recent report suggested that RZV is
effective at recruiting T cells from the naïve repertoire7. One
assumptionwas that post-vaccination TCRs that could not be detected
in deep sequencing of pre-vaccinated CD4+ T cells were derived from
naïve T cells. Data from the current study emphasized the persistence
ofmemory T cells post-vaccination. Our data show less than 10% of gE-
specific T cells in our cohort had the naïve phenotype atbaseline, while
>90%had thememory phenotype. The high proportion ofmemorygE-
specific T cells at baseline and the ability of memory T cells with high
clonotype frequency to expand are factors that favor the persistence
of memory cells post-vaccination. In the current study, 47% of the TCR
clonotype detected at day 365 could not be detected at any of the
previous timepoints. It was unclear whether these “unseen”TCRswere
derived from the naïve ormemory population. The lownumber of cells
analyzed in the current study precludes us from concluding the role of
naïve gE-specific T cells in response to RZV. The relatively high per-
centage of T cells (median of 41%) at day 365 with TCR that matched
those from memory cells at day 0 emphasized the central role of pre-
existing memory T cells in maintaining long-term memory post-
vaccination. This data also aligns with a recently published COVID
mRNA vaccine study, in which a substantial portion of T cells one year
post-vaccination were derived from memory T cells4.

Following activation through vaccination, T cells up-regulated a
large set of genes related to the negative regulationof T cell responses.
This is observed in the pairwise comparisons of T cells of identical
clonotypes between days 14, 60 and 74 vs day 0. Up-regulation of a
subset of these genes was also observed in the day 365 vs day 0
comparison. These genes could represent a self-regulatorymechanism
that prevents excessive responses after activation. Although this
should be an expected outcome within the first few weeks of vacci-
nation, the up-regulation of some of these genes 365 days post-
vaccination was unexpected.

The fact that post-vaccinated T cells at the one-year time point
were distinct from the pre-vaccinated resting memory T cells was also
reflected in the flow cytometric data. The data show that a higher
percentage of gE-specific cells express the activationmarkers PD-1 and
ICOS one year post-vaccination. Up-regulation of PD-1 expression in
antigen-specific CD4+ T cell memory populations has been described
in previous publications in relation to memory T cells in reaction to
influenza viruses75, Hepatitis B & C76 and herpesvirus infections77.
Theseprior studies’findings of up-regulatedPD-1 expression alignwith
our results, suggesting that antigen-specific CD4+ T cells play an
important role in providing long lasting protection against viral
infections. Monocle analyses also show that pre-vaccinated T cells and
T cells one year post-vaccination were distinct.

ZEB2 and CTLA4 are two genes in the top 5 up-regulated DE
genes for all DE comparisons between the post-vaccination time
points and day 0, including the day 365 vs day 0 comparison.
CTLA-4 is a negative co-stimulation molecule which transmits a
negative signal upon its interaction with its ligand B71/B72. Up-
regulation of this marker aligns with our general observation of
up-regulation of genes related to negative signaling. Zeb2 is an
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E-box binding transcription factor31. Previous studies showed that
Zeb2 was up-regulated in CD8+ T cells upon repeated re-
stimulation78 and Zeb2 expression in CD8+ T cells leads to term-
inal differentiation32,79. In the current study, 19% and 66% of VZV
gE-specific CD4+ T cells expressed Zeb2 at days 0 and 365,
respectively. We also observed that 60% of CCR7+ T cells (a
marker for TCM) expressed Zeb2, and 57% of Zeb2+ T cells
expressed CCR7, all at the transcript level. A study of CD4+ T cells
responding to SARS-CoV-2 in patients early in the COVID19 pan-
demic also found CD4+ T cell subsets that were enriched for CCR7
and ZEB2 following exposure to the virus80. Although it is possible
that these CCR7+Zeb2+ T cells will differentiate into terminal
CCR7−Zeb2+ Teffs, the possibility that Zeb2+CD4+ T cells could
turn off the expression of Zeb2 and become CCR7+Zeb2− TCM

(during their life span) upon further homeostatic division cannot
be ruled out.

Both flow and transcriptomic data in the current study also show
that a large percentage of pre-vaccination quiescent gE-specific T cells
have CCR7Lo TTM/TEM-like phenotype, while T cells at day 60 post-
vaccination have a CCR7Hi TCM-like phenotype. This finding highlights
theplasticity of theTCMandTTM/TEM subsets and the roleof gE-specific
TTM cells in maintaining long-term memory.

The distinct T cell transcriptomics among memory cells of iden-
tical clonotypeone year apart implies that theremayalso be epigenetic
changes within these cells after vaccination. We speculate secondary
vaccination and vaccine boosters not only increase the number of
specific T cells but also likely change the transcriptomic landscape of
these cells, leading them to respond differently compared to long-
resting, quiescent memory T cells. These results also suggest that the
time intervals between vaccinations will influence the T cell responses
to the later dose.

There are limitations to this study. The tetramer activation
assay with a 5 hrs stimulation may not detect low avidity antigen-
specific T cells and may be less effective at detecting antigen-
specific naïve T cells. The low number of T cells as detected by
tetramer activation and assayed in this study can also lead to
sampling error and our ability to examine the TCR of VZV naïve
T cells. The lack of deep TCR sequencing data of total PBMCs
precluded us from examining our data with a metric to evaluate
repertoire coverage. It is also important to note that 6 out of 7 of
the participants in this study were female. Therefore, if there are
differences between the sexes in the immune response to RZV,
the results reported in this study will be skewed due to this
imbalance in the participants.

RZV, which contains MPL/QS adjuvant, has proven to be a
highly effective vaccine. The robust CD4+ T cell responses elicited
by the RZV are likely one of the major factors in its high efficacy.
As more recombinant vaccines with very similar adjuvants are
being used, further studies of antigen-specific CD4+ T cell
responses to these vaccines, including transcriptomic and epi-
genetic changes in T cells, will be helpful in understanding the
roles of CD4+ T cells in providing long lasting protective
responses and T cell differentiation in general.

Material and Methods
Human participants
Healthy individuals with specific HLA class II haplotypes of interest
were recruited at Benaroya Research Institute at Virginia Mason under
a study approved by the Benaroya Research Institute Institutional
Review Board (IRB Protocol 07109-563). All participants provided a
written informed consent prior to study participation, in accordance
with the Declaration of Helsinki and the IRB-approved protocols. A
total of 15 participants with HLA-DRB1*01:01, DRB1*04:01, DRB1*04:04
or DRB1*07:01 were recruited. Eight individuals were recruited for
epitope mapping studies, and an additional seven were recruited for

the longitudinal study. All seven longitudinal study participants were
between 53 and 67 years of age with known history of varicella-zoster
in their childhood (Table S1).

Tetramer guided epitope mapping
Tetramer-guided epitopemapping (TGEM)19wasperformed to identify
MHCclass II-restrictedpeptide epitopes for glycoprotein E (gE) of VZV.
For these experiments, a total of 68 peptides (20 amino acids in length
with a 12 amino acid overlap) spanning the entire length of the VZV
ORF68 encoding glycoprotein E were synthesized (Mimotopes, Mul-
grave, Australia). Peptides were divided up into pools of 5 peptides
each. Each pool of peptides at a final concentration of 2μg/ml for each
individual peptide was used to stimulate 4–5 × 106 PBMCs in a well of a
24-well plate. IL-2 at a final concentration of 10 U/ml was added every
other day starting at day 5. Cells were cultured for 14 days before
staining with pooled tetramers and then with individual tetramers19.
Tetramers were generated by loading pooled peptides or individual
peptides (4mg/ml) onto the specified biotinylated HLA class II pro-
teins (0.5mg/ml) by incubation for 48 h at 37 °C in 100mM sodium
phosphate pH 6.0 and 0.2% n-Octyl-Beta-D-Glucopyranoside and then
conjugated with streptavidin-phycoerythin (PE) at amolar ration of 8:1
(monomer:streptavidin-PE) to generate tetramers21,81. All four different
biotinylated DR monomers were produced by the Benaroya Research
Institute Tetramer Core.

Tetramer activation assay
Peripheral blood mononuclear cells (PBMCs) were isolated from 50 to
120ml whole blood samples by Ficoll gradient method. Autologous
plasmawas also saved tomake T cell medium (TCM; consisting of RPMI
with 10% autologous human plasma and 1% sodium pyruvate, gluta-
mine, and penicillin/streptomycin; Invitrogen) for each blood donor.
Ten to 15 million PBMCs in 2ml of TCM were plated into each well of a
12-well plate and were activated with peptide-MHC-II tetramers (5 µg/
ml) in the presence of anti-CD40 (clone HB-14,Miltenyi Biotec) at 37 °C,
5% CO2 in a humidified incubator for 5 h. Specific tetramers conjugated
toeither PE-Cy7or PEDazzle 594wereusedaccording to theHLAclass II
haplotype of the individual. Cells were washed and then stained with
anti-CD154-PE (clone 5C8, Miltenyi Biotec). A 1/10th fraction of the cells
was saved for the purpose of calculating the total CD4+ T cells used, and
the rest of cellswereprocessedwith anti-PEMicroBeads andMScolumn
(Miltenyi Biotec) to magnetically enrich CD154−PE+/Tetramer-PE-Cy7+

and/or Tetramer-PE-Dazzle 594+ cells. The enriched cells were further
stained with other surface antibodies including anti-CD45RA–AF700
(clone HI100), anti-CD4–BUV737 (clone SK3, BD Biosciences), anti-
CXCR5–allophycocyanin (APC)–Cy7 (clone J252D4), anti-CCR4–PerCP-
Cy5.5 (clone L291H4), anti-CXCR3–BUV395 (clone 1C6/CXCR3, BD
Biosciences), anti-CCR6–BV650 (clone G034E3), anti-CCR7–BV421
(clone G043H7), anti-CD38–APC (clone HB-7), anti-PD1–BV605 (clone
EH12.2H7), anti-ICOS–BV785 (clone C398.4 A) and a dump channel
consisting of anti-CD14–BV510 (clone M5E2), anti-CD19–BV510 (clone
SJ25C1), anti-CD56–BV510 (clone HCD56) and Fixable Viability Stain 510
(BD Biosciences). All anti-human antibodies mentioned above were
purchased from BioLegend, except as otherwise noted. The gating
strategy for identifying CD4+CD154+Tet+ VZV-specific CD4+ T cells is
shown in Fig. S1. Briefly, FSC, SSC, dump channel (consisting of anti-
CD14, anti-CD19, anti-CD56 antibodies and viability stain 510) and anti-
CD4 antibody were used to identify single CD4+ T cells. Tetramer
reagents and anti-CD154 antibodies were then used to identify
CD154+Tet+ cells. Gated CD154+Tet+ cells were analyzed separately for
expression of other surface markers. FACS Diva software was used
during sorting, and Flowjo 10.7.1 was used for data analysis. The fre-
quency of VZV gE-specific CD4+ T cells was calculated by using the
formula F = n/N, where n designates the number of CD154+Tetramer+

cells after enrichment and N is the total number of CD4+ T cells used in
the assay21.

Article https://doi.org/10.1038/s41467-025-57562-7

Nature Communications |         (2025) 16:2332 12

www.nature.com/naturecommunications


Single cell sorting and RNA sequencing
For all experiments in this longitudinal study, Rainbow calibration, 8
peaks beads (BD 559123) were used to achieve the same (+/−5%) MFI
value of the peak 7 in each channel of the BD FACSAria Fusion sorter.
Then CD4+CD154+Tetramer+ cells were index sorted at single-cell purity
directly into individual wells of a 96-well PCR plate with 5μl of reaction
buffer from the SMART-Seq v4 Ultra Low Input RNA Kit for Sequencing
(Takara). Index sorting was performed, allowing the phenotype of sur-
face staining to be traced and confirmed for each individual cell.
Reverse transcription was performed, followed by PCR amplification to
generate full-length amplified cDNA. Sequencing libraries were con-
structed using the NexteraXT DNA sample preparation kit (Illumina) to
generate Illumina-compatible barcoded libraries. Libraries were pooled
and quantified using a Qubit® Fluorometer (Life Technologies). Dual-
index, single-read sequencing of pooled libraries was carried out on a
HiSeq2500 sequencer (Illumina) with 58-base reads, using HiSeq v4
Cluster and SBS kits (Illumina) with a target depth of 1 million reads per
sample. Base calls were processed to FASTQs on BaseSpace (Illumina),
and a base call quality-trimming step was applied to remove low-
confidence base calls from the ends of reads. The FASTQs were aligned
to the humanGRCh38 release 91 reference genome, using STAR v.2.4.2a
and gene counts were generated using htseq-count (v0.4.1). Quality
control and metrics analysis were performed using the Picard family of
tools (v1.134). To identify TCR chains, the Trinity assembler was used to
generate contigs. TCR sequences were identified and annotated from
these contigs using MiXCR (v2.1.3). Cells with high-quality sequencing
were identified as having at least 500,000 reads, 70% read alignment,
and a median covariance of coverage of 1.

Differential gene expression analysis
To analyze differential gene expression between persistent clones at
different time points, persistent clones were defined as cells with TCR
alpha and beta full nucleotide sequence pairs that were detected within
the same donor at both the baseline time point and a subsequent time
point. Differential gene expression in these persistent clones between
the baseline and subsequent time points was computed separately for
each subsequent time point, using a MAST82 model with formula
“expression ~ cdr+clonotype+visit”, where cdr is the “cellular detection
rate”, or thenumberof genesdetected in eachcell. Geneexpressionwas
normalized from raw counts using the deconvolution method in the R
package scran83 on genes expressed in at least 5% of cells.

To find differential expression between clusters, cells were
“pseudobulked” into groups according to cluster and sample84. Gene
expression in the groups of cells was defined as TMM normalized
(using the EdgeR package)85 summed counts across all cells within
each group. Differential expression between clusters was computed
from a LIMMA86 model with the formula expression ~ 0+cluster+tet-
DonorID, where tetDonorID indicates the tetramer and donor of the
sample. Genes differentially expressed between each cluster N and the
rest were computed using the contrast cluster N – mean (other
clusters).

For gene set enrichment analysis on all cells rather than just the
persistent clonotypes, pseudobulk differential expression analysis was
similarly performed between clusters using LIMMA86, where each
pseudobulk sample consisted of the TMM-normalized sumof the gene
counts of all cells in a particular cluster from each sample. Compar-
isons were performed for each cluster vs the rest of the clusters. The
roast() function within the LIMMA was then used on the 50 Hallmark
gene sets55 to identify enriched gene sets for each cluster comparison.

T cell transcriptome dimension reduction, clustering and tra-
jectory analysis
To evaluate the T cell transcriptome results, Monocle356 was selected
to perform normalization, batch correction, UMAP presentation87,
clustering88 and trajectory analysis89. Tetramer-positive T cell RNA

transcripts were pre-processed using 25 dimensions of PCA informa-
tion and log normalization. The resulting transcript data was then
batch corrected using donor/tetramer groupings and the Median CV
of transcript coverage to control for sample quality. Cells were clus-
tered using the “Leiden” algorithm88 with a resolution of 2.3e-3.

T cell receptor sequence similarity and clustering analysis
To evaluate the structure of the tetramer-identified T cell repertoires,
paired sequences were clustered into sequence-similar groups using
the TCR sequence clustering algorithm TCRdist22,90. A distance limit of
24 was used, a highly stringent limit which would allow up to
8 synonymous amino acid exchanges or 2 chemically dissimilar amino
acid exchanges (including deletions or insertions) in the TRA and TRB
CDR3 regions. Sequences were then clustered into efficient sequence-
similar groupings (numbered clusters) using the Louvain communities
package in Networkx91. For the purposes of TCR clustering, only
sequence pairs with a single TRB chain and either one or two TRA
chains were considered. In the instances of a TRB paired with two TRA
sequences, two unique TRA/TRB pairs were generated from the TRB
with each TRA to account for each potential expression pair.

TCR diversity analysis
Diversity analysis of the TCR clonotypes was performed using the
diversity function by the vegan R package, using the provided “shan-
non” diversity index option. Visit data was randomly down-sampled as
necessary toprovide the samenumber of libraries at thebeginning and
ending visit for each donor and tetramer combination.

Statistics and reproducibility
Statistical tests in clonotype analysis were performed using the R
programming language. The stats R package provided the Wilcoxon
rank-sum test. Differential gene expression analysis was performed
either at the single-cell level using the MAST R package or using
pseudo-bulked cells aggregated according to various experimental
variables (time point, cluster, clonal expansion) using the LIMMA R
package, as noted in the figure legends. A Benjamini-Hochberg FDR-
adjusted p-value of less than 0.05 was used to define differential gene
expressionunlessotherwise noted infigure legends. Pearson’s product
moment correlation coefficient tests were performed to assess cor-
relations of clonotype frequencies at different time points in R.

No statistical methodwas used to determine sample size. No data
were excluded from the analysis. The investigatorswere not blinded to
allocation during experiments and outcome assessments.

Inclusion and ethics statement
This research is committed to inclusivity and actively recruited parti-
cipants from diverse backgrounds to ensure the findings are repre-
sentative of the broader population.

Benaroya Research Institute and University ofWashington pursue
excellence and high standards of performance, professionalism and
ethical conduct. Both organizations strictly prohibit any form of dis-
crimination against individuals on the basis of gender, race, age, reli-
gion, sexual orientation, veteran status or disability status.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
Source data are provided with this paper. All RNA-seq data has been
submitted to GEO, and the series has been assigned the accession
number GSE249632. The code used for TCR clustering analysis, com-
parison to Laing et al.7, and to generate TCR clustering figures is
available at https://github.com/esford3/wen_2024. Source data are
provided with this paper.
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