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In brief

Boeren et al. demonstrate that
susceptibility for shingles, caused by
varicella-zoster virus (VZV) reactivation,
correlates with reduced T cell receptor
(TCR) diversity against several VZV
proteins. Their results indicate that
reduced T cell activation correlates with
reduced affinity between VZV proteins
and the VZV-specific TCR repertoire in
shingles patients.
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Is associated with herpes zoster through reduced
downstream T cell activation
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SUMMARY

The role of T cell receptor (TCR) diversity in infectious disease susceptibility is not well understood. We use a
systems immunology approach on three cohorts of herpes zoster (HZ) patients and controls to investigate
whether TCR diversity against varicella-zoster virus (VZV) influences the risk of HZ. We show that CD4* T cell
TCR diversity against VZV glycoprotein E (gE) and immediate early 63 protein (IE63) after 1-week culture is
more restricted in HZ patients. Single-cell RNA and TCR sequencing of VZV-specific T cells shows that T cell
activation pathways are significantly decreased after stimulation with VZV peptides in convalescent HZ pa-
tients. TCR clustering indicates that TCRs from HZ patients co-cluster more often together than TCRs from con-
trols. Collectively, our results suggest that not only lower VZV-specific TCR diversity but also reduced functional
TCR affinity for VZV-specific proteins in HZ patients leads to lower T cell activation and consequently affects the
susceptibility for viral reactivation.
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INTRODUCTION

Adaptive immunity forms our second line of defense and is, un-
like innate immunity, defined by its specificity toward molecular
structures on pathogens, i.e., antigens (mainly peptides)." Path-
ogen-derived antigens can be presented by cells on major
histocompatibility complex class | (MHC 1) molecules for recog-
nition by T cell receptors (TCRs) on CD8" T cells that are
capable of targeting the infected cell and use cytotoxic and/or
cytolytic methods to combat the pathogen.'* Conversely, anti-
gen-presenting cells (APCs) can present peptides on MHC Il
molecules for recognition by TCRs on CD4* T cells."? CD4*
T cells’ main role consists of assisting in the generation of anti-
bodies and CD8* T cells. Importantly, MHC | and Il molecules
are encoded by the respective classical human leukocyte anti-
gen (HLA) genes -A, -B, -C, -DR, -DP, and -DQ.® After the devel-
opment of T cells in an individual’s thymus, the TCR repertoire
will reflect the individual’s MHC genetic constitution. The TCR
variable domain CDR3 (complementarity determining region
3) is responsible for the recognition of the antigen-MHC com-
plex, leading to the initiation of a CD4* or CD8" T cell response.
Thus, importantly, depending on an individual’s HLA genetic
constitution, each individual will recognize a different set of
peptides (or with different affinities), thereby adding to the fac-
tors that could render individuals susceptible to infections when
these individuals are lacking pathogen-specific TCRs in their
repertoire as indicated by HLA association studies. Further-
more, viral reactivations have also been noted to be associated
with certain HLA alleles.”

A primary infection with varicella-zoster virus (VZV) causes
chickenpox (varicella). After initial infection, VZV remains
dormant in neural ganglia until it is reactivated, causing a condi-
tion called herpes zoster (HZ, shingles), which typically presents
as a painful dermatomal rash. It is already well known that immu-
nosenescence is associated with the development of HZ.°
Indeed, HZ incidence increases with aging concurrent with a
decline in VZV cell-mediated immunity (CMI).>” However, HZ
does not only occur in the elderly® but also frequently in immuno-
compromised patients® and healthy individuals.®'°

In Japanese patients, a meta-analysis showed that HLA-A*02
and HLA-B*40 were protective, whereas HLA-A*33 and HLA-
B*44 were risk serotypes for a specific HZ complication, post-
herpetic neuralgia (PHN)."" In addition, these risk factors were
computationally associated with a lower affinity of VZV peptides
for MHC | molecules, meaning that a higher risk for PHN was
associated with lower binding affinities.!' Importantly, it was
suggested that PHN susceptibility was likely not caused by a
lack of T cell response against one specific VZV antigen but
by the aggregate inefficiency of VZV-specific T cell re-
sponses.'" A Belgian pilot study including 50 individuals with
a history of HZ and a control population of 25,000, showed
that HLA-A*11 was associated with protection against HZ,
whereas HLA-B*37 was a risk allele for the development of
HZ."? Interestingly, computational models indicated that
younger HZ patients had HLA variants with a lower affinity for
VZV IE62, one of the proteins assumed to be of importance dur-
ing VZV reactivation.'® Finally, a recent genome-wide associa-
tion study (GWAS) on more than 2,700 HZ cases and 130,000
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controls showed HLA-A*01:01, HLA-B*07:02, HLA-B*40:01,
and HLA-C*07:02 to be HZ risk alleles, whereas HLA-A*02:01,
HLA-DRB1*11:01, HLA-DRB3*02:02, and HLA-DQB1*03:01
were noted to be HZ protective alleles.’” Noteworthy, in a small
cohort (n = 7), BK virus (BKV) clearance time after BKV reactiva-
tion in renal transplant patients was noted to be inversely corre-
lated with BKV-specific TCR diversity.'®

Given (1) that an HZ vaccination trial showed that VZV CMI
prior to HZ is lower compared to VZV CMI in controls, thereby
suggesting that VZV CMl is the main factor controlling symptom-
atic VZV reactivation,'® and (2) the mentioned HLA VZV modeling
data,’’™"® we hypothesized that restricted TCR diversity might
be a risk factor for the development of HZ.

RESULTS

Mass cytometry shows no differences in mononuclear
cell types and differentiation subsets between HZ
patients and controls

First, we determined whether general differences in peripheral
blood mononuclear cell (PBMC) composition were associated
with the development of HZ by phenotyping unstimulated
PBMCs using mass cytometry (CyTOF). PBMCs were obtained
from 23 HZ patients 1 year after the HZ episode, and from 23
age- and gender-matched controls around the 1-year time point
(cohort 1). Additionally, eight HZ patients donated PBMCs during
the active HZ episode. The identified populations consisted of
monocytes, natural killer (NK) cells, dendritic cells (DCs), B cells,
naive CD4* and CD8" T cells, central memory (CM) CD4* and
CD8"* T cells, effector memory (EM) CD4* and CD8"* T cells,
and terminally differentiated effector memory (TEMRA) CD4*
and CD8" T cells. Less abundant cell types were not detected
in this assay due to the relatively low cell count. Importantly,
we found no differences in the percentages of any of the afore-
mentioned cell populations between HZ patients 1 year after
the HZ episode and their matched controls (Figure S1). Likewise,
no differences were found when comparing the percentage of
these cell types during HZ and 1 year later (Figure S1).

HZ patients show increased VZV-specific antibody titers
at least up to 1 year after the HZ episode compared to
controls

Next, we compared VZV-specific antibody titers of HZ pa-
tients and controls during the acute episode (HZ), 1 year later
(HZ1y), and controls (CO). As expected, VZV antibody titers
were significantly higher in HZ patients during the HZ episode
than in controls (Figure S2A). 1 year after the HZ episode, VZV
antibody titers had significantly dropped but were still signifi-
cantly higher compared to controls (Figure S2A). Furthermore,
it was previously shown that cytomegalovirus (CMV) seropos-
itivity was associated with HZ."”'® However, using a contin-
gency table approach (Fisher’s exact test) on the CMV seros-
tatus of HZ patients and controls, we could not confirm this in
the smaller cohort in this study (odds ratio = 1.65 with 95%
confidence interval [0.62; 4.43]) (Figure S2B). In addition, we
compared VZV antibody levels in each group (i.e., HZ, HZ1y,
and CO) between CMV-negative and CMV-positive partici-
pants and did not find a significant difference (Figure S2C).
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Frequencies of VZV-specific CD4* or CD8* T cells do not
differ between HZ patients and controls

Given that previous studies suggested that VZV-specific CMI
was lower in HZ patients, we specifically assessed the dy-
namics of VZV-specific CD4* and CD8" T cells in HZ patients
and controls. To achieve this, the percentage of VZV-specific
CD4* and CD8* T cells from 12 HZ patients was determined
at active HZ (cohort 2) and consecutive time points after active
disease and compared to 11 controls (without known re-expo-
sure to VZV in the last year and without a history of HZ). Using
intracellular cytokine staining, we found no difference regarding
the percentage of IFN-gamma-producing CD4* or CD8" T cells
against peptide pools VZV |E62, IE63, or gE, between the
different time points for HZ patients (during HZ [T0] and
3 [T3], 6 [T6], 15 [T15], or 30 [T30] weeks after HZ) or between
controls (CO) and any of the time points during HZ (TO) or after
HZ (T3, T5, T15, and T30) (Figure S3). Likewise, no significant
differences were observed in the percentage of IL-2 producing
CD4* or CD8" T cells against any of the VZV peptides between
any of the groups (Figure S4). Given the use of “only” two cy-
tokines and the use of “only” three VZV proteins, we also
compared, after stimulating PBMCs with either VZV lysate or
VZV IE63, activation-induced marker (CD137*CD69* for CD8*
T cells; CD154*0OX40* for CD4* T cells) T cell frequencies be-
tween (1) HZ patients and controls at corresponding time
points and (2) different time points from either HZ patients or
controls. PBMCs were obtained from remaining cohort 1 and
cohort 2 vials. As shown in Figure S5, no statistically significant
differences were found between any of the conditions. Interest-
ingly, when comparing T cell phenotype (CCR7 CD45RA’,
CCR7 CD45RA", CCR7*'CD45RA°, CCR7*CD45RA") and
senescence/exhaustion markers (univariate Fas, TIGIT, CD27,
CD28, LAG3) frequencies within activation-induced markers
(AIM)-positive T cells between (1) HZ patients and controls at
corresponding time points and (2) different time points from
either HZ patients or controls, we only found differences
regarding VZV lysate specific CD8" T cells and the percentages
of CCR7"CD45RA* T cells when comparing controls at base-
line, controls after 1 year, HZ patients at baseline, and HZ pa-
tients after 1 year. Given the multitude of comparisons per-
formed and the relatively low number of participants, we may
consider these results to be rather an artifact.

From another cohort (cohort 3) approach, we also obtained
single-time-point PBMCs from 10 individuals prior to their
HZ onset (—23 days, —74 days, —153 days, —164 days, —226
days, —314 days, —341 days, —371 days, —465 days, —547
days) and 20 age- and gender-matched controls (thus without
any previous or to be developed HZ). We stimulated their
PBMCs with VZV lysate and VZV IE63 overnight and performed
AIM quantification. Our results didn’t show a significant differ-
ence between CO and pre-HZ participants regarding CD4*
T cell nor CD8" T cell frequencies (see Figure S6). Like for
cohorts 1 and 2, we looked again at T cell phenotypes and
only noted IE63-specific CD4* T cells to have higher CCR7"
CD45RA* T cell frequencies in controls vs. pre-HZ patients.

Thus, in contrast to other studies, our study did not support the
hypothesis that a lower total T cell count against VZV might be a
key susceptibility factor for the development of HZ.
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Total TCRp count of VZV IE62, VZV IE63, and VZV gE
specific CD4* or CD8* T cells also does not differ
between HZ patients and controls

Given our hypothesis-revoking results, we challenged our own
findings via an independent second assay where alternatively
T cell activation was investigated through stimulation of
PBMCs with VZV peptide pools (and a control influenza peptide
pool), during a 1-week culture, after which sorting using CD71
and CD98 activation markers was performed, followed by
TCRB sequencing. PBMCs used in this assay were obtained
from 23 HZ patients 1 year after the HZ episode and from 23
age- and gender-matched controls around the 1-year time point
(cohort 1). Additionally, eight HZ patients donated PBMCs during
the active HZ episode. We noted that the total TCRB count of
CD4* and CD8" T cells against VZV peptides gE, IE62, or IE63
was not significantly lower during the HZ episode (HZ) than 1
year after the HZ episode (HZ1y) and compared to controls
(CO) and did not differ between HZ1y and CO (Figure 1). These
data are in concordance with the data of the first method in which
IFN-y production was assessed, showing no difference in the
percentage of CD4" and CD8* T cells against VZV IE62, IE63,
and gE between any of the groups. Thus, based on the data of
these two independent and complementary methods, the total
number of CD4" or CD8* T cells against selected specific VZV
peptides was not associated with HZ. Noteworthy, stimulation
with VZV lysate showed a significant difference between HZ
and CO and between HZ and HZ1y in the CD4* T cell TCR count,
thereby potentially indicating a higher CD4* T cell proliferative
capacity for controls when stimulated by VZV lysate in compar-
ison with HZ patients during HZ (Figure 1). We note that we can’t
exclude the potential presence of allo-antigens in the lysate, af-
ter the 1-week culture, which might have influenced this resullt.
Furthermore, we also found a significantly lower CD4* T cell
TCR count against the influenza-neuraminidase peptide (INFA-
NA), which was included as a control for VZV specificity, during
HZ compared to 1 year after the HZ episode (Figure 1).

HZ patients have a less diverse CD4* TCR repertoire
against VZV gE and VZV IE63 peptide pools than controls
after 1-week culture

Given that the total number of VZV peptide-pool-specific CD4*
and CD8" T cells did not differ significantly between HZ patients
and controls, we next questioned whether the diversity of the
TCR repertoire could be a predictive factor for the development
of HZ. Hereto, the Shannon’s entropy (H) index, which takes into
account the prevalence of each CDR3, was calculated for each
sample of each group. The breadth type, reflecting the number
of unique CDR3s per sample without taking into account its prev-
alence, was also determined (Figure S7), but this didn’t show
significant results. Since theoretically the TCR repertoire can
be transiently upregulated during an HZ episode,'® PBMCs
from 23 convalescent HZ patients were primarily collected 1
year after the HZ episode (HZ1y) and around the same time point
for 22 controls (CO). Additionally, PBMC from eight HZ patients
were taken during the acute HZ episode. When considering the
entire cohort, we found that the entropy index of CD4* T cell
TCRs against VZV gE (p = 0.019) and VZV IE63 (p = 0.038) was
statistically significantly lower in convalescent HZ patients
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Figure 1. Total number of TCRs against VZV gE, VZV IE62, VZV IE63, VZV lysate, and a control peptide (INFA-NA)

The total number of sequenced CD4* and CD8* T cell TCRs against VZV |IE62, VZV IE63, VZV gE, INA-NA (control peptide mix), and VZV lysate are shown, using
median and interquartile range, in controls (CO: left boxplots) and in HZ patients during the active HZ episode (HZ: middle boxplots) and 1 year after HZ onset
(HZ1y: right boxplots). The number of samples per group are 22 (CO), 8 (HZ), and 23 (HZ1y). Mann-Whitney U test with Bonferroni correction was used to calculate

p values (shown on the graphs) between the groups.

(HZ1y) than controls (CO), indicating that HZ patients have a less
diverse CD4"* T cell TCR repertoire against VZV gE and IE63 pep-
tides after 1-week culture (Figure 2A). Of note, the entropy index
of CD4* T cell TCRs against VZV gE during the active HZ episode
(p = 0.0034) was also significantly lower compared to controls
(Figure 2A). Furthermore, in the subcohort aged 50 years or
younger, the entropy index of CD4" T cell TCRs against VZV
IE63 again was significantly lower (p = 0.0056) in HZ patients
(HZ1y) than controls (CO), and the difference was even more pro-
nounced than in the total cohort (Figure 2B). In contrast, in this
subcohort, the entropy index of CD4* TCRs against VZV gE is
only lower with a tendency for significance (p = 0.051) in HZ pa-
tients (HZ1y) compared with controls (CO) (Figure 2B). Lastly and
unexpectedly, we found no significant differences in the diversity
of the CD8" T cell TCR repertoire against any of the VZV peptides
tested or the VZV lysate.

Ex vivo T cell dynamics show a decrease in VZV-
associated TCR breadth following HZ

To further explore the T cell dynamics following HZ, we co-
analyzed longitudinal TCRp data from HZ patients from cohort
2 and controls from a previous study.?® In brief, unstimulated
CD8* T cells from six HLA-A02:01" individuals received TCR
sequencing at different time points. Three individuals were
sampled following HZ diagnosis, and three individuals were
sampled following re-exposure to chickenpox (“EG” individ-
uals). We deployed two independent strategies to track VZV-
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specific clonotypes across time points and to visualize the
T cell dynamics. Firstly, the overlap was calculated between
the longitudinal TCRP data and the aforementioned CD8* VZV
peptide-pool-specific TCRB data (from cohort 1). We used the
ClusTCR clustering tool to identify groups of similar sequences
in the TCRP data.”’ Secondly, two VZV epitope-specific TCRex
annotation models, namely for HLA-A*02:01-1E62 (ALSQYHVYYV)
and HLA-A*02:01-ORF18 (ILIEGIFFV), were applied to the longi-
tudinal TCRp data. Both the overlap-based analysis and the IE62
model-based analysis indicated the same pattern of a decrease
in VZV-associated TCR breadth following HZ and an increase in
VZV-associated TCR breadth following secondary exposure
(Figure S8). This pattern was not observed with the overlap
with INFA CD8* TCRp data (Figure S9) nor with the ORF18
TCRex model prediction (Figure S10). Notably, independent of
the increase, the EG samples end with a higher VZV-associated
breadth than the HZ samples.

T cells from convalescent HZ patients become less
activated than those from controls after stimulation with
VZV peptide pools

Besides VZV-specific TCR diversity, other VZV-specific T cell
characteristics such as phenotype distribution, activation
and expansion, and gene expression profile could also
contribute to host susceptibility for HZ. To understand this bet-
ter, single-cell sequencing (combining gene expression and
TCR sequencing) was performed on T cells from nine HZ
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Figure 2. Diversity of the TCR repertoire in HZ patients and controls
(A) TCR entropy in the total cohort for CD4* and CD8* T cell TCRs against VZV IE62, VZV IE63, VZV gE, INFA-NA (control peptide mix), and VZV lysate are shown,
using median and interquartile range, in controls (CO: left box pots) and in HZ patients during the active HZ episode (HZ: middle boxplots) and 1 year after HZ
onset (HZ1y: right boxplots). The number of samples per group are 22 (CO), 8 (HZ), and 23 (HZ1y). Mann-Whitney U test with Bonferroni correction was used to
calculate p values (shown on the graphs) between the groups.

(legend continued on next page)
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patients 1 year after HZ and nine matched controls, after 16 h
stimulation with VZV IE63 or VZV gE (Figure 3). First, we noted
that the distribution of T cell phenotypes against each VZV pep-
tide pool did not differ significantly between HZ patients and
controls (Figures 3C, 3D, S11, and S12). Figure S13 (Figure S14
excluding CO15_1Y) shows the TCR counts per T cell pheno-
type (aggregated over VZV proteins), illustrating that most
TCRs have little to no expansion in HZ patients and controls.
In the largely expanded TCR regions, the presence of CD8"
mucosal-associated T (MAIT) cells is noteworthy.

TCR breadth was determined for CD4* T cells and CD8*
T cells separately and together (Figure 4). After the short stimu-
lation (representing ex vivo frequencies) of T cells with VZV pep-
tides, no significant differences in TCR breadth against VZV gE
and |IE63, between HZ patients 1 year after the HZ episode
and controls, were found. Likely the fact that almost every TCR
is uniquely present in each (small) sample from each individual
hampers the power of our single-cell approach to confirm the
reduced TCR diversity in HZ patients that we found after our
1-week culture. This hypothesis is supported by our longitudinal
TCR mapping in HZ patients, which did show significant differ-
ences between HZ patients and re-exposed controls (see
Figure S8).

Finally, to compare T cell activation pathways between HZ pa-
tients and controls, differentially expressed genes (DEGs) be-
tween HZ patients and controls were determined for CD4*
T cells (Figure S15) and CD8" T cells (Figure 5). Interferon
(IFN)-stimulated genes (ISGs) like IFI16, IFI35, IFI44, IF144L,
IFI6, IFIH1, IFIT1, IFIT2, IFIT3, ISG15, ISG20, Mx1, Mx2, OAS1,
OAS2, OASS, and OASL were all significantly downregulated in
HZ patients compared to controls in CD4* T cells against VZV
gE (Figure S15A) and VZV IE63 (Figure S15B) and in CD8*
T cells against VZV IE63 (Figure 5B). This corresponds with a
downregulation of the type | IFN response in CD4™" T cells against
VZV gE (Figure S15A) and VZV IE63 (Figure S15B) and in CD8*
T cells against VZV IE63 (Figure 5B) in HZ patients versus
controls. Furthermore, the IFNy response was also downregu-
lated in CD4* and CD8" T cells against VZV gE and IE63 from
HZ patients compared to controls.

Given that these results could still be compatible with an over-
all reduced T cell activation, and thus not VZV specific, we
divided the VZV-specific single cells into ‘“high-proliferation
TCRs” and “low-proliferation TCRs.” We did this by (1) redistrib-
uting the corresponding 1-week culture bulk TCR sequencing
data on an individual-specific level in an above the median group
and a below the median group regarding TCR abundance after
1-week culture (thereby reflecting proliferation capacity), (2)
mapping the single-cell TCRs on these corresponding bulk
TCR data per individual, and (3) comparing the DEGs between
the cells bearing “high-proliferation TCRs” and the cells bearing
“low-proliferation TCRs” (Figure 6). Using this approach, we
show that the “high-proliferation TCRs” have a more activated
gene expression profile than the “low-proliferation TCRs” of
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controls (Figure 6A), but that there is little difference between
the high- and low-proliferation TCRs of HZ_1y participants (Fig-
ure 6B). In addition, high-proliferation TCRs from convalescent
HZ patients showed less T cell activation pathway gene expres-
sion than the low-proliferation TCRs from controls (Figure S16).
These findings are consistent with the concept that T cell
proliferation and activation are significantly dominated by the
TCR-epitope-MHC interaction. Our data are thus indicative of
reduced interaction between HZ patients’ TCRs and VZV epi-
topes leading to reduced T cell activation in HZ patients
compared to controls.

CD4"* TCR clustering shows increased participation of
HZ TCRs in clustering and (pre-)HZ TCR co-clustering
Clustering of the V gene and CDR3 amino acid sequence was
performed for VZV IE63 and VZV gE CD4* TCR repertoires
from controls and convalescent HZ participants from cohort 1
individually using the ClusTCR algorithm.?" Initially, participant
CO15 was excluded from this analysis to reduce the effect on
the clustering results. Next, we counted the number of TCRs
originating from HZ and CO in each individual cluster. Binomial
test (probability of success = 50%, corresponds to equal propor-
tion of HZ/CO in the data) for every cluster to evaluate potential
overrepresentation of HZ-originating TCRs, followed by multiple
testing correction (Benjamini-Hochberg method), revealed no
significant clusters for either VZV IE63 or VZV gE, thereby indi-
cating the lack of overrepresentation of HZ or CO in certain
TCR clusters.

In an alternative approach, we (1) clustered all TCRa and TCRf3
sequences (for cohort 1 and cohort 3 separately), (2) calculated
HZ/CO enrichment per cluster using a hypergeometric distribu-
tion, (3) selected the clusters with p value <0.05, (4) summed per
individual the number of unique TCRs that participate in a “cor-
responding group specific” enriched cluster, and (5) compared
HZ vs. CO using Mann-Whitney U test. For cohort 1, we did
this for each individual VZV peptide (and CD4" and CD8" sepa-
rately); see Figure S17. With this analysis, we aimed to show
increased participation of TCRs in clustering for HZ or CO. Inter-
estingly, this further confirmed that for VZV IE63 specific CD8*
TCRs, VZV IE62 specific CD4* TCRs, and VZV gE specific
CD4* TCRs, convalescent HZ patients showed significantly
more participation in HZ-enriched TCR clusters than controls.
The reverse was shown for VZV gE specific CD8" TCRs.
Regarding the VZV lysate stimulation and CD4* T cells, conva-
lescent HZ patients showed more co-clustering than controls
(Figure S18). Next, we investigated CD4* T cells from pre-HZ
and control participants (cohort 3) in two experimental settings.
In setting 1, PBMCs from the 10 pre-HZ and 20 control partici-
pants were kept in the 1-week culture and VZV lysate specific
T cells were again sorted via CD71*CD98" gating. When TCR
sequencing was performed, we noted that pre-HZ CD4* TCRs
showed more co-clustering (Figure S19). These results suggest
that after 1-week culture, pre-HZ patients and convalescent

(B) TCR entropy in the cohort of participants aged 50 or younger for CD4* and CD8* T cell TCRs against VZV IE62, VZV IE63, VZV gE, INFA-NA (control peptide
mix), and VZV lysate are shown, using median and interquartile range, in controls (CO: left box pots) and in HZ patients during the active HZ episode (HZ: middle
boxplots) and 1 year after HZ onset (HZ1y: right boxplots). The number of samples per group are 13 (CO), 3 (HZ), and 13 (HZ1y). Mann-Whitney U test with
Bonferroni correction was used to calculate p values (shown on the graphs) between the groups.
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C) The distribution of phenotypes and their phenotypes across the HZ and control groups.
D) The distribution of cells and their phenotypes across the different VZV peptides. Results were obtained from nine HZ patients 1 year after the HZ episode
HZ_1Y) and nine age- and gender-matched controls (CO_1y). In Figure 3B, a cluster of hyperexpanded T cells, corresponding with the CD8* TEM cluster of

Figure 3A, can be detected. It should be noted that this hyperexpanded region can be mainly attributed to one control (CO15_1y, Figure S11). We hypothesize (but
cannot confirm) that this patient might have recently had a subclinical reactivation or unknown exogenous re-exposure to VZV.

HZ patients share more VZV epitopes recognized compared to
controls, which likely indicates that a distinct target-epitope
repertoire could be an HZ risk factor. In setting 2, PBMCs from
the pre-HZ and CO participants were stimulated overnight with
VZV lysate, and VZV lysate specific T cells were extracted via
fluorescence-activated cell sorting using activation-induced
markers (CD154*0OX40"CD4* T cells). Interestingly, when
considering pre-HZ vs. control ex vivo TCR co-clustering, con-
trols showed more co-clustering than pre-HZ patients. This
might indicate that at equilibrium (without VZV perturbations)
controls share more VZV proteome recognition capacity.
Collectively, given the above results and given that absolute
TCR counts didn’t differ, we hypothesize that (pre-)HZ patients
show a more restricted TCR repertoire after 1-week stimulation,
potentially due to fewer TCRs that are capable to elicit an
adequate proliferative response upon VZV lysate stimulation.
To look further into the above hypothesis, we assigned TCRs
to two different categories for proliferation (high/low) based on
their duplicate count in the 1-week culture experiments (cf.
supra). Briefly, we used median TCR read count to delineate
high-proliferating TCRs (> median) from low-proliferating
TCRs (< median). Binomial testing showed no significant

enrichment of high-proliferating clusters in either of the pep-
tide-stimulated datasets.

Additionally, we sought to identify the differences between
clustered and non-clustered T cell populations. We identified a
higher tendency to cluster for HZ-originating TCRs compared
to CO-originating TCRs. This effect was present in both VZV
IE63 (p = 0.0026, Fisher’s exact test) as well as VZV gE (p =
2.94e—15, Fisher's exact test). Additionally, we found that
high-proliferating TCRs had a significantly smaller tendency to
participate in clustering compared to the low-proliferating
TCRs in both VZV IE63 (p = 1.05-208, Fisher’s exact test) and
VZV gE (p = 1.83e—145, Fisher’s exact test). This leads us again
to hypothesize that the increased participation of HZ TCRs in
clustering is a hallmark for a decrease in response diversity (in
terms of different epitopes they recognize).

VZV lysate specific CD4* TCR clustering suggests that
pre-HZ TCRs target different epitopes than TCRs from
controls

Given that the previous TCR high/low clustering analysis investi-
gated the role of specific VZV proteins, we additionally looked
into TCR high/low clustering from a VZV-whole-lysate perspective
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Figure 4. Single-cell TCR breadth of VZV-specific T cells after short-term stimulation did not differ significantly between HZ patients and

controls

(A) Breadth type of all gE- and IE63-stimulated T cells across HZ patients and controls.

(B) Breadth type of gE- and IE63-stimulated CD4* T cells.

(C) Breadth type of gE- and IE63-stimulated CD8* T cells. Results were obtained from nine HZ patients 1 year after the HZ episode (HZ-1y) and nine age- and
gender-matched controls (CO). For each group, the median with interquartile range is shown. Mann-Whitney U test with Bonferroni correction was used to

calculate p values between the groups.

by performing TCR high/low clustering on TCR repertoire data ob-
tained from PBMGCs stimulated with VZV lysate. Given that previ-
ous results showed mainly a relevance for CD4* T cells, CD4"*
T cells were selected in further experiments.

First, we performed TCR clustering on the TCR data from VZV
lysate stimulated PBMCs, cultured during 1 week, from cohort 1,
and we applied the previously introduced high/low annotation.
Interestingly, we didn’'t find fewer unique high-proliferation
TCRs among convalescent HZ patients compared to controls
(p = 0.642, t test); see Figures S20 and S21. Noteworthy, when
adding all TCRs per group, HZ patients seem to have proportion-
ally more high-proliferation TCRs compared to controls (p =
1.326e—85, chi-squared test). Overall, these results can’t sup-
port the hypothesis that HZ patients would have a low-affinity
CD4" TCR repertoire against the entire VZV lysate. We can
only report the earlier found lower CD4" TCR affinity regarding
specific VZV proteins.

Next, we investigated the pre-HZ and control participants
(cohort 3). First, we noted the lack of difference in total TCR
count and TCR breadth between pre-HZ and CO participants
for the two settings (see Figure 7), although the total unique
TCR count tended to be higher in CO vs. pre-HZ participants
when looking at CD71*CD98™" data (p = 0.0556).

Next, using TCR clustering of overnight-stimulated T cells (by
combining high/low-proliferation TCR data from cohort 1 and
cohort 3 combined to increase power for the size-limited cohort
3), we noted that for low-proliferation TCRs, more unique TCRs
were observed in CO participants compared to pre-HZ partici-
pants (p = 0.039); see Figure S22. Interestingly, TCRs from
pre-HZ participants were proportionally found more among
the high-proliferation TCRs than low-proliferation TCRs (p =
0.0023); see Figure S23. However, we note that these findings
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could lead to biased conclusions if we don’t consider absolute
TCR counts. If we aggregate clone counts on the TCR level
and cluster clones from both CO and pre-HZ participants, we
can evaluate whether the high-proliferation clones (from cohort
1 and cohort 3) co-cluster more often in CO and pre-HZ partici-
pants. From this approach, we can observe that the clustered
low-proliferation TCRs originate proportionally less from CO
repertoires compared to pre-HZ repertoires (p = 2.306e—106,
Fisher’'s exact test).

Finally, if we look at clustering patterns of CO and pre-HZ
among CD154"0X40" TCRs, we can see that pre-HZ-originating
TCRs cluster more often (together) than CO TCRs (p =
6.877e—07, Mann-Whitney U, Figure S24). This latter finding
may suggest that pre-HZ TCRs target different epitopes than
TCRs from CO participants.

Our analyses seem to support the concept that although TCR
repertoires from (pre-)HZ patients were clearly defective against
specific VZV proteins (at least the ones tested in our study), the
overall TCR repertoire against the VZV lysate isn’t defective in HZ
patients compared to controls. Thus, we hypothesize that having
a robust CD4* TCR repertoire against VZV |E62, VZV IE63, and
gE might be more important in controlling VZV reactivation
than having a broad CD4* TCR repertoire against the entire
VZV lysate.

DISCUSSION

In this study, we show a link between the diversity and function of
a pathogen-specific T cell receptor (TCR) repertoire and the
host’s potential for controlling (in particular reactivation of) an in-
fectious disease in humans. Specifically, we showed that the
CD4* TCR diversity, after 1-week culture after stimulation,
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Figure 5. Pathway overrepresentation performed on the differentially expressed genes within the CD8" T cell compartment
(A) Differentially expressed genes between HZ patients and controls for the gE-stimulated CD8" T cells.
(B) Differentially expressed genes between HZ patients and controls for the IE63-stimulated CD8* T cells. Results were obtained from nine HZ patients 1 year after

the HZ episode and nine age- and gender-matched controls.

against VZV peptides gE and IE63 was smaller in convalescent
HZ patients than controls, thereby indicating that HZ patients
have a lower range of VZV gE and VZV IE63 peptides that can
be adequately “recognized” by T cells. In contrast to the live-
attenuated HZ vaccine Zostavax in which the efficacy declines
dramatically with age, the recombinant gE adjuvanted HZ vac-
cine Shingrix is over 90% effective in all age groups, including
age groups >70 years and >80 years.”>*® Noteworthy,
currently Shingrix is only indicated for people aged 50 years or
older and efficacy data in younger people is not available. Inter-
estingly, the success of the Shingrix vaccine is mainly attributed
to a strong CD4™ T cell response against VZV gE.***° This is fully
in agreement with our data reporting that a low CD4" T cell TCR
diversity against VZV gE could be a risk factor for the develop-
ment of HZ in all age groups. Traditionally, however, induction
of an adequate CD8" T cell response (rather than a CD4* T cell
response) was associated with protection from disease due to
viral infection and was the focus of vaccine development.’
Furthermore, recent computational enrichment analyses pre-
dicted that of the six VZV genes known to be transcribed during
VZV latency and important early in VZV reactivation, VZV |E4,
IE62, and IE63 were depleted of high-affinity peptides across
many HLA alleles coding for MHC I.""'® Unfortunately, in these
reports, depletion of high-affinity peptides against HLA alleles
related to MHC Il was not studied. Recently, in a large GWAS,
MHC Il HZ risk loci were published.'* Although we did not find
a convincing significant difference in CD8"* T cell TCR diversity
against the VZV peptides IE62 or IE63 (IE4 peptides were not
used in this study), we did find a smaller CD4* T cell TCR diver-
sity against VZV IE63 in all age groups. We note that subclinical
VZV reactivation was reported with reduced anti-VZV IE63 T cell
responses in patients with malignancies.® When looking at the
young subcohort of participants aged up to 50, the difference

in CD4* T cell TCR diversity against VZV |E63 was even more
pronounced, whereas differences in CD4" T cell TCR diversity
against gE were less pronounced. Moreover, we did not detect
major differences regarding VZV lysate specific CD4* TCRs be-
tween convalescent HZ patients and controls. Given that these
results could be biased by the fact that the HZ PBMCs were
obtained after HZ, we also sought and obtained PBMCs from in-
dividuals who developed HZ after PBMC isolation (+/— 1 to
18 months later). Interestingly, we didn’t note major differences
regarding different TCR metrics between participants prior to
HZ development (pre-HZ) and controls.

Besides TCR diversity, we also determined T cell counts
against VZV peptides on three cohorts using complementary
methods. First, for cohort 1, we didn’t detect differences be-
tween convalescent HZ and control participants in total number
of TCRs of VZV peptide nor VZV lysate specific CD4* or CD8"
T cells after 1-week culture. This lack of difference was further
confirmed by an ex vivo AIM-based flow cytometric approach
after VZV lysate and VZV IEB3 stimulation. Next, for cohort 2,
we analyzed the percentage of VZV-peptide-specific CD4*
and CD8™" T cells against VZV peptides IE62, IE63, and gE (after
stimulation) by intracellular cytokine staining, from HZ onset up
to 1 year after the HZ onset episode, and from control partici-
pants. This approach showed no significant differences in total
T cell percentages of VZV-specific CD4* or CD8* T cells
against VZV IE62, |EB3, or gE peptides between any of the
groups. We note that the Koelle lab recently noted a decline
in VZV-proteome-specific CD4* T cell responses from day 45
after HZ onset to day 90 after HZ onset, which we couldn’t
replicate.”” Potentially, their study was better powered to
detect significant differences. Finally, our cohort 3, consisting
of PBMCs obtained prior to the development of HZ, didn’t
show significant differences regarding VZV lysate nor VZV
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Figure 6. Pathway overrepresentation performed on the differentially expressed genes within the overlapping bulk- and single-cell TCRs
(A) Differentially expressed genes between high-proliferation and low-proliferation TCRs for the CO_1y participants.
(B) Differentially expressed genes between high-proliferation and low-proliferation TCRs for the HZ_1y participants. Results were obtained from nine HZ patients

1 year after the HZ episode and nine age- and gender-matched controls.

IE63 specific AIM-based T cell counts nor VZV lysate specific
total TCR counts. Thus, based on these data, the total number
of CD4* or CD8" T cells against VZV peptides and VZV lysate
was, in contrast to TCR diversity, not suggested to be a risk
factor for HZ. Surprisingly, we found a significantly lower total
TCR count of CD4"* T cells against the influenza-neuraminidase
peptide (which was included as a control for VZV specificity),
during the HZ episode compared to 1 year after the HZ
episode. Whether there could be a relationship between HZ
and a decline in circulating CD4* T cells against the influ-
enza-neuraminidase peptide needs further investigation.

In addition, by investigating CD4* TCR clustering, we could look
into the probability of HZ patients and controls sharing TCRs in
clusters, which could be a sign of a shared epitope recognition ca-
pacity. Interestingly, overall, our TCR clustering analyses showed
that TCRs from (pre-)HZ patients tend to co-cluster with TCRs
from other (pre-)HZ patients more often than TCRs from controls
with other controls. Together with the lack of differences between
HZ patients and controls regarding absolute TCR counts, we are
tempted to speculate that HZ is at least partially caused by a nar-
row VZV-specific TCR repertoire consisting of insufficient overlap
with the VZV-specific TCR repertoire from controls (and in partic-
ular related to the tested VZV proteins).

Broad phenotyping of unstimulated PBMCs revealed no gen-
eral differences in the percentage of monocytes, NK cells, DCs,
B cells, CD4* or CD8" naive, EM, CM, or TEMRA T cells, during
HZ and 1 year later, nor between samples taken 1 year after the
HZ episode and controls, thereby suggesting that the host sus-
ceptibility for HZ is likely not characterized by a broader immune
deficiency.
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Single-cell sequencing on T cells stimulated by VZV IE63 or
VZV gE (over 16 h) further confirmed the lack of overall differ-
ences in T cell phenotypes between HZ patients and controls.
Importantly, however, we did see that both type | and type Il
interferon-stimulated gene expression pathways (and other
T cell activation pathways) were significantly lower expressed
in HZ patients than controls. We hypothesize that this indicates
that not only ex vivo VZV-specific TCR diversity is lower in HZ pa-
tients, but likely the VZV-specific TCRs from HZ patients elicit a
lower activation upon stimulation by VZV peptide pools due to
lower functional TCR-peptide interaction. This hypothesis was
further supported by the finding that in controls, T cell clones
that proliferated more vigorously after a week-long culture
upon VZV stimulation had significantly more upregulated T cell
activation pathways after short-term VZV stimulation.

In conclusion, our findings showed an unanticipated reduced
CD4" T cell TCR repertoire diversity against VZV IE63 and gE,
which is of great interest for a better understanding of the under-
lying pathophysiology and the mode of action of protection eli-
cited by HZ vaccination. In addition, we showed that the existing
VZV-specific TCRs in HZ patients likely bared a too low func-
tional interaction with important VZV proteins, thereby eliciting
a low T cell activation.

Importantly, we showed a link between not only the diversity of
the TCRs but the functional interaction with the pathogen-
derived proteins too and the risk for the reactivation of an infec-
tious disease in humans. The same strategy could be applied
for other (acute, chronic, and latent) infectious diseases,
providing insights into virus pathophysiology and leads for vac-
cine development.
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Limitations of the study

Our study is, despite the significant results, limited by the sam-
ple size of each study group. Furthermore, we only included
peptide mixes against VZV gE, IE62, and IEB3 in this study,
while total TCR counts and TCR diversity against other VZV
peptides may also be of importance, which might be illustrated
by some results related to TCR diversity after stimulation with
the VZV lysate. In addition, our work did not include a thorough
analysis of the potential association of the TCR alpha chain with
the occurrence of HZ.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER
Antibodies

See Table S1

See Table S2

Biological samples

Peripheral blood mononuclear cells

Chemicals, peptides, and recombinant proteins

INFA-NA JPT C7FH14
VzZV gE JPT P09259
VZV IE62 JPT Q8AZM1
VZV IE63 JPT Q77NN7-1
VZV lysate Microbix EL-03-02
Critical commercial assays

Quick-RNA Microprep Kit Zymo Research R1050
QIAseq Immune Repertoire RNA Library Kit Qiagen 333705
Chromium Next GEM Single Cell 5’ Reagent 10x Genomics CG000330

Kits v2 (Dual Index)

Deposited data

Bulk TCR-seq data

https://doi.org/10.5281/zenodo.7445684

Oligonucleotides

See Table S3

See Table S4

TotalSeq™-C 0251 anti-human Hashtag 1
TotalSeq™-C 0252 anti-human Hashtag 2
TotalSeq™-C 0253 anti-human Hashtag 3
TotalSeq™-C 0254 anti-human Hashtag 4
TotalSeq™-C 0255 anti-human Hashtag 5
TotalSeq™-C 0256 anti-human Hashtag 6

BioLegend
BioLegend
BioLegend
BioLegend
BioLegend
BioLegend

394661
394663
394665
394667
394669
394671

Software and algorithms

FlowSOM
FlowJo
MiXCR
TCRex
ClusTCR
CellRanger

Python
R

Ghent University

BD Biosciences
MilLaboratories Inc
University of Antwerp
University of Antwerp
10x Genomics

Python Software Foundation

R Foundation

https://doi.org/10.1038/s41596-021-00550-0
flowjo.com
https://doi.org/10.1038/nmeth.3364mixcr.com
https://doi.org/10.3389/fimmu.2019.02820
https://doi.org/10.1093/bioinformatics/btab446

10xgenomics.com/support/software/
cell-ranger/latest

python.org
r-project.org

RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Benson
Ogunjimi (benson.ogunjimi@uantwerpen.be).

Materials availability
This study did not generate new unique reagents.
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Data and code availability
o Bulk TCR-seq data have been deposited at Zenodo and are publicly available as of the date of publication. The DOl is listed in
the key resources table.
e All original code is publicly available as of the date of publication. DOls are listed in the key resources table.
® Any additional information required to reanalyze the data reported in this work paper is available from the lead contact upon
request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

A first cohort (cohort 1, see Figure S25) of 26 HZ patients aged between 18 years and 70 years (median age 51 years; 13 men, 13
women) were prospectively recruited during an active HZ episode (median days between onset of HZ and sampling: 9 days, range:
3-37 days; based on available information from 23 of the 26 HZ patients), as confirmed by a positive VZV PCR on skin swab, saliva
or blood (EDTA) or by significantly elevated (>4 times) VZV IgG titers. The exclusion criteria were: (i) auto-immune disease, immuno-
suppressed state or immunocompromised state due to disease or medication (e.g., use of systemic prednisolone or equivalent
>20 mg/day for more than two weeks in the last six months; intra-articular, inhalation and topical steroids were allowed), (ii) invasive
malignancy <20y prior to the study, (jii) serious disorders of coagulation, (iv) any condition that the investigator believed might inter-
fere with the study. We were able to obtain serum (kept in —80°C) and PBMC (Lithium-Heparin, Ficoll) from eight of the included HZ
patients during the acute episode, via standard procedures, and PBMC were cryopreserved. A second blood collection was done
approximately one year after the HZ episode (23 out of the initial 26 HZ participants: 11 men, 12 women), during which serum
and PBMC were stored. Age- (+1 birth year) and gender-matched controls without a history of HZ were recruited for each HZ patient
and time of donated blood around the one-year timepoint (considered to be a proxy for the “baseline”). Three of these controls also
donated blood one year earlier around the same time as blood collection from their matched HZ patient during the active HZ episode
(Figure S25).

A second cohort (cohort 2) of 12 HZ patients (median age 56.5 years; 5 men, 7 women) were prospectively recruited after VZV PCR
confirmation on saliva swab or skin swab or after VZV IgG elevation and longitudinally sampled during HZ (TO: 10 participants), +/—
3 weeks (T3: 9 participants), +/— 6 weeks (T6: 11 participants), +/— 15 weeks (T15: 11 participants) and +/— 30 weeks (T30: 7 par-
ticipants) after HZ onset. Eleven (age- and gender-matched) controls, without known re-exposure to VZV in the last year and without
a history of HZ, contributed a single blood sample (Figure S25).

A third cohort (cohort 3) included 10 pre-HZ participants whose blood had been collected and processed 1-18 months before they
developed HZ, as well as 20 age- and gender-matched controls (thus, two controls per pre-HZ participant) without known VZV-re-
exposure or HZ history.

This study was approved by the ethics board of the Antwerp University Hospital & University of Antwerp (Belgian registration
numbers B300201112798, B300201734433 and B3002020000019). All methods were performed in accordance with the relevant
guidelines and regulations when applicable. Written informed consent was obtained from all study participants.

METHOD DETAILS

Blood processing

PBMCs were isolated by either (cohort 1 and cohort 2) Ficoll-Paque Plus gradient separation (Amersham Biosciences) or Lympho-
prep separated (cohort 3) (Stemcell) from freshly obtained heparinized blood. PBMCs were frozen in 90% fetal bovine serum (FBS,
Life Technologies) supplemented with 10% dimethyl sulphoxide (DMSO; Sigma-Aldrich). Filled cryovials were placed in Corning
CoolCell LX Cell Freezing Containers before freezing at —80°C, and after 24 h, the cells were stored in liquid nitrogen.

Mass cytometry

After thawing, PBMC from cohort 1 were stained with surface markers (Table S1) following the Maxpar Cell Surface Staining with
Fresh Fix Protocol (Fluidigm, USA). Briefly, cells were washed with PBS to remove excess stimulants and then stained with
103Rh isotope (Fluidigm, USA) for viability. Subsequently, cells were stained with the surface markers listed in Table S1 for
30 min at RT. After incubation, cells were washed with PBS and fixed with 1.6% formaldehyde for 10 min at RT. Next, cells were
stained with Cell-ID Intercalator-Ir in Maxpar Fix and Perm Buffer (Fluidigm, USA) for 1h at RT, then spun-down and resuspended
in the residual volume after the supernatant was discarded. Cells were cryopreserved at —80°C until measurement. Prior to measure-
ment, cells were washed and resuspended in Cell Acquisition Solution (Fluidigm, USA). Calibration beads (Fluidigm, USA) were
added for normalization. Cells were then filtered into strainer-capped tubes and samples were analyzed on the Helios instrument
(Fluidigm, USA).

For data analysis, FlowSOM, a clustering algorithm for visualization and analysis of cytometry data, was used as described in Na-
ture Protocols, Quintelier et al. 2021.7° In short, the FlowSOM analysis procedure consists of: (i) loading of the pre-processed data
(doublet removal, compensation and transformation, removal of low-quality measurements, testing for batch effects, creation of an
aggregate), (i) training of a FlowSOM model, (jii) evaluation of the quality of the model, (iv) interpretation of the results. As input data,
normalized Flow Cytometry Standard (FCS) files and a vector of the column names specifying the channels, was used. Random
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points from the input data were used for the initialization of a self-organizing map (SOM), i.e., a grid of nodes representing the points.
The SOM was trained and visualized by a minimum spanning tree connecting all the nodes with their most similar ones. A second,
higher-level, clustering was performed to end up with meta-clusters, giving the most consistent grouping according to the multiple
subsampling iterations. To ensure the quality of the output, 2D scatterplots of the clusters were inspected and correspondence with
manual gating labels was verified. The FlowSOM model was used for relative quantification of the cell populations in each sample and
to compare between groups.

Flow cytometric analyses and T cell sorting
Regarding cohort 1: 1 million PBMCs were, after thawing, either unstimulated (DMSO control) or stimulated in AIM V medium +5%
FBS with 2.5ug/mL of VZV IE62 PepMix, VZV IE63 PepMix, VZV gE PepMix or influenza A-neuraminidase (INFA-NA) PepMix (control
peptide mix) or 0.28 mg/mL of VZV lysate (Strain VZ-10, Microbix, Canada). All peptide mixes were purchased from JPT (Berlin, Ger-
many) and consisted of 15-mer peptides with an 11-aa overlap. At day 3 or 4 medium was topped up to 1mL to avoid exhaustion of
cell medium. At day 7, cells were washed and stained using antibodies for flow cytometry (Table S2). Right before analysis, SYTOX
blue nucleic acid stain (Invitrogen) was added to stain dead cells. Live activated CD8" T cells (CD3* CD4~ CD8* CD71"9"CDgg"e")
and CD4* T cells (CD3* CD4* CD8~ CD71"9"CD98"9") were separately sorted in DNA/RNA shield (Zymo Research) and frozen at
—20°C (Figure S26: gating strategy). The assay used to identify and sort in vitro expanded T cells was previously published by our
group in Cytometry, Elias et al. 2019.%° Percentages of proliferated T-cells after stimulation are shown in Figure S27. Flow cytometric
analyses and cell sorting were performed on a BD FACSAria Il flow cytometer (BD Biosciences). FlowJo software (BD Biosciences)
was used for data analysis.

Regarding cohort 2: stimulation of PBMCs with VZV and control peptides was described and published in Scientific Reports,
Ogunijimi et al. 2017.%°

Regarding cohort 3: 1 million PBMCs were, after thawing, either unstimulated (DMSO control) or stimulated in AIM-V medium (sup-
plemented with 5% FBS) with 0.28 mg/mL of VZV lysate (strain VZ-10, Microbix, Canada). For each sample, two cultures were pre-
pared separately: overnight stimulation and one-week expansion. For overnight stimulation, CD154*0X40*CD4* T-cells were sorted.
For one-week expansion, CD71"9"CD98"9"CD4* T-cells were sorted. The staining panel was as follows: CD3 - VioBlue, CD4 — PE/
Vio770, CD8 — APC, CD154 - PE, OX40 - FITC, CD98 - PE, CD71 - FITC, viability — NIR. Sorting was performed on a BD FACSAria Il
flow cytometer (BD Biosciences). Sorted cells were stored in DNA/RNA shield (Zymo Research) at —20°C for subsequent RNA
extraction and TCR sequencing.

RNA extraction and TCR sequencing

T cells stored in DNA/RNA shield (Zymo Research) were thawed at RT and processed using the Quick-RNA microprep kit
(R1050, Zymo Research) following the manufacturer’s instructions. Eluted RNA was stored at —80°C for subsequent TCRf
sequencing. TCRB library for sequencing was constructed by the QlAseq Immune Repertoire RNA Library Kit (Qiagen), pooled
and sequenced on a NextSeq 500 with the Qiaseq read 1 custom primer (NextSeq v2.5 Mid Output 300 cycles, asymmetric
261-41 paired-end lllumina). VDJ alignment and read counting was performed using MiXCR v3.0.7. The TCR data were con-
verted to the V, D and J assignments, the CDR3 length distribution, clustering, total, breadth and Shannon entropy index.
The Shannon index is a measure of immune diversity ranging between 0 and 1, where 1 indicates the most diversity and 0 in-
dicates a fully clonal population.

Mapping VZV-specific TCRs on longitudinally obtained CD8* TCRs from HZ patients

DNA from three HZ patients (cohort 2) and three controls (grandparents who were re-exposed to chickenpox via their grandchild) was
extracted from 200,000 CD8™" T cells per subject at baseline (HZ onset or exposure to chickenpox), +/— 6 weeks later and +/—
30 weeks later (see Ogunjimi et al., 2017). TCRp sequencing was performed by Adaptive Biotechnologies. Few shared T cell clono-
types can be expected between these longitudinal TCR repertoires and VZV-associated T cells extracted from other individuals,
therefore two independent strategies were employed to identify VZV-associated TCR sequences in the longitudinal TCRp data using
in silico models. The overlap-based analysis (strategy 1) clustered all TCRpB sequenced from the CD8* T cell peptide-mix stimulated
samples (from cohort 1, cf. supra) with each longitudinal TCRp data in turn using the clusTCR tool v1 .0.2.2" This results in a set of
clusters of TCRp sequences based on their amino acid similarity. Those clusters that grouped TCRB sequences from both the lon-
gitudinal samples and the stimulated samples were retained for further analysis. In addition, only those clusters were retained that
were specific to a peptide-mix from a single protein. The specificity of a cluster was determined based on the presence of at least
2 TCRB from at least one or more stimulation samples against one of the proteins, and at most one against any of the other antigens.
The VZV-associated breadth per sample was then calculated as the number of longitudinal TCRp present in those clusters that were
determined to be specific against one of the VZV antigens (gE, IE62, IEG3).

The model-based analysis (strategy 2) was performed using the TCRex webtool (v0.3.2)°° trained on tetramer-stained VZV
epitopes from IE62 (ALSQYHVYV, HLA-A*02:01) and ORF18 (ILIEGIFFV, HLA-A*02:01). Data are available on https://tcrex.
biodatamining.be or Tables S3 and S4. In brief, TCRex trains a machine learning model to identify the antigen specificity of unseen
TCRB sequences based on common patterns identified within other TCR sequences that have been found to bind the same epitope.
The model-based breadth consisted of the number of unique TCRp sequences with a BPR score below or equal to the default BPR
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cut-off (0.01%), which estimates the likelihood of getting a prediction with identical or higher decision values in a background dataset
of TCRp sequences.

Single-cell sequencing

Cells sorted from 36 samples stimulated by VZV IE63 or gE PepMix (9 patients plus 9 age- and gender-matched controls) were
selected for the single-cell sequencing experiments. Per condition, approximately 2 million PBMC were stimulated with a peptide
mix and after 16 h, sorting was performed by gating on the activation-induced markers CD154 and OX40 for antigen-responsive
CD4* T cells, and CD137 and CD69 for antigen-responsive CD8"* T cells using a BD FACSAria Il flow cytometer (BD Biosciences)
(Figure S28: gating strategy). After being sorted (see Figure S29 for cell numbers), cells were stained with oligo-tagged anti-human
CD4, CD8, and six hashtag antibodies (BioLegend) for multiplexing.®' Next, six samples with distinct hashtags were pooled, making
two pools per batch in two batches. Oligo-stained cells and barcoded gel beads were loaded onto Chromium Next GEM Chip K (10x
Genomics, catalog no. 1000287) and partitioned in oil droplets using the Chromium Controller (10x Genomics). Cell concentration
was adjusted to 100-200 cells/pL before loading to target 2000-4000 recovered cells. All subsequent steps were performed based
on the Chromium Next GEM Single Cell 5 Dual Index v2 protocol (10x Genomics, catalog no. CG000330). Libraries were pooled and
sequenced on the lllumina NovaSeq 6000 obtaining average read depths of approximately 120,000 reads per cell for gene expression
libraries, around 20,000 reads per cell for surface proteins (CD4, CD8, and hashtags) and V(D)J-enriched T cell libraries.

The multi pipeline of the Cell Ranger version 7.0.1 software was used to demultiplex the hashed 5’ gene expression FASTQ library,
assigning reads to individual samples. Next, the resulting sample-specific BAM files were converted back to FASTQ files, using the
bamtofastq function of the Cell Ranger software. A final run of the multi pipeline was performed to map the sample-specific gene
expression FASTQ library reads to the GRCh38 reference genome, while simultaneously aligning the reads from the V(D)J library
to the V(D)J-compatible GRCh38 7.0.0 reference set and generating the antibody feature barcode count matrix. The resulting
gene expression and antibody count matrices were analyzed using the Seurat package version 4.1.0% in the R programming lan-
guage version 4.2. The data of individual samples were integrated using Seurat’s merge command, and subsequently inspected
to confirm for a lack of batch effects. To remove multiplets and other low-quality cells, all cells expressing <500 and >5000 genes
were filtered out. For the same purpose, only cells expressing below 10% mitochondrial gene counts and above 5% ribosomal
gene counts were included. The data was then log-transformed, scaled, and centered. Next, the 2.000 most variable genes were
identified and used as input for a principal component analysis. The top 16 principal components were then used for clustering,
and for dimension reduction and visualization using the Uniform Manifold Approximation and Projection (UMAP) method.*® The re-
sulting cell clusters were annotated using an ensemble method of reference-based mapping based on the SingleR package version
1.8.0,%" and with a gating strategy as employed by the scGate package version 1.0.0.%° The propeller method of the speckle package
version 0.99.1%° was used to test for differences in cell type proportions across the different groups. Differentially expressed genes
(DEGs) were identified using the FindMarkers function in Seurat with the default Wilcoxon Rank-Sum test. A log, fold change
threshold of 0.25 was applied, and only genes with a Benjamini-Hochberg adjusted p value of <0.05 were considered for further anal-
ysis. The identified DEGs were subjected to over-representation analysis using the clusterProfiler package,®” and the top 12 enriched
pathways were visualized using the enrichplot package. Gene sets used include the Hallmark (H) and GO (‘C5’) categories from the
MSigDB 7.4.°% The scRepertoire package version 1.7.2°° was used to integrate the TCR data with the gene expression and antibody
data. Clonotypes were defined as the unique combination of V(D)J genes and the CDR3 nucleotide sequence. The breadth was then
calculated as the number of unique clonotypes per sample, without taking into account their prevalence.

Antibody titration

Serum was stored at —80°C until further processing as described in Scientific Reports, Ogunjimi et al. 2017.2° VZV-specific IgG anti-
body titers (mlU/mL) in thawed serum were determined using VZV-infected cell lysate on a Liaison XL instrument with a DiaSorin kit.*°
The presence of IgGs directed against CMV pp150, pp28, p38, and p52 in thawed serum was determined using a Roche Elecsys
assay.”°

AlM-based T cell phenotyping

PBMCs from cohorts 1-3 were, after thawing, either unstimulated (DMSO control) or stimulated for 24 h in AIM-V medium (supple-
mented with 5% FBS) with 2.5ug/mL of VZV IE63 PepMix (JPT, Germany) or 0.28 mg/mL of VZV lysate (Strain VZ-10, Microbix,
Canada). Next, cells were stained with viability dye (near-IR) for 30 min, fixed in 4% paraformaldehyde for 15 min, and then stained
overnight (using the Whyte et al. protocol*®) with fluorescent antibodies (CD154 — VioBright B515, CD69 —- BB700, CCR7 - APC, CD3 -
VioBright R720, CD45 - VioGreen, CD27 — BV570, CD137 - BV605, TIGIT — BV650, CD28 - BV711, CD45RA - BV786, LAG3 - PE,
Fas — PE/Vio615, OX40 — PE/Cy5, CD4 - PE/Cy5.5, CD8 - PE/Vio770). Data acquisition was performed on Novocyte Quanteon
(Agilent).

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analyses were performed using JMP (SAS), SPSS v27. (IBM) or GraphPad Prism v8.2.1. For the TCRp sequencing results,
RStudio (2021.09.0) with R4.1.1 was used and statistical analysis was performed using ggpubr v0.4.0. TCR clustering was performed
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using the ClusTCR package (1.0.2) in python (3.8.12). The statsmodels (0.13.3) and scipy (1.7.3) packages were used for downstream
statistical analysis of the TCR clustering results. The matploplib (3.6.2) library was used for plotting. For all T cell enumeration exper-
iments where stimuli (peptides or lysate) were used unstimulated frequencies were subtracted from the stimulated frequencies.

The results were termed significant if the multiple testing corrected (Bonferroni) p value was < 0.05. Given the nonnormal distribu-
tion of the data and limited sample size, Mann-Whitney U test was used to compare medians between responses of HZ patients
(at different timepoints) and controls, and Wilcoxon matched-pair signed rank test was used to compare medians from HZ patients
at different timepoints. Fisher’s Exact Test was used for contingency table analysis.
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