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ABSTRACT

Background: CD4+ T cells are a critical component of effective immune responses to varicella
zoster virus (VZV), but their functional properties during the reactivation acute vs latent phase
of infection remain poorly defined.

Methods: Here we assessed the functional and transcriptomic properties of peripheral blood
CD4+ T cells in persons with acute herpes zoster (HZ) compared to those with a prior history
of HZ infection using multicolor flow cytometry and RNA sequencing.

Results: We found significant differences between the polyfunctionality of VZV-specific total
memory, effector memory, and central memory CD4+ T cells in acute vs prior HZ. VZV-specific
CD4+ memory T-cell responses in acute HZ reactivation had higher frequencies of IFN-y and
IL-2 producing cells compared to those with prior HZ. In addition, cytotoxic markers were higher
in VZV-specific CD4+ T cells than non-VZV-specific cells. Transcriptomic analysis of ex vivo
total memory CD4+ T cells from these individuals showed differential regulation of T-cell surviv-
al and differentiation pathways, including TCR, cytotoxic T lymphocytes (CTL), T helper, inflam-
mation, and MTOR signaling pathways. These gene signatures correlated with the frequency of
IFN-y and IL-2 producing cells responding to VZV.

Conclusions: In summary, VZV-specific CD4+ T cells from acute HZ individuals had unique
functional and transcriptomic features, and VZV-specific CD4+ T cells as a group had a higher
expression of cytotoxic molecules including Perforin, Granzyme-B, and CD107a.
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INTRODUCTION

VZV is a common human alphaherpesvirus [1, 2] that causes varicella (chickenpox) during
primary infection. Following the acute phase, VZV establishes a latent infection in the dorsal
root and cranial nerve ganglia and can reactivate later in life [3-6]. The incidence of HZ increases
markedly with age, with risk increasing around 50 years old [7].

A report demonstrated that Rhesus macaques (RM) experimentally infected with simian varicella
virus (SVV), the simian counterpart of human VZV, develop primary infection and establish viral
latency as occurs in VZV-infected humans. Depletion of CD4+ T cells in these animals resulted
in viral reactivation, supporting a pivotal role for CD4+ T-cell immunity in controlling latency
[8]. Although CD8+ T cells are considered important for containment of viral infections [9], loss
of CD8+ T cells in an SVV-infected RM acute model resulted in slightly higher viral loads and
prolonged viremia, while CD4 depletion led to higher viral loads, prolonged viremia, and dissem-
inated varicella [10].

Although most T cells that exhibit cytotoxic function are CD8+ T cells, a subset of differentiat-
ed CD4+ T cells also possess cytotoxic ability. This subset is referred to as CD4+ CTLs [11, 12].
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CD4+ CTLs have been reported in humans with chronic viral infections including vaccinia, BK
virus, and Dengue, among others [9, 11, 13-17]. VZV-specific in vitro derived CD4+ T-cell clones
have also been shown to exhibit cytolytic activity against VZV-infected B cells [18, 19]. Further-
more, CD4+ CTL responses correlate with clinical outcomes of viral infections, suggesting a
significant role in adaptive cellular antiviral immunity [20-22].

Since CD8+ T cells are reported to have limited influence on preventing HZ reactivation [8,
22-28], we proposed that CD4+ T-cell helper function and cytotoxic potential may play a more
important role in protecting against VZV reactivation than CD8+ T cells. To address this, we
examined the phenotype, functionality, and transcriptomics of CD4+ T cells from people during
acute HZ reactivation and people with prior HZ.

METHODS

Samples and Individuals

Blood samples were obtained from consented individuals at the Center for Clinical Studies at the
University of Texas Health Science Center at Houston, Cleveland VA, or Case Western Reserve
University under IRB approved protocols. All samples were collected in sodium heparin tubes
and processed at CWRU laboratory after either overnight early arrival shipping (samples from
Texas) or overnight storage at room temperature (Cleveland VA and Case Western Reserve Uni-
versity) to more normalize handling from the sites. Peripheral blood mononuclear cells (PBMCs)
were isolated from heparinized whole blood by Ficoll gradient centrifugation and cryopreserved
in liquid nitrogen until use in assays.

In Vitro Stimulation

PBMC were thawed and rested at 37°C in RPMI-1640 containing 10% FCS for 2 hours then incu-
bated for 2 hours with sucrose gradient purified inactivated VZV (Meridian Life Science, ELLEN
strain), costimulatory antibodies anti-CD28 (eBioscience; CD28.2 [1 ug/mL]) and anti-CD49d
(BioLegend; 9F10 [1 pg/mL]), and anti-CD107a-FITC (H4A3; BD Biosciences). Staphylococcal
enterotoxin B (SEB, Sigma, 1 ug/mL) as a positive control and medium only as a negative control
were utilized. After 2 hours, Brefeldin A (Sigma; 5 pg/mL) and monensin (BioLegend; 2uM) were
added. After overnight stimulation at 37°C, cells were washed with PBS before staining.

Flow Cytometry

After stimulation, cells were stained for surface and intracellular markers as performed previously
[23, 24]. The following antibodies and dyes were used; Aqua LIVE/DEAD (Invitrogen), anti-CD3
BUV396 (UCHT1; BD Biosciences), anti-CD19 BV510 (S§]25C1; BioLegend), anti-CD14 BV510
(M5EZ2; BioLegend), anti-CD4 BUV805 (SK3; BD Biosciences), anti-CD8 BV786 (RPA-T8; BD
Biosciences), anti-CCR7 PE/Cy7 (G043H7; BioLegend), anti-CD45RA PE/TR (MEM-56; Invitro-
gen), anti-KLRG1 eFlour710/PerCP (13F12F2; eBioscience), anti-IFN-y AF700 (B27; BioLegend),
anti-IL-2 APC/Cy7 (MQ1-17H12; BioLegend), anti-TNF-a Pacific Blue (MAb11; BioLegend),
anti-Perforin-1 PE (B-D48; Cell Sciences), anti-Granzyme B PE/Cy5.5 (GB11; Invitrogen), anti-T-
bet BV605 (4B10; BioLegend), and anti-Eomesodermin (EOMES) eFlour660 (WD1928; eBiosci-
ence). Flow cytometric analysis was performed on a LSRFortessa (BD Biosciences) and analyzed
by Flowjo v10.6.1. Statistics analysis was done by SPICE V6 [25] and GraphPad Prism 8.
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Bulk RNA-Seq and Bioinformatic Analysis

Total memory CD4+ T cells from individuals with acute and prior history of zoster were puri-
fied to >99% using live/dead, CD4, CD45RA, and CCR7 markers using a FACSAria flow sorter
(BD Biosciences). All individuals with samples still available were run. RNA was purified from
memory CD4+ T cells using RNeasy Micro Kits (Qiagen), followed by low input RNASeq library
generation using Takara SMART-Seq v4 Ultra Low/Nextera XT with Nextera Index v2 Set A.
Paired-end sequencing reactions were run on an Illumina NextSeq 550 High Output platform (30
million total reads per sample). Raw demultiplexed fastq paired-end read files were trimmed oft
adapters and filtered using the program Skewer to remove reads with an average Phred quality
score of less than 30 or trimmed to a length of less than [26]. Trimmed reads were then aligned
using the HISAT?2 aligner to the Homo sapiens NCBI reference genome assembly version GRCh38
and sorted using SAMtools [27, 28]. Aligned reads were counted and assigned to gene meta-fea-
tures using the program featureCounts as part of the Subread package [29]. These count files were
imported into the R programming language and were assessed for quality control, normalized,
and analyzed, utilizing the limma-trend method for differential gene expression testing, as well as
regression modeling and GSVA using the Bioconductor library [30]. Linear regression modeling
was performed using the limma framework [31].

RESULTS

Study Cohort

Table 1 describes the demographics of the individuals enrolled; 29 individuals had acute HZ 0 to
12 days prior to enrollment and 16 individuals had prior HZ over 7 months to 45 years prior to
enrollment. Individuals with acute zoster had single dermatome zoster and none had disseminat-
ed disease. Individuals were adults over age 18, and none were on immunosuppressive medica-
tions, had known immunocompromising conditions, or had received prior anti-VZV vaccines.
Racial, gender, and age composition are depicted for the 2 groups (Table 1).

Table 1. Individual Demographics and Clinical Information

Group Acute HZ Prior HZ
N Percentage (%) N Percentage (%)
Sex Male 13 44.8 6 37.5
Female 16 55.2 10 62.5
N Percentage (%) N Percentage (%)
Asian 2 6.9 3 18.8
Ethnic Group African American 3 10.3 1 6.3
Caucasian 18 62.1 11 68.8
Hispanic 6 20.7 1 6.3
Average 49.9+20 42.9+17
Age (range) (20-82) (19-71)
Median 42 39.5
Time since HZ I(\f::ll;r)l (0—41(2123’:)15) (O.Séf—}:}e;a;sears)
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Different Cytokine Expression Levels Related to Acute vs Prior HZ

To initially characterize the nature of VZV-specific CD4+ T-cell responses in the prior vs acute
reactivation HZ phases, we sampled blood of individuals (n=29) with acute HZ as a result of
reactivation of VZV (acute HZ group) and persons with a prior history of HZ (n=16) (prior

HZ group). After overnight stimulation of PBMCs with whole inactivated VZV or mitogen, we
assessed differences in T-cell memory distribution and VZV-specific CD4+ and CD8+ T-cell
responses. Since most donors had very low CD4+ T_ ., cell frequencies, this memory subset
was not specifically studied to prevent biased results due to very low cell numbers for analysis.
CD4+ total memory cells had readily detectable VZV-specific cells in most individuals (Figure
1). In contrast, we detected very low VZV-specific CD8+ T-cell responses (median below limit
of detection <0.01% in TNF-a, IL-2, IFN-y) (Supplementary Figure 1). Due to these very limited
responses compared to the much more robust CD4+ responses, we focused our analysis on CD4+

T cells only.
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Figure 1. Violin plots for cytokine positive T-cell percentages under VZV stimulation in total memory
CD4+ T cells. Net positive (VZV stim - no stim control) displayed as % positive with each dot as a unique
individual: (A) IFN-y positive total memory CD4+ T-cell percentages of total memory T cells; (B) IL-2
positive total memory CD4+ T-cell percentages of total memory T cells; (C) TNF-a positive total memory
CD4+ T-cell percentages of total memory T cells.

The frequencies of total memory CD4+ T cells (Figure 1), central memory (CM) (Supplementary
Figure 2A) and effector memory (EM) (Supplementary Figure 2B) subsets responding to VZV
stimulation are shown. Over twice as many of the cytokine-producing CD4+ T cells induced by
VZV were EM cells with the frequency of CM cells producing cytokines being notably lower.
Within the EM population, TNF-o+, IL-2+, and IFN-y+ cells were significantly (P<0.05, P<0.05,
and P<0.01, respectively) more frequent in the acute HZ individuals than prior HZ individuals.
These results suggest that viral control is mostly carried out by EM T cells during the acute phase
of HZ. Meanwhile, IL-2+ cells were also significantly (P<0.05) more frequent in the CM popula-
tion of acute HZ individuals. Similar trends in IL-2 and IFN-y are also present in total memory T
cells. After mitogen staphylococcal enterotoxin B (SEB) stimulation, not surprisingly, there are no
significant differences in the frequencies of IL-2, IFN-y, or TNF-a.-producing cells elicited be-
tween the acute HZ and prior HZ in CM, EM, or total memory CD4+ T cells.
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Similar to Weinberg et al [32], we found a correlation between time that rash has been present and
magnitude of VZV-specific IFN-y secreting cells (r=0.3831, P=0.0646) (Supplementary Figure
3A) and a trend with CD107a (r=0.6042, P=0.0018) (Supplementary Figure 3B). This suggests that
cellular immunity against VZV is gradually reduced after the end of the acute HZ phase.

Different Polyfunctional Patterns Between Individuals with Acute HZ and Prior HZ History

After VZV stimulation, CD4+ CM as well as CD4+ EM T-cell subsets varied significantly in poly-
functional response patterns between acute HZ and prior HZ group which indicates a different
VZV-specific CD4+ T-cell response depending on the presence of acute HZ (Figure 2A and B).
Also, CM and EM CD4+ T cells are more polyfunctional responding to VZV than the mitogen,
SEB. The polyfunction elicited by SEB had no difference between acute HZ and prior HZ groups,
which suggests that polyfunction differences are VZV-specific and not individual group specific.
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Figure 2. Significant polyfunction differences of central and effector memory CD4+ T cells elicited
by SEB or VZV in different groups of individuals. The pie charts represent different combinations of
cytokine and effector molecule expression patterns of (A) central memory CD4+ T cells; (B) effector
memory CD4+ T cells. The arcs are color coded for each effector function with the color legend noted.
(*:P<0.05; **:P<0.01; ***:P<0.001) against SEB or VZV in acute HZ (A) and prior HZ (H) groups.
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Cytotoxicity Phenotype of VZV-Specific CD4+ T Cells

PBMCs were stimulated with VZV-antigen in order to identify which cells are VZV-specific.
Considering the constitutive expression of Perforin-1 and Granzyme B in T cells, T cells that had
VZV-induced IL-2, IFN-y, or TNF-a or exocytosis marker CD107a were then analyzed for co-ex-
pression of Perforin-1 and or Granzyme B. Cells in this group that expressed any one or more

of the CTL molecules including CD107a, Perforin-1, and Granzyme B were hereby classified as
VZV-specific T cells with expression of cytotoxic molecules. The frequency of those cytotoxic
CD4+ T cells is higher in total memory CD4+ T cells in acute compared to prior HZ, with the
EM subset accounting for that difference (Figure 3A and Supplementary Figure 4A and B). The
proportion of cells with expression of cytotoxic molecules is greater in EM than CM as anticipat-
ed. When grouping the VZV or mitogen SEB responding cells and assessing cytotoxic molecule
expression of only the responding cells, there is significantly more cytotoxic molecule expression
in the VZV responding than mitogen (P<0.021) (Figure 3B). The brefeldin and monensin block
transport of newly formed molecules, but pre-formed Perforin-1 and Granzyme B may still be
released upon stimulation meaning these results may even be an undercount of cells with cytotox-
ic molecule expression.
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Figure 3. (A) Violin plots for cytotoxic CD4+ T-cell percentages in total memory CD4+ T cells responding
to VZV stimulation cytotoxic CD4+ T-cell percentage of total memory CD4+ T cells. Each dot represents
a unique individual. (B) Pie charts showing the proportion and expression pattern of CD4+T-cell cytotoxic
function after SEB or VZV stimulation in all individuals. Blue region without arcs depicts non-cytotoxic

functions.
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This suggests CD4+ T cells initially exposed to VZV that became memory VZV-specific CD4+
T-cell subsets have greater cytotoxic molecule expression than the non-VZV-specific memory
cells that we examined with SEB as the non-specific mitogenic stimuli. It suggests that the im-
mune context of VZV infection at the time of differentiation and/or expansion favors the cytotox-
ic effector function of the VZV-specific CD4+ T cells.

Higher T-bet in VZV-Specific T Cells vs Total Memory Cells

During differentiation, T-bet and EOMES expressions are essential for certain effector functions
[33-36]. There was no significant difference in the frequency of T-bet or EOMES expressing

cells in VZV-responding cells between acute HZ and prior HZ groups (CM:P=0.07; EM:P=0.10;
Total memory: 0.30) (Supplementary Figure 5). However, when combining all the patients’ data
to reach a larger sample size, we found T-bet expression of memory CD4+ T cells to be higher in
reactive VZV-reactive compared to SEB-reactive total memory for all patients (P<0.0001) (Figure
4A), but EOMES does not have this pattern (Figure 4B). Meanwhile, the difference in T-bet level
also exists in reactive CM and EM subsets (Supplementary Figure 6), which indicates the sub-
set-independent upregulation in T-bet for VZV-specific T cells. These sets of data suggest a dif-
ferent pattern of T-bet expression in VZV-specific cells regardless of whether the individual had
acute HZ or a prior HZ. T-bet is essential for certain effector functions like IFN-y expression and
Th1 polarization. Differential T-bet expression may be the reason for differences in T-cell effector
function and polyfunctionality that we have seen in VZV-specific cells.
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Figure 4. Dot plots showing the expression of transcription factors. (A) T-bet and (B) EOMES in total
memory CD4+ T cells upon stimulation by VZV and SEB in all samples. Each dot represents a unique
individual. Dotted line connected data points are from the same individual. (red dot: acute HZ group;
green dot: prior HZ group)
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Identification of Objectively Determined Differences in Coordinate Protein Expression Levels in Total
CD4+ T Cells by Uniform Manifold Approximation and Projection (UMAP)

To provide deeper insight into differences in coordinate protein expression during acute HZ
reactivation vs prior HZ history, unsupervised dimension reduction via UMAP was used for
turther analysis of the total CD4+ T-cell flow cytometric data on samples from VZV individuals.
UMAP analysis provides a highly reproducible and objective representation of dimensionality

of multiparametric data by clustering cells with similar phenotypes [37-39]. UMAP identified
several groups that have significant differences in frequency between individuals in acute HZ and
those with prior HZ (Figure 5A). Clusters 2, 11, 12, 13, 15, 17, and 19 are significantly enriched in
individuals with acute vs prior HZ (Figure 5B). Clusters 11, 15, and 17 which demonstrated sig-
nificantly differential coordinate expression, including significant expansion in acute HZ individ-
uals, were almost absent in prior HZ individuals. In Figure 5B, a heatmap displaying normalized
expression of the proteins by mean fluorescent intensity for each of the UMAP identified clusters
shows that they likely belong to a group in the EM compartment by their relatively lower CCR7
and lower CD45RA expression levels, and they also exhibit high levels of EOMES, IL-2 and IFN-y
expression. Meanwhile, their high CD107a levels suggest that that may have been more likely to
have degranulated upon re-stimulation.

Although not significantly enriched in the acute HZ group, cluster 3 shows intermediate Perfo-
rin-1 and Granzyme B levels, which correspond with cytotoxic CD4+ T-cell function. It suggests
the role of cytotoxic CD4+ T cells in anti-VZV immunity based on their close clustering with oth-
er antigen-specific CD4+ T cells. Many of those antigen-specific CD4+ T-cell subsets are signifi-
cantly more abundant in people during the acute phase of HZ and are EOMES expressing, while
there is only a limited T-bet expression in those clusters. It may suggest CD4+ effector functions
are mostly driven by EOMES in this case [34, 40, 41]. In other words, EOMES loss in VZV-specif-
ic cells may be associated with VZV reactivation.

RNAseq of the flow cytometry purified total CD4+ memory T cells was also performed. Several
genes have significantly different (P<0.05) expression levels between people with acute HZ or prior
HZ history (Figure 6A). Some genes related to T-cell function such as ITGAM and Granzyme H
are more highly expressed during the acute reactivation phase, while IL-1b, IL-8, CIQTNF4, and
IFNARI are more expressed in individuals with prior HZ. Those observations suggest more CD4+
effector function during the acute phase while more chronic inflammation occurs afterwards.

In the pathway enrichment analysis, it is clear that TCR activation, mTOR, IL-12, CTL, T help-

er, and inflammation pathways have significant differences between people with different VZV
infection history (Figure 6B). These pathways are more enriched in individuals during acute HZ
reactivation. Also, the activation patterns of these pathways co-cluster with the prior HZ status

of these individuals, which suggests a high level of T-cell effector functions including cytokine
release and cytotoxicity. In addition, it shows the active differentiation and metabolism of the T
cells during acute HZ, including differential expression of TCR, CTL, T helper, inflammation, and
MTOR signaling (P<0.05 for genes/pathways).
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Figure 5. Dimension reduction (Uniform Manifold Approximation and Projection or UMAP) analysis
of phenotypic flow cytometric data from acute and prior group samples. (A) UMAP analysis of total
CD4+ T-cell response upon VZV stimulation with cluster numbers indicated, (B) heatmap showing the
normalized expression levels of T-cell markers and effector molecules for each indicated cluster based on
MFI. Asterisks denote statistically significant differences in cluster frequencies between the acute and prior
groups (*:P<0.05).
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Figure 6. Gene expression and pathway analysis of CD4+ memory T cells sorted from PBMCs from
acute and prior individuals. (A) Volcano plot showing the differences in gene expression in memory
CD4+ T cells in acute group donors vs prior group donors. Most significantly upregulated genes by P
value and by log2-fold change are indicated with white labels, while genes from the BIOCARTA T-cell
pathway are indicated in orange. This pathway includes the following: ‘BIOCARTA_CTL_PATHWAY,

‘BIOCARTA_CTLA4 _PATHWAY’, ‘ BIOCARTA_MAL_PATHWAY’,

‘BIOCARTA_MEF2D_PATHWAY’,

‘BIOCARTA_NKT_PATHWAY’, and ‘BIOCARTA_TOBI1_PATHWAY". (B) Heatmap of different pathway
activation patterns of CD4+ T cells from donors in acute group and prior group. Donors are clustered by

pathway patterns. (*:P<0.05).
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DISCUSSION

A full understanding of cellular immunity against VZV infection remains unclear. CD8+ T cells
show limited function in viral clearance based on the primate SVV models; for this reason we
focused our experiments and subsequent analysis on methods that would optimally elicit CD4+ T
cells that included use of the whole VZV virus as the stimulating antigen rather than just pep-
tides. In this study, we used multicolor flow cytometry and RNA-seq to elucidate the mechanisms
of control of VZV reactivation between acute HZ and prior history of HZ. Our major findings
include: (1) distinct cytokine expression levels in IFN-y and IL-2 between groups of individu-

als with acute vs prior HZ, which are mostly accounted for by CD4+ EM T cells; (2) a distinct
VZV-specific cytotoxic CD4+ T-cell population that was also different in persons with acute vs
prior HZ; (3) CD4+ T cells from people with acute vs prior HZ showed distinct polyfunctional
patterns; (4) UMAP analysis of clustering total CD4+ T cells showed 19 distinct T-cell clusters
among which 7 clusters have significant differences between people with acute vs prior HZ; and
(5) multiple differences in differentiation and inflammatory genes in memory CD4+ T cells from
acute and prior HZ individuals were determined by RNA-seq analysis.

We propose the role of CD4+ T cells during HZ includes not only the classical T-helper functions
eg, IL-2, IFN-y, and TNF-a secretion to orchestrate cellular and humoral immunity, but also a
non-classical Perforin-1 and Granzyme B-mediated cytotoxic function. Such CD4+ cytotoxic
function is also found in some other viral infections [12-15, 17]. Cytotoxic CD4+ T-cell charac-
teristics are primarily found by EM cells rather than CM cells. The identification of differences in
cytotoxic CD4+ EM T cells between people with different phases of VZV infection status suggests
the cytotoxic CD4+ EM T-cell population is shrinking over time after initial acute VZV infection.
This may account for the loss of cytotoxic cellular immunity and lead to the reactivation of VZV.
Compared to the loss of VZV-specific effector function in CM T cells, the EM T cells seem to be
more vulnerable to effector function loss over time which suggests that the number of VZV-spe-
cific CD4+ EM cells decreases, and the control of VZV infection is diminished with time.

Previous studies generated in vitro VZV-specific CD4+ T-cell clones that could lyse target cells
[18, 19]. Our studies described the CTL molecules ex vivo and showed heightened CTL molecules
in VZV-specific cells compared to the general population of memory T cells supporting unique
differences. Moreover, research in other viral infections have shown CD4+ T cells with cytotoxic
phenotype in Dengue Virus and SARS-CoV-2 [16, 42]. Interestingly, those cytotoxic CD4+ T cells
express chemokine receptors like CX3CR1, CCL3, CCL4, and CCL5, which suggests recruitment
to the infection site [13, 15-17, 42], and in MecKkiff et al [42], the SARS-CoV-2-reactive CD4+
CTLs showed similar UMAP clustering patterns as our study.

Schub et al compared acute HZ to a healthy control population that included a range of ages,
prior history of VZV vaccine, prior chickenpox, or HZ. Similar to our findings, acute HZ indi-
viduals had higher responses than controls, but different from our findings, their controls had

a higher polyfunctional proportion of IL-2/TNF-a/IFN-y cells than acute HZ. The differences
could be due to all our comparator control individuals having a prior history of HZ and/or our
acute individuals being tested earlier in the acute phase than in their study [43]. They also found
that 4 months after acute HZ, on resampling their responses reverted to the same as their control
group that never had HZ. Weinberg et al also described this similar phenomenon in humoral
and cellular immunity, after VZV activation, ie, the VZV-specific IFN-y expressing T cells and
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VZV-specific antibody titer rise with time, peak at 3 weeks, then decrease over time [32]. This
agrees with our hypothesis that after the active phase, cellular immunity to VZV will be reduced
or lost over time.

Aging is also another factor to consider during VZV reactivation. In our study, there was a modest
(r=-0.331) but significant (P<0.05) negative correlation between age and VZV-specific IFN-y per-
centage of CD4+ total memory T cells, which suggests aging leads to loss of antigen-specific cellu-
lar immunity and may allow reactivation. Several studies in the literature assessing T-cell responses
to VZV in persons with childhood VZV infection or vaccine demonstrated diminished response
with age [44]. They also speculated that may contribute to increased reaction with aging.

RNA-seq of purified memory CD4+ T cells revealed different T-cell activation, inflammation, and
metabolism pathways including IFN, TNE and MTOR signaling in CD4+ memory T cells from
individuals that had acute vs. prior HZ. In addition, ITGAM (CD11b) is significantly more ex-
pressed (P<0.05 for genes/pathways) in acute HZ individuals. CD11b is a marker for CD4+ T-cell
activation, proliferation, and cytotoxicity. Granzyme H, a cytotoxic effector molecule, is also more
expressed in acute HZ individuals suggesting CD4+ T cells may have more cytotoxic potential
during active VZV reactivation, which is consistent with the UMAP and flow cytometry results.
IL-1P, IL-8, C1QTNF4, and IFNARTI are less expressed in acute individuals. IL-1f is an import-
ant mediator of inflammatory response, and also engaged in multiple immune processes. IL-8 is
related to neutrophil chemotaxis. CIQTNF4 shows context dependent pro- or anti-inflammatory
effects. IFNARI encodes the type I interferon receptor. Upon binding with the ligand, it would
trigger the activation of JNKs and the downstream signals.

T cells showed stronger activation pathways and more active metabolism during the HZ acute
phase. These findings correspond with previous results from primate SVV models [45]. In addi-
tion, an SVV primate model study focused on subclinical reactivation and found that viral reacti-
vation leads to greater changes in ganglia gene expression than latent viral infection mostly in cell
cycle regulation, metabolism, and stress response [45].

Given the fact that CD8+ T cells show limited engagement in cellular immunity against VZV in
animal models [10], and the discovery of a cytotoxic CD4+ T cell population in active HZ, cyto-
toxic CD4+ T cells may be responsible for MHC-II restricted killing of the viral-infected cells [11].
Further studies around this cell population could be done to help understand the cellular immuni-
ty against VZV and serve as a basis for future design of VZV and other herpes virus vaccines.
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