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Varicella-zoster virus proteome-wide G

T-cell screening demonstrates low prevalence
of virus-specific CD8 T-cells in latently infected
human trigeminal ganglia
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Abstract

Background Trigeminal ganglia (TG) neurons are an important site of lifelong latent varicella-zoster virus (VZV) infec-
tion. Although VZV-specific T-cells are considered pivotal to control virus reactivation, their protective role at the site
of latency remains uncharacterized.

Methods Paired blood and TG specimens were obtained from ten latent VZV-infected adults, of which nine were
co-infected with herpes simplex virus type 1 (HSV-1). Short-term TG-derived T-cell lines (TG-TCL), generated by mito-
genic stimulation of TG-derived T-cells, were probed for HSV-1- and VZV-specific T-cells using flow cytometry. We also
performed VZV proteome-wide screening of TG-TCL to determine the fine antigenic specificity of VZV reactive T-cells.
Finally, the relationship between T-cells and latent HSV-1 and VZV infections in TG was analyzed by reverse transcrip-
tion quantitative PCR (RT-gPCR) and in situ analysis for T-cell proteins and latent viral transcripts.

Results V7V proteome-wide analysis of ten TG-TCL identified two VZV antigens recognized by CD8 T-cells in two
separate subjects. The first was an HSV-1/VZV cross-reactive CD8 T-cell epitope, whereas the second TG harbored CD8
T-cells reactive with VZV specifically and not the homologous peptide in HSV-1. In silico analysis showed that HSV-1/
VZV cross reactivity of TG-derived CD8 T-cells reactive with ten previously identified HSV-1 epitopes was unlikely, sug-
gesting that HSV-1/VZV cross-reactive T-cells are not a common feature in dually infected TG. Finally, no association
was detected between T-cell infiltration and VZV latency transcript abundance in TG by RT-gPCR or in situ analyses.

Conclusions The low presence of VZV- compared to HSV-1-specific CD8 T-cells in human TG suggests that VZV reac-
tive CD8 T-cells play a limited role in maintaining VZV latency.
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Introduction

Most adults worldwide are infected with the neuro-
tropic human alphaherpesvirus varicella-zoster virus
(VZV), which causes chickenpox during primary
infection and herpes zoster (HZ) in one-third of non-
vaccinated individuals upon reactivation of latent
VZV. Following primary infection, VZV establishes
lifelong latency in neurons of trigeminal ganglia (TG)
and dorsal root ganglia (DRG) along the entire neu-
raxis [1]. Furthermore, the live-attenuated VZV vac-
cine currently approved in many countries around the
world has recently been reported to induce meningitis
upon reactivation in a subset of vaccinated individuals
[2]. The only signature of viral activity in latent VZV-
infected neurons is the expression of three unique viral
transcripts: VZV latency-associated transcript (VLT)
and low levels of two isoforms of a fusion transcript
containing VLT joined to gene 63 (VLT-ORF63) [3,
4]. While the VLT and VLT-ORF63-encoded proteins
pVLT and pVLT-ORF63, respectively, are detected dur-
ing lytic infection, no VZV proteins are detectable in
latent VZV-infected human ganglia [5].

Whereas both innate and adaptive immune responses
are crucial to control primary VZV infection, VZV-spe-
cific T-cells in particular are essential to prevent HZ [6,
7]. For example, individuals with disease- or therapy-
induced T-cell deficiencies or elderly individuals with
age-related declines in VZV-specific T-cell frequencies in
blood are at increased risk of developing HZ [8]. In con-
trast, humoral immune defects have only limited effect
on HZ incidence [6, 9]. A protective role of natural killer
(NK) cell and virus-specific T-cell responses has also
been reported for the closely related herpes simplex virus
(HSV) [10, 11]. Previous studies in humans and mice
have shown that T-cells, mainly CD8 T-cells, control
HSYV not only at the site of lytic infection (e.g., in the skin
and mucosa) but also at the site of latency in ganglia [10,
12, 13]. At both of these peripheral sites, virus-specific
T-cells are retained as tissue-resident memory T-cells
(Trm) to control HSV reactivation [13, 14]. Although
analogous infiltration and retention of virus-specific Ty,
has been observed in the skin of VZV-infected individu-
als [15, 16], prior studies using only a small number of
VZV proteins failed to detect VZV reactive T-cells in
human TG [17]. However, this previous work was based
on the prior assumption that a limited subset of VZV
proteins is expressed by latently VZV-infected neurons
[17]. More recent work has shown that this viral protein
detection was artefactual [5, 18]. Thus, the aim of the pre-
sent study was to unambiguously determine the presence
and fine antigenic specificity of VZV reactive CD8 T-cells
in latently VZV-infected human TG by performing an
antigenic screen incorporating the entire VZV latent
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and lytic proteome, including recently identified protein
pVLT, for ten deceased VZV latently infected adults.

Materials and methods

Human clinical specimens

Paired TG and heparinized blood samples were collected
from ten deceased brain donors by the Netherlands Brain
Bank (NBB; Amsterdam, The Netherlands; Additional
file 3: Table S1). The NBB obtained written informed
consent for brain autopsy as well as the use of clinical
specimens and clinical information for research purposes
from all study participants in advance. All procedures
of the NBB have been approved by the Ethics Commit-
tee of Amsterdam University Medical Center (VUmc,
Amsterdam, The Netherlands; project number 2009/148)
and are in accordance with the Declaration of Helsinki.
Formalin-fixed paraffin embedded (FFPE) TG biopsies
from a separate cohort of five latent VZV-infected NBB
brain donors were included for histological analyses
(Additional file 4: Table S2). HSV-1 and VZV infection
status of TGs was determined by (1) virus-specific ELI-
SAs (Focus Technologies) on donor-derived plasma and/
or (2) quantitative real-time PCR (qPCR) on DNA and
cDNA obtained from TG cell suspensions to detect viral
genomic DNA or latent HSV-1 latency-associated tran-
script (LAT) and VZV VLT RNA [3]. Infection status was
scored as positive if either or both of these tests yielded a
positive result.

Generation of B- and T-cell lines

Human TG were enzymatically and mechanically dis-
persed using Liberase blendzyme 3 (0.2 units/mL, Roche)
and GentleMACS (Miltenyi Biotech) to generate short-
term TG-TCL as previously described [17]. Following
Percoll-gradient-based lymphocyte enrichment, TG cell
suspensions were stimulated with 1 pg/mL phytohe-
magglutinin-L (PHA-L; Roche) for 10-14 days in T-cell
medium (TCM; RPMI-1640 supplemented with 10%
heat-inactivated pooled human serum, 2 mM glutamine,
and penicillin—streptomycin [Pen-Strep, Gibco]) in the
presence of y-irradiated (3000 rad) allogeneic periph-
eral blood mononuclear cells (PBMC) and recombinant
human interleukin 2 (Proleukin; rIL-2, 20 IU/mL) [19].
T-cells were further expanded using one or more rounds
of anti-CD3 antibody (OKT3, Sanquin) treatment for
10-14 days in TCM supplemented with 20 IU/mL rIL-2
and the resultant TG-TCL were cryopreserved until use
[16, 19]. Donor-derived PBMCs were incubated with
Epstein—Barr virus (strain B95.8) to generate immortal-
ized B-cell lines (B-LCL) that were used as autologous
antigen presenting cells [19]. All cell cultures and func-
tional T-cell assays were performed at 37 °C in a humidi-
fied CO, incubator. TG-TCL from four donors have also
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been used in a previous study: TGO1 (previously TG1),
TGO02 (previously TG2), TG03 (previously TG7), and
TGO04 (previously TG8) [19].

Antigen-specific T-cell assays

T-cell reactivity to HSV-1 was determined by intracellu-
lar interferon gamma (IFNy) staining of 100,000 TG-TCL
cells co-incubated with 100,000 HSV-1 or mock-infected
autologous B-LCL in TCM [19]. VZV reactivity was simi-
larly determined using B-LCL pulsed overnight with a
predefined dilution of clarified cell lysates of mock- or
VZV-infected human retinal cells (ARPE-19 cells; ATCC
CRL-2302) as described previously [20]. Cells were co-
cultured for 6 h in TCM in the presence of monensin
(Golgistop, BD Biosciences) to maintain IFNy intracel-
lularly, and stained with fluorochrome-conjugated mouse
monoclonal antibody (mAb) to human CD3 (APC-Cy7,
SP34-2, BD Biosciences), CD4 (Pacific Blue, RPA-T4, BD
Biosciences), CD8a (PE-Cy7, RPA-TS, eBioscience), and
for viability (LIVE/DEAD Fixable Aqua Dead Cell Stain
Kit; ThermoFisher Scientific). Subsequently, cells were
fixed and permeabilized using the Fixation/Permeabiliza-
tion Kit (BD Biosciences), stained with a mAb antibody
to IFNy (APC, B27, BD Biosciences), washed extensively,
and analyzed on a BD FACS Lyric flow cytometer. 5000
to 25,000 viable CD3* T-cells were acquired per sample
and data were processed using FlowJo v10 software (BD
Biosciences). Single, live CD3% lymphocytes express-
ing either CD4 or CD8 were assessed for IFNy expres-
sion. TG-TCL stimulated with phorbol myristate—acetate
(PMA; 50 ng/mL) and ionomycin (Iono; 500 ng/mlL;
both Sigma) served as positive control for overall T-cell
reactivity.

Fine VZV T-cell specificity was determined by meas-
uring IFNy levels by ELISA (Invitrogen) in conditioned
medium from 50,000 to 100,000 TG-TCL co-cultured
for 24 h in TCM with artificial antigen-presenting cells
(aAPC). As aAPC the African green monkey (Chloroce-
bus aethiops) cell line Cos-7 (ATCC CRL-1651) was used
following co-transfection with up to four pcDNA3 vec-
tors encoding the TG-donor’s specific HLA-A and -B
alleles along with each of the canonical VZV open read-
ing frames (ORFs) separately cloned into pDEST103, as
described previously (15,000 cells per well) [16, 21]. To
map the epitope within VZV ORF29, seven partially over-
lapping fragments were cloned into pDEST103 (Addi-
tional file 5: Table S3) and were sequence-confirmed.
Stimulation with PHA-P (Remel, 1.6 ug/mL) served as
positive control and the negative controls were Cos-7
cells transfected with HLA class I (HLA-I) cDNA only,
with HLA-I and empty pDEST103 vector, and non-trans-
fected cells. TG-TCL were defined as VZV ORF reactive
if both replicates exceeded IFNy ELISA OD,;, values of
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0.15 and were at least twice the value of the pDEST103
empty vector negative control. Reactive TG-TCL were
analyzed in-depth to map the cognate epitope as previ-
ously described [16]. Briefly, Cos-7 cells transfected with
the respective HLA-I cDNA for 48—72 h were combined
overnight with TG-TCL in the presence of 1 ug/mL syn-
thetic peptide in TCM. Peptides were reconstituted in
DMSO before use and DMSO-only was used as nega-
tive control, while transfection with the full-length VZV
ORF or PHA-P treatment were used as positive controls.
Peptide pools spanning VZV ORF9 consisted of 13-mers
overlapping by 9-amino acids (Genscript). Single pep-
tides were designed using NetMHCpan EL4.1 algorith-
mic prediction of binding to the restricting HLA-I allele
or according to ORF homology between HSV-1 (strain
17; Genbank Accession number NC_001806) and VZV
(strain Dumas; Genbank Accession number X04370)
[22].

Real-time qPCR analysis

DNA and RNA extraction from human TG samples
and subsequent cDNA synthesis were performed as
described previously [3, 17]. Real-time qPCR analysis was
performed on an ABI Prism 7500 Real-Time PCR system
using 4x Tagman Fast Advanced Master mix (Applied
Biosystems) and primers and probes specific for HSV-1
UL38 [17], VZV ORF38 [17], HSV-1 LAT [17], VZV VLT
[3], and GAPDH [23]. In addition, 18 TGs (clinical char-
acteristics described in [3]) were analyzed for VZV DNA,
VZV transcript VLT, or fusion transcript VLT-ORF63
in combination with CD3D (Hs00174158_m1l; Ther-
moFisher) transcript levels. Abundance of target genes
was calculated by normalizing for cellular housekeeping
gene GAPDH [relative expression=2" — ((average Ct-
value CD3D) — (average Ct-value GAPDH))].

Sequence alignment and peptide-HLA binding prediction
Geneious Prime version 2022.2.2 (Dotmatics) and the
Geneious alignment algorithm with default parameters
were used to align viral sequences. The predicted binding
rank for minimal HSV epitopes and their VZV homolo-
gous peptides of similar length to relevant HLA-I alleles
was analyzed using the netMHCpan4.1 algorithm with
default parameters accessed at IEDB [22].

In situ analysis

Consecutive 5 pum-thick FFPE TG sections from five
latent VZV-infected subjects (Additional file 4: Table S2)
were analyzed for CD3 protein expression and VZV VLT
RNA expression by immunohistochemistry (IHC) and
in situ hybridization (ISH), respectively, as described pre-
viously [3, 24]. In brief, IHC was performed using mouse
anti-CD3 antibody (clone F7.2.38), biotin-conjugated
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goat anti-mouse IgG antibody, and horseradish perox-
idase-conjugated streptavidin (all from ThermoFisher).
Staining was visualized using 3-amino-9-ethylcarbazole
(AEC) and sections were counterstained with hematoxy-
lin (Sigma-Aldrich). ISH was performed using probes
specific to VZV VLT [3], mRNA of the human gene
POLR2A (encoding DNA-directed RNA polymerase II
subunit RPB1; positive control), and the bacterial gene
dapB (encoding 4-hydroxy-tetrahydrodipicolinate reduc-
tase, Genbank Accession number EF191515; negative
control) using the RNAScope 2.5 HD Assay (Advanced
Cell Diagnostics). RNA integrity in tissue sections and
specificity of the RNAScope Assay was demonstrated by
robust POLR2A staining and absence of dapB ISH sig-
nal in all sections analyzed (Additional file 1: Figure S1).
Complete tissue sections were scanned using the Nano-
zoomer 2.0 HT (Hamamatsu) and analyzed using NDP.
view2 (Hamamatsu).

Statistical analysis

Statistical analysis was performed using GraphPad Prism
(version 9; Graphpad Software). Data were analyzed
using two-tailed Spearman exact test where appropriate.
Results were considered significant at p <0.05.

Results

Detection of VZV reactive T-cells in latently infected TG
Heparinized blood and TG were obtained during autopsy
from ten individuals living in The Netherlands with an
average +standard deviation (SD) post-mortem interval
of 6+1.5 h. The cohort included 2 men and 8 women,
the average age was 80+11 years, and the majority had
an underlying neurodegenerative disease, such as Alz-
heimer’s disease or multiple sclerosis. The cause of
death was not related to acute herpesvirus infections
(Additional file 3: Table S1). Nine subjects were latently
infected with both HSV-1 and VZV, one was infected
with VZV only (subject TG07; Additional file 3: Table S1).
Short-term TG-TCL were successfully generated from all
subjects by mitogenic stimulation of T-cells recovered
from the TG. Autologous B-LCL were generated from
PBMC of 4 of the 10 individuals (TG02-TGO05). For the
other six persons B-LCL generation failed due to low
viability of the PBMC isolated from post-mortem blood
samples. To investigate whether VZV reactive T-cells
are present in human TG, analogous to HSV-1 reactive
T-cells that were found in previous studies [10, 11], we
first analyzed whole VZV and HSV-1-specific T-cell reac-
tivity in these four donors. To examine CD4 T-cell reac-
tivity, exogenous antigen was provided to the B-LCL by
pulsing with predefined concentrations of UV-irradiated
lysates of mock, HSV-1-, or VZV-infected ARPE-19
cells. To provide endogenous antigens and evaluate CD8
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T-cell activation, B-LCL were infected with HSV-1. Since
B-LCL do not support productive VZV infection, CD8
T-cell reactivity to VZV was separately evaluated using
a different method as described below. Consistent with
our earlier studies [10], robust HSV-1-specific CD8 T-cell
reactivity and, to a lesser degree, CD4 T-cell reactivity
were observed in response to HSV-1-infected autolo-
gous B-LCL (Fig. 1 and Table 1). In contrast, we observed
low frequencies of VZV reactive CD4 T-cells in only one
of the four TG-TCL, suggesting that VZV-specific CD4
T-cell prevalence was much lower than for HSV-1.

VZV proteome-wide screening of CD8 T-cells recovered
from human TG

T-cells are considered instrumental in controlling HSV-1
latency. Specifically CD8 T-cells are the most abundant
T-cell subset in latently HSV-1-infected human and
mouse ganglia [10]. As mentioned, the assessment of
CD8 T-cell reactivity to VZV using the B-LCL coculture
method was impeded by the fact that B-LCL do not sup-
port productive VZV infection (data not shown). There-
fore, we performed VZV genome-wide screens to assess
the presence and fine antigen specificity of VZV reac-
tive CD8 T-cells in the 10 TG-TCL (TG01-TG10) using
aAPC. Cos-7 cells were co-transfected with (1) subject-
specific HLA-A and -B ¢cDNA (to a maximum of 4 alleles
per subject) together with (2) individual viral genes that
together encompass the complete VZV proteome, includ-
ing pVLT, for use as aAPC [23, 25]. In this system, the
B2-microglobulin co-factor required for HLA-I is endog-
enously expressed by the Cos-7 cells. We then assayed
the respective short-term TG-TCL for IFNy secretion in
response to incubation with the HLA-I matched aAPC.
We have previously applied this platform to uncover the
targets and diversity of HSV- and VZV-specific T-cells in
human blood and other tissues in an unbiased way [16,
19, 25-27]. While all TG-TCL responded strongly to the
control mitogen PHA-P, demonstrating their ability to
secrete IFNy, only 2 of 10 TG-TCL showed VZV-protein
specific CD8 T-cell reactivity: the TG-TCL of subject
TGO04 and TGO7 responded to VZV ORF29 and ORF9,
respectively (Fig. 2 and Additional file 2: Figure S2).
Together, the data indicate that VZV reactive CD8 T-cells
are scarce in human latently VZV-infected TG.

Epitope mapping of VZV reactive CD8 T-cells recovered
from human TG
Next, the fine antigenic specificity of the VZV reactive
CD8 T-cells in subjects TG07 and TG04 was defined by
analyses using protein fragments and synthetic peptides.
We found that the ORF9 CD8 T-cell response of sub-
ject TGO7 was mediated by HLA-A*11:01 (Figs. 2B
and 3A). Using synthetic peptide pools that together
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Fig. 1 HSV-1 and VZV responses of human TG-derived T-cell lines. A Gating strategy applied to determine T-cell reactivity, consisting of selection
of viable cells followed by size exclusion and selection of single cells, selection of CD3* T-cells, and finally selection of CD37CD4* and CD3TCD8*
T-cells. FSC-A, forward scatter—area; SSC-A, side scatter—area; FSC-H, forward scatter—height. B Flow cytometry analysis of IFNy production by
CD4 T-cells derived from TG donors TG02-TGO5 following 6 h of co-culture with autologous B-LCL pulsed with lysates derived from mock, HSV-1,
or VZV-infected ARPE-19 cells. C Flow cytometry analysis of IFNy production by CD8 T-cells following 6 h of coculture with autologous mock- or
HSV-1-infected B-LCL. Numbers indicate percentages of cells within the respective gate

completely covered VZV ORF9, we narrowed down
the epitope to residues 109-121 of ORF9 (peptide 28,
EDAVYENPLSVEK) (Fig. 3B, C). Further truncation of
the peptide identified the minimal epitope correspond-
ing to amino acids 111-121 of ORF9 (AVYENPLSVEK;
Fig. 3D). HSV-1/HSV-2 and even HSV/VZV cross-reac-
tive B- and T-cell responses have been observed due to
the extensive homology between the proteins of these
viruses [25, 28, 29]. However, in silico analysis of the

CD8 epitope-containing region of VZV ORF9 showed
that there is little amino acid homology to the UL49 pro-
tein orthologues in HSV-1 or HSV-2 (Fig. 3E). In line
with this, no IFNy secretion by the TG-TCL of subject
TGO07 was observed in response to Cos-7 cells express-
ing HLA-A*11:01 and either HSV-1 or HSV-2 full-length
UL49 protein (Fig. 3F). These data demonstrate that the
OREF9 reactive CD8 T-cell response was solely VZV spe-
cific. This conclusion is further supported by the HSV-1
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Table 1 Virus-specific T-cell reactivity in TG-derived T-cell lines

T-cell reactivity (%)*

Subject HSV-1 vzv

ID CD4 CcD8 CD4 CcD8
TG02 25 32 0.7 NA
TG03 0.1 270 0.0 NA
1G04 0.1 4.0 0.0 NA
TGOS 13 0.0 0.0 NA

*Net percentages of virus reactive T-cells in human TG-derived T-cell lines,

as determined by flow cytometric detection of intracellular IFNy expression
following coculture with autologous B-LCL infected with HSV-1 (for CD8) or
pulsed with HSV-1 or VZV lysate (for CD4). T-cell reactivities to mock-infected
B-LCL were subtracted. NA, not applicable as B-LCL pulsed with exogenous
antigens do not efficiently present antigens to CD8 T-cells

seronegative status of this subject (Additional file 3:
Table S1).

In subject TG04, the ORF29 CD8 T-cell response was
HLA-A*01:01-restricted (Fig. 4A). Using ORF29 frag-
ments we mapped the epitope to the region overlapping
between sections C and D, containing amino acids 516
to 554 (Fig. 4B, C). Subsequent synthetic peptide map-
ping localized the epitope to ORF29 residues 541-553
and then to 541-550 (YSDCDPLGNY) (Fig. 4D). Nota-
bly, this CD8 T-cell epitope is located in a region of VZV
ORF29 showing extensive homology with its HSV-1 and

>

TG04
HLA-A*01:01, A*02:01, B*07:02, B*08:01

w

IFNy mean ODy s,
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HSV-2 orthologous protein UL29 (Fig. 4E). Recogni-
tion of both HSV-1- and HSV-2 UL29-transfected Cos-7
cells expressing HLA-A*01:01 functionally confirmed
cross-reactivity (Fig. 4F), thereby identifying this ORF29
epitope as a human alphaherpesvirus cross-reactive CD8
T-cell epitope. Notably, subject TG04 was seropositive
for both HSV-1 and VZV (Additional file 3: Table S1).
Taken together, VZV-specific T-cell immunity in human
TG was composed of both VZV unique (TG07) and
human alphaherpesvirus cross-reactive (TG04) T-cell
responses.

Human alpha-herpesvirus cross-reactive CD8 T-cells are
rare in HSV-1/VZV co-infected human TG

Since we found that one of the two identified VZV
epitopes was cross-reactive between HSV and VZV, we
explored the potential for HSV/VZV cross-reactive CD8
T-cell responses in human TG in more detail. Using an
extended set of 10 HSV-1 epitopes previously found to
be recognized by CD8 T-cells from human TG latently
infected with both HSV-1 and VZV [19], we compared
the HSV-1 epitope-containing protein regions for homol-
ogy with VZV using sequence alignment and HLA-I
binding prediction software. Of these 10 HSV-1 CD8
T-cell epitopes, two did not show any amino acid homol-
ogy in the corresponding VZV protein (epitopes 1 and 10;
Additional file 6: Table S4). For the remaining 8 epitopes,
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Fig. 2 VZV antigen specific response of human TG-derived CD8 T-cells. A, B TG-derived T-cell lines of donor TG04 (A) or TGO7 (B) were screened
for reactivity with artificial antigen presenting cells expressing the indicated subject-specific HLA class | allele(s) and individual VZV open reading
frames or fragments thereof. For subject TG04, all 4 HLA alleles were co-transfected simultaneously, while for subject TGO7, only HLA-A*11:01 was
used. Empty vector (control) and phytohemagglutinin (PHA-P), were used as negative and positive controls, respectively. Levels of secreted IFNy
was determined by ELISA. Data are presented as the individual (circles) and mean (bars) OD,s, values of two independent replicates. Horizontal
dashed lines indicate the threshold of T-cell response set at twice the value of the empty vector control. Viral ORF nomenclature according to VZV

reference strain Dumas (Genbank Accession number X04370)
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Fig. 3 TG-derived CD8 T-cells recognize an epitope in VZV ORF9 epitope in an HLA-A*11:01-dependent manner. A IFNy secretion by TGO7-derived
T-cells following 24 h of incubation with Cos-7 cells co-transfected with a vector encoding HLA-A*11:01 and either an empty control vector or

a vector encoding VZV ORF9. B Overview of the peptide composition of each ORF9 peptide pool used in panel C. Reactive pools are shaded.

C IFNy secretion by TG07-derived T-cells co-cultured with Cos-7 cells transfected with HLA-A*11:01 and pulsed with the indicated peptide

pools, showing reactivity for two individual pools that overlap at peptide 28. D IFNy secretion by TGO7-derived T-cells following co-culture with
HLA-A*11:01-transfected Cos-7 cells transfected and pulsed with ORF9 peptide 28 (amino acids 109-121, EDAVYENPLSVEK) or internal ORF9
peptide 28% (amino acids 111-121, AVYENPLSVEK). E Alignment of the VZV ORF9 epitope (AVYENPLSVEK, underlined) with the homologous regions
of HSV-1 and HSV-2 UL49. Amino acids in bold differ between VZV and HSV-1/HSV-2; numbers indicate amino acid positions in the respective
proteins. F IFNy secretion by TG07-derived T-cells following co-culture with Cos-7 cells transfected with HLA-A*11:01 in combination with either an
empty control vector or vectors encoding HSV-1 UL49 or HSV-2 UL49. Data are presented as the individual (circles) and mean (bars) OD,,, values of

at two independent replicates

homologous regions in the corresponding VZV protein
could be identified (epitopes 2-9). For HSV-1 epitopes
2, 3, and 5, the VZV homologs had very poor predicted
binding ranks to HLA-I (Additional file 6: Table S4).
For the remaining epitopes (4, 6, 7, 8, and 9), the VZV
homolog peptide did show relatively preserved pre-
dicted binding to the relevant HLA-I allele. However, we
observed 4 to 7 amino acid differences among the total
epitope length of 9 to 10 residues between the proven
HSV-1 epitope and the VZV homolog. Thus, despite the
potential HLA binding, these VZV homologous peptides
are highly unlikely to induce activation of the HSV-1-spe-
cific TCR due to the extensive amino acid mismatches.

These data suggest that alphaherpesvirus cross-reactive
CD8 T-cells are uncommon in latently HSV-1/VZV co-
infected human TG.

No association between T-cell infiltrates and VZV latency

in human TG

Our findings imply that VZV-specific CD4 and CD8
T-cells are rare in human TG and found in fewer indi-
viduals compared to HSV-1-specific T-cells. To cor-
roborate this finding, we performed two alternative
independent assays on human TG. First, we examined
the spatial orientation of T-cells in relation to latently
infected TG neurons. We and others have previously
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Fig. 4 TG-VZV reactive CD8 T-cells recognize an HSV/VZV cross-reactive epitope in an HLA-A*01:01-dependent manner. A IFNy secretion by
TG04-derived T-cells following incubation with Cos-7 cells transfected with the indicated subject-specific HLA class | allele together with an empty
control vector (—) or a vector encoding VZV ORF29 (+). B Schematic of VZV ORF29 fragments used in (C) to map the T-cell epitope. Numbers
indicate amino acid positions. C ELISA showing IFNy secretion by TG04-derived T-cells following incubation with Cos-7 cells transfected with
HLA-A*01:01 and an empty control vector (=) or vectors encoding the indicated VZV ORF29 fragments from (B). D IFNy production by TG04-derived
T-cells following coculture with Cos-7 cells transfected without (—) or with (+) HLA-A*01:01 and pulsed with the indicated ORF29 peptides or DMSO
as a negative control (—). E Alignment of the VZV ORF29 epitope-containing region of VZV ORF29 with the homologous regions of HSV-1 UL29

and HSV-2 UL29 (underlined). Amino acid in bold differ between VZV, HSV-1, and HSV-2. Numbers indicate amino acid positions in the respective
proteins. F IFNy secretion by TG04-derived T-cells following co-culture with Cos-7 cells transfected to express the indicated HLA class | alleles in
combination with either an empty control vector or vectors encoding full-length HSV-1 UL29 or HSV-2 UL29. Data are presented as the individual
(circles) and mean (bars) OD,s values of 2 (A, C, F) or 3 (D) independent replicates

observed T-cell clusters in close proximity to latent
HSV-1-infected (LAT") neurons in human and mouse
ganglia [13, 19]. Here, we determined CD3 and VLT
expression in consecutive TG sections (n=3 per donor)
from five VZV-infected subjects by IHC and ISH (Addi-
tional file 4: Table S2). In total, we analyzed 16,140
neurons (on average 1,076 per section), of which 0.36%
(SD: 0.18%) expressed VLT. Although sparse T-cell
accumulations were present in some areas of the TGs
(Fig. 5, area 1), these were not observed around VLT-
expressing, latently VZV-infected neurons (area 2).
Second, we have previously observed that the level of
CD8a transcripts—a measure for T-cell infiltration/
retention—correlates with HSV-1 genome load in

human TG, indicating that the extent of T-cell infiltra-
tion into the TG correlates with HSV-1 viral load [19].
Here, we similarly determined the correlation between
the abundance of CD3D T-cell transcripts and VZV
DNA or viral RNAs selectively expressed during VZV
latency (VLT and the VLT-ORF63 fusion transcript)
[3, 4, 19]. No correlation was observed between VZV
DNA, VZV VLT, or VZV VLT-ORF63 RNA levels and
CD3D transcript abundance, suggesting that T-cell
infiltration and/or retention in the human TG does not
correlate with VZV viral load (Fig. 5B, C). Together
with the functional T-cell data, these data support that
retention of VZV-specific T-cells is limited in latent
VZV-infected human TG.
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Fig. 5 No correlation between T-cell infiltrates and VZV latency in human TG. A Consecutive TG sections were stained for CD3 by
immunohistochemistry (red; left column) or VLT RNA by in situ hybridization (dark red, right column). Filled and open arrow heads indicate
CD3* cells and a VLT neuron, respectively; the inset shows a VLT neuron. Data is shown for two different areas (1 and 2) of one donor that are
representative of five independent TG donors; scale bar: 50 um. B, C Abundance of VZV DNA (B) or VZV VLT and VZV VLT-ORF63 RNA (C) as well
as human CD3D transcripts in 18 TG specimens (described in [3]) as determined by q(RT)-PCR and presented as relative DNA/transcript levels
normalized to single-copy gene HMBS or cellular housekeeping gene GAPDH. Spearman r and p values are indicated

Discussion

Previous studies have shown that local virus-specific
T-cell responses are instrumental to control HSV infec-
tions, both at sites of lytic (e.g., the skin and mucosal tis-
sues) as well as latent infection (e.g., the TG). Whereas
VZV-specific T-cells are known to be protective against
HZ, their localization and functional roles at the sites of
viral latency remain unknown. In the present report, we
assessed the abundance of VZV reactive T-cells in human
TGs by determining the reactivity of T-cells derived from
latently VZV-infected TG of ten elderly adults. Our data
show that VZV reactive CD8 T-cells are present in only
a small subset of latently VZV-infected human TG and
that they are much less frequently observed than HSV-
1-specific T-cells.

We used two complementary APC platforms to detect
virus-specific T-cells in human TG-TCL. First, we cocul-
tured the TG-TCL with autologous B-LCL as APC and
observed robust frequencies of HSV-1 reactive T-cells,
especially CD8 T-cells, in 3 of 4 TG-TCL (75%). This is

in line with the selective retention of HSV-1-specific
T-cells in human TG latently infected with HSV-1 that
we have previously observed [17]. In contrast, CD4 T-cell
reactivity towards B-LCL pulsed with VZV antigens was
detected in only 1 of the 4 TG-TCL tested (25%). The
reactivity of CD8 T-cells to VZV was probed more exten-
sively, using our aAPC system based on Cos-7 cells that
were co-transfected with the TG-donor-specific HLA-A
and -B alleles and individual components of the entire
VZV proteome, including pVLT [16, 19, 26]. Only 2 VZV
proteins were found to be antigenic in 2 of 10 TG-TCL
(20%) in this unbiased comprehensive analysis. This
is much lower than observed for HSV-1 in our previ-
ous study, which showed CD8 T-cell reactivity towards
HSV-1 in 8 of 12 TG-TCL (67%), resulting in a total of
13 HSV-1 proteins targeted by CD8 T-cells [19]. Taken
together, our data indicate low prevalence of VZV-spe-
cific CD4 and CD8 T-cells in human TG.

Of the two VZV epitopes we identified, the epitope
in ORF29 was found to be cross-reactive with the
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homologous HSV-1/2 proteins UL29. This is in line with
a previous study in which we also identified abundant
cross-reactive T-cells targeting ORF29/UL29 in blood-
derived T-cells [25]. In fact, 10-50% of blood-derived
HSV-1 reactive CD4 and CD8 T-cells are HSV-1/VZV
cross-reactive and HSV-1 proteins recognized by TG-
resident CD8 T-cells such as ICP4 (VZV ORF62), ICP6
(VZV ORF19), and VP16 (VZV ORF10) are major con-
tributors to HSV/VZV cross-reactive T-cell immunity
[19, 25]. It is thus plausible that the UL29/ORF29 cross-
reactive T-cells detected in this study are a reflection of
this substantial level of cross-reactivity between VZV
and HSV, and VZV may not have been the primary
inducer and/or target of these T-cells in this HSV-1/VZV
co-infected TG donor.

To determine how widespread the cross-reactivity of
HSV-1 reactive T-cells with VZV antigens is, we per-
formed an in silico analysis of 10 previously reported
HSV-1 minimal epitopes [19]. Whereas for several
epitopes the predicted HLA-binding score for the homol-
ogous VZV epitope was very low, for another subset the
homologous VZV peptides regained good binding pre-
diction scores for the relevant HLA-I allele (Additional
file 6: Table S4). Nevertheless, even for these epitopes,
it remains unlikely that T-cell receptors (TCR) that bind
the ligand created by HSV-1 peptides and HLA-I will
cross-react with VZV, since TCR are extremely poly-
morphic, with hypervariable CDR3 domains from both
a and P chains contributing to binding to peptide/HLA-I
complexes. The presence of 4 to 7 amino acid differences
between the 9 to 10 amino acid HSV-1 epitopes and their
VZV homologs strongly suggests that TCR cross-reac-
tivity is unlikely [30, 31]. In support of this conclusion,
we have previously reported that HSV-2-specific CD8
T-cells fail to recognize a variant peptide from HSV-2
strains that circulate widely in the general population
that differs in only 2 of 9 residues, despite retained bind-
ing to the relevant HLA-I allele [32].

The other identified epitope that was specific to VZV
mapped to ORF9. We recently reported that VZV ORF9
was highly immunoprevalent in human skin- and blood-
derived TCL being frequently recognized by CD8 T-cells
in these tissues [16]. In fact, the exact ORF9;;;_;y;
epitope found here was also identified as a CD8 T-cell
epitope in skin-derived TCL from the site of a healed
HZ lesion [16]. This suggests that ORF9 is a widely tar-
geted VZV protein with an important role in controlling
VZV infection, warranting the consideration of including
OREFY in future VZV subunit vaccine preparations.

All except one subjects in our study were HSV-1/
VZV co-infected. Nevertheless, our current observa-
tions as well as prior studies indicate that the majority of
alphaherpesvirus-specific T-cells in TG are directed to
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HSV-1 and not VZV [17, 19]. We detected robust HSV-
1-specific CD8 T-cell responses in three of four donors
(75%) analyzed (Table 1), but VZV reactive CD8 T-cells
in only two of ten TG (20%) analyzed (Fig. 2 and Addi-
tional file 2: Figure S2). These findings are supported by
the detection of abundant T-cells by immunohistology in
HSV-1-infected TG, but not in TG solely infected with
VZV [19, 33], as well as the lack of correlation between
the abundance of T-cells and VLT expression in TG
(Fig. 5). Moreover, a previous study reported the absence
of T-cell infiltrates in human DRG that commonly con-
tain latent VZV but not HSV-1 [34].

In contrast to the scarcity of VZV reactive T-cells in TG
we observed here, we have recently reported the abun-
dant presence and long-term persistence of virus-specific
Ty cells in HZ-affected skin sites, indicating that VZV-
specific T-cells are functionally induced in VZV-infected
individuals and are recruited to sites of lytic VZV infec-
tion [16]. The disparity in virus-specific T-cell retention
between HSV-1 and VZV may thus be due to differences
in their reactivation patterns. Whereas asymptomatic
and symptomatic HSV-1 reactivation occurs frequently,
asymptomatic VZV reactivation is thought to be rare
and clinically apparent VZV reactivation typically occurs
once in a lifetime in immunocompetent individuals [35,
36]. The low reactivation frequency of VZV may thus
provide insufficient antigens for the long-term selec-
tive retention of VZV-specific T-cells in the TG. Alter-
natively, VZV reactivation in the TG may be controlled
by other components of the immune system, for exam-
ple, infiltrating innate immune cells and resident satel-
lite glial cells. While neurons do not express MHC class
II, the abundant neuron-interacting satellite glial cells in
TG can potentially process and present antigen to infil-
trating CD4 T-cells [37]. In support of this, we observed
CD4 T-cell reactivity to VZV in 1 of 4 tested subjects
(Table 1). However, since our current study focused on
CD8 T-cells, the relevance of CD4 T-cells in controlling
VZV infection will require further investigation.

The TG donors included here were of high age (aver-
age 80+ 11 years), and therefore, potentially experienced
waning VZV-specific T-cell immunity. VZV-specific
memory T-cells are maintained at a low frequency in skin
and blood throughout life, but decline in number and/or
functional capacity with older age leading to increased
risk of developing HZ [15, 38—41]. The low prevalence
and abundance of VZV reactive T-cells detected may
thus be an underestimate compared to young adults.
Future studies in younger subjects and using alternative
assays, including VZV protein-specific tetramer stain-
ing [16], to re-analyze VZV-specific T-cell memory in
human TG may offer further insight. Because varicella
and zoster vaccination is not recommended by the Dutch
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government, the VZV vaccination rates in The Neth-
erlands are very low. Nonetheless, we cannot rule out
that any of the TG donors have been vaccinated prior to
death, which could have shaped the VZV-specific T-cell
repertoire in the respective TG. Furthermore, we inves-
tigated TG specifically, since VZV reactivations are dis-
proportionally common in the TG relative to DRG [42].
Nevertheless, VZV establishes latent infection in ganglia
along the entire neuraxis and whether T-cell-mediated
immunity plays a differential role in other ganglia than
TG remains to be determined.

In conclusion, the current study shows that VZV-
specific CD8 T-cells are scarce in latently VZV-infected
human TG, suggesting that the protective role of VZV
reactive CD8 T-cells against herpes zoster is of limited
importance at the site of latency.

Abbreviations

B-LCL B-Lymphoblastoid cell line

DRG Dorsal root ganglion

EBV Epstein—Barr virus
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HLA-I Human leukocyte antigen class |
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ICS Intracellular cytokine staining
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RT-gPCR  Reverse transcription quantitative real-time PCR
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Additional file 1: Figure S1. Control stainings for the in situ hybridiza-
tion assays. Staining for the human gene POLR2A and the bacterial gene
dapB were performed as positive and negative controls, respectively, for
the in situ hybridization assays shown in main, Fig. 5; scale bar: 50 um.

Additional file 2: Figure S2.VZV antigen-specific responses of additional
human TG-derived CD8" T-cells. TG-derived T-cell lines of donor TGO1-
TGO03 and TGO5-TG10 were incubated with Cos-7 cells transfected with
vectors encoding the indicated subject-specific HLA class | allele together
with the individual VZV open reading frames. Empty vector and phyto-
hemagglutinin were used as negative and positive controls, respectively.
Levels of secreted IFNy were determined by ELISA. Data are presented

as the individual and mean OD,s, values of two independent replicates.
Horizontal dashed lines indicate the threshold of T-cell response set

at twice the value of the empty vector control. Viral ORF nomenclature
according to VZV reference strain Dumas.

Additional file 3: Table S1. General characteristics and HLA genotype of
study subjects used for T-cell analysis.

Additional file 4: Table S2. General characteristics of the study subjects
used for histological analysis in main, Fig. 5.
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Additional file 5: Table S3. Primers used to generate the VZV ORF29
truncated fragments.

Additional file 6: Table S4. Homology of HSV-1 CD8 T-cell epitope-
containing regions with orthologous VZV proteins.
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