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Summary

Varicella zoster viru (VZV)-specific T cell responses are believed to be vital
in recovery from primary VZV infection and also in the prevention of viral
reactivation. While glycoprotein E (gE) is the most abundant and one of the
most immunogenic proteins of the virus, there are no data addressing poten-
tial T cell epitopes within gE, nor the phenotype of specific T cells. Using
interferon gamma enzyme-linked immunospot assays and intracellular cytok-
ine assays, we identified gE-specific immune responses in 20 adult healthy
immune donors which were found to be dominated by the CD4+ subset of T
cells. We characterized three immune dominant epitopes within gE restricted
through DRB1*1501, DRB1*07 and DRB4*01, and used DRB1*1501 class II
tetrameric complexes to determine the ex vivo frequency and phenotype of
specific T cells. In healthy immune donors, the cells were largely positive
for CCR7, CD28 and CD27, but expressed variable CD62L and low levels of
cutaneous lymphocyte associated antigen with evidence of recent activation.
In summary, we show that circulating gE-specific CD4+ T cells are detected at
a relatively high frequency in healthy immune donors and show evidence of
recent activation and mixed central and effector memory phenotype. These
data would be compatible with frequent exposure to replicative cycle antigens
in healthy donors and are consistent with a role for gE-specific CD4+ T cells in
the control of viral replication.
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Introduction

Varicella zoster viru (VZV) is an alpha herpes virus which
causes chickenpox during primary infection and herpes
zoster during reactivation. VZV-specific T cell responses
are believed to be vital in the recovery from primary VZV
infection and also in the prevention of virus reactivation
[1,2]. Early development of VZV-specific proliferative T cell
responses has been shown to be associated with milder
disease [3]. Proliferative and cytotoxic memory T cell
responses to several viral glycoproteins and tegument pro-
teins have been demonstrated following natural infection
and vaccination [4–7]. Recently, glycoprotein I (gI) and
immediate early (IE)4-specific CD4+ T cells were shown to
circulate at persistently high frequencies in the peripheral
blood of healthy immune donors without any history of
reactivation [8,9].

Varicella zoster virus has a double-stranded DNA genome
consisting of more than 70 open reading frames (ORF) [10].
VZV genes are transcribed in a temporally controlled

manner and accordingly called IE, early and late proteins,
depending on temporal transcription during the virus rep-
licative cycle [10]. The VZV genome encodes seven glycopro-
teins, gB, gC, gE, gH, gI, gK and gH, which are thought to
mediate cellular attachment, penetration and fusion of the
infected cell membrane and also cell-to-cell spread of the
virus [11]. gE is the most abundant glycoprotein and is
encoded by ORF 68 [12]. It is thought to be an essential
glycoprotein for the virus, as attempts to generate gE dele-
tion mutants have so far been unsuccessful [13]. It is
expressed on the plasma membrane and in the cytoplasm of
infected cells and is thought to have multiple functions, such
as cell-to-cell spread of the virus and skin tropism [14], and
it is also essential for the formation of infectious virions and
viral replication [12]. Recently, it was shown that gE interacts
with the insulin-degradation enzyme which was identified as
the cellular receptor for both cell-free and cell-associated
VZV [15]. gE is thought to be an important T cell target, as
the gE vaccinia virus recombinants induced the highest
proliferative T cell responses when compared with other
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VZV glycoprotein vaccinia recombinants in guinea pigs [16].
Furthermore, guinea pigs immunized with recombinant
VZV gE and gI developed protective antibody responses
and were able to clear the virus efficiently [9]. However, there
are no data addressing potential human T cell epitopes
within gE.

Expression of different co-stimulatory and lymph node
homing molecules on virus-specific T cells is thought to
correlate with differentiation and functional characteristics
[17]. Recently, IE63-specific CD4+ T cells have been shown to
express markers of early intermediate differentiation and up
to 30% showed evidence of recent activation [18]. This could
be explained by frequent re-exposure or reactivation or,
alternatively, that as IE63 is expressed during latency, it could
reflect T cell exposure to latently expressed protein. Distin-
guishing these possibilities is important in the understand-
ing of disease pathogenesis and the critical components of
immune control of latency. In order to address these pos-
sibilities, we sought to identify T cell epitopes within gE,
a VZV protein that is not expressed during latency, and then
use these to determine the functional and differentiation
phenotype of the gE-specific T cells using class II tetrameric
complexes.

Methods

Subjects

The initial study participants consisted of 20 healthy sero-
positive adult individuals with a history of primary VZV
infection but no clinical reactivation and eight seronega-
tive donors. The mean age of the seropositive donors was
34·4 years (range 26–63 years), with an average age of
primary infection at 6·4 years (range 3–15 years). We also
recruited eight seropositive DRB1*1501-positive individuals
and three seronegative DRB1*1501-positive individuals for
further DRB1*1501 tetramer analysis. Ethical approval was
granted by the Oxfordshire ethics committee. Peripheral
blood mononuclear cells (PBMC) were obtained from fresh
heparinized blood by Ficoll-Hypaque density gradient
centrifugation. They were then resuspended in RPMI-1640
plus 10% fetal calf serum (FCS) for ex vivo enzyme-linked
immunospot (ELISPOT) assays and ex vivo intracellular
cytokine staining (ICS) assays and in RPMI-1640 plus 10%
human serum for cell cultures.

Peptides

Synthetic 20 mer peptides overlapping by 10 amino acids
which spanned the whole length of the gE protein were
synthesized in house in an automated synthesizer using
9-fluorenylmethoxycarbonyl chemistry. The purity of the
peptides was determined to be greater than 90% by
high-pressure liquid chromatography analysis and mass
spectrometry.

Ex vivo ELISPOT assays

Ex vivo ELISPOT assays were performed as described
previously [19]. Briefly, ELISPOT plates (Millipore Corp.,
Bedford, MA, USA) were coated with anti-human interferon
(IFN)-g antibody overnight (Mabtech AB, Nacka, Sweden).
The plates were washed six times with RPMI-1640 and incu-
bated for 1 h with RPMI-1640 and 10% FCS; 0·1 ¥ 106

PBMC were added to a final volume of 200 ml and peptide
was added at a final concentration of 10 mM. The 62 20 mer
overlapping gE peptides were made into 20 pools, each con-
taining three 20 mer peptides (the last pool consisted of five
20 mer peptides). PBMC from each individual donor were
tested in duplicate with the 20 peptide pools. Phytohaemag-
glutinin was included as a positive control and an irrelevant
peptide was included as a negative control.

The plates were incubated overnight at 37°C and 5% CO2

and developed using 1 mg/ml of biotin-linked anti-IFN-g
monoclonal antibody (mAb) (mAb 7-B6-1-biotin; Mabtech
AB) as a detection antibody, which was conjugated subse-
quently to streptavidin alkaline phosphatase (AP) (Mabtech
AB), and visualized using an AP conjugate substrate kit
(Biorad, Hercules, CA, USA; 170–643). The spots were enu-
merated using an automated ELISPOT reader. Background
(cells plus media) was subtracted and data expressed as
number of spot-forming units (SFU) per 106 PBMC. All
peptides that induced an IFN-g response of more than
mean � 3 standard deviations (s.d.) of the irrelevant peptide
were considered positive.

Cultured ELISPOT assays

Peripheral blood mononuclear cells from each donor were
incubated with the gE peptide pool consisting of all overlap-
ping peptides. Briefly, 5·0 ¥ 106 PBMCs were incubated for
10 days with 200 ml of 40 mM peptide pool in a 24-well plate.
Interleukin-2 was added on days 3 and 7 at a concentration
of 100 units/ml. All cell lines were maintained routinely
in RPMI-1640 supplemented with 2 mM L-glutamine,
100 IU/ml penicillin and 100 mg/ml plus 10% human serum
at 37°C, in 5% CO2. T cell lines were tested after 10 days’
culture against the individual peptides included in the pools
in a 96-well ELISPOT plate. All peptides that induced an
IFN-g response of more than mean � 3 s.d. of the irrelevant
peptide were considered positive.

Intracellular cytokine secreting assay

To determine IFN-g production, ex vivo PBMC or T cell lines
were stimulated with either culture medium alone, phorbol
myristate acetate (50 ng/ml) and ionomycin (1 mM),
peptide (5 mM) or pooled peptides (each peptide 1 mM) for
16 h at 37°C and 5% CO2 with the addition of GolgiStop
[Becton Dickinson (BD) Biosciences, Oxford, UK; 554715]
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after 2 h of incubation. Cells were washed and stained with
anti-CD3 [fluorescein isothiocyanate (FITC)], anti-CD4
[peridinin chlorophyll (PerCP)] (BD Biosciences) and anti-
CD8 [phycoerythrin (PE)]. Cells were then permeabilized
and fixed with Cytofix/Cytoperm (BD Biosciences) and
stained for intracellular IFN-g [allophycocyanin (APC)],
according to the manufacturer’s instructions and analysed
by flow cytometry.

Maintenance of cell lines

Epstein–Barr virus (EBV)-transformed B cell lines were
maintained routinely in RPMI-1640 supplemented with
2 mM L-glutamine, 100 IU/ml penicillin and 100 mg/ml plus
10% FCS at 37°C, in 5% CO2. Three established keratinocyte
lines were used: HaCat cells (a gift from Dr N. Fusenig) were
developed spontaneously from adult epidermal kerati-
nocytes, natural killer and nuclear factor K cells are human
papilloma virus-16 immortalized keratinocytes (a gift from
Dr E. O’Toole). Keratinocytes were maintained in Dulbecco’s
modified Eagle’s medium (DMEM) (Gibco, Grand Island,
NY, USA) supplemented with 10% FCS, 2 mM L-glutamine,
50 U/ml penicillin and 50 mg/ml streptomycin. Murine
fibroblast cell lines transfected with HLA-DRB1*15 (kindly
supplied by Professor Lars Fugger) were maintained in
DMEM/10% FCS at 37°C with 5% CO2.

Major histocompatibility complex class II HLA
restriction

All major histocompatibility complex (MHC) class II HLA
restrictions were performed in triplicate. Cells from short-
term cultures were incubated with 10 ml of monoclonal anti-
bodies at 0·2 mg/ml specific for HLA-DR (L243), HLA-DQ
(SPV-L3) (kindly supplied by Professor Lars Fugger) and
HLA-DP (Leinco Technologies, Ballwin, MO, USA; H127) at
37°C for 1 h before addition of peptides. B cells partially
matched or mismatched to the testing HLA molecule were
pulsed initially with 25 ml of 40 mM peptide for 1 h at 37°C in
5% CO2. They were then washed three times in RPMI-1640
plus 10% FCS and used as APCs to washed T cells harvested
from cell cultures. Following overnight incubation with
IFN-g, keratinocytes matched and mismatched for the HLA
type of the T cells were pulsed initially with 100 ml of 100 mM
peptide for 1 h at 37°C, in 5% CO2. Once pulsed they were
washed three times in RPMI-1640 plus 10% FCS and used as
APCs to washed T cells harvested from cell cultures. VZV-
infected cell extract (ABI, Maryland, USA; 10-514-001) was
used at 5 mg/ml and Vero-uninfected cell extract (ABI,
10-508-001) was used at 5·4 mg/ml. The live attenuated VZV
(Varilirix Middlesex, UK; GlaxoSmithKline) was added to a
final concentration of 10 ¥ 4 plaque-forming units/ml.

Tetramer and phenotypic staining and flow cytometry

DRB1*1501 iTAg MHCII tetramer was purchased from
Beckman Coulter (Hialeah, FL, USA). DRB1*1501 tetramer

was complexed to VZV gE peptide 54 (aa531-545; TSPLL
RYAAWTGGLA). Unless stated otherwise, cell lines and
PBMC were incubated with 2 mg/ml HLA class II tetramer for
60 min at 37°C in RPMI-1640 and 10% human serum. We
analysed the tetramer expression within the CD4+ T cell
subset by gating on the lymphocytes and excluding B cells,
monocytes and dead cells (via probe positive population)
routinely using 5 million PBMC per stain The anti-PE tetra-
mer enrichment was performed as described previously [18].

The cell surface marker antibodies CD4-pacific blue
(Biolegend, San Diego, CA, USA), CD14-PerCP, C19-PerCP
and 7-aminoactinomycin D (7-AAD) (all BD Pharmingen,
Oxford, UK) were added for 20 min at room temperature.
For phenotypic analysis of tetramer-positive CD4+ cells,
antibodies to CD27 (FITC); CD28 (allophycocyanin, APC);
CD38 (APC); CD45RO (APC); CD62L (APC); CD56 (Pe-
Cy7); CCR7 (Pe-Cy7); cutaneous lymphocyte associated
antigen (CLA; FITC); PD1 (FITC) and perforin (FITC) were
added with the other surface antibodies. Stained cells were
washed with phosphate-buffered saline (PBS) and fixed in
0·5% PBS/formaldehyde. Cells were acquired on a CyAn™
(DakoCytomation, Glostrup, Denmark) and analysed using
FlowJo software.

Results

Overall gE-specific T cell responses ex vivo

Using the 20 peptide pools (each consisting of three 20 mer
peptides) encompassing the gE protein, we screened the ex
vivo ELISPOT responses with PBMC derived from 20
healthy immune donors with a history of VZV infection and
positive VZV serology (Fig. 1a). The ex vivo PBMC responses
specific for these peptide pools ranged from 0 to 465
SFU/million cells. Seronegative individuals (n = 8) made no
responses to any of the gE peptide pools ex vivo (data not
shown). There was no correlation of ex vivo gE-specific T cell
responses with age of the donors or with time as primary
infection. As we had previously studied ex vivo responses to
the gI protein [8,9] we then went on to compare ex vivo
immune responses of overlapping gI peptides with gE
peptides. We found that gE-specific IFN-g responses, in the
majority of donors, were present at a significantly higher
level than gI-specific immune responses (P < 0·001). Overall
these data showed that gE-specific T cell responses could be
identified ex vivo and are present at a higher level than those
of gI in healthy immune donors.

We then proceeded to confirm the responses detected ex
vivo by expanding peptide-specific cells in vitro. We observed
high levels of gE-specific T cells after 10 days of culture,
reaching a maximum of 3488 IFN-g-producing cells per
million total cells (Fig. 1b). The cultured ELISPOT responses
showed that 14 of 20 individuals responded to pool 20, 15 of
20 responded to pool 15, 14 of 20 responded to pool 17, nine
of 20 to pool 10 and nine of 20 responded to pool 7. After
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further testing the individuals for each 20 mer peptide
included in these peptide pools, we found that the majority of
the responding individuals reacted to peptide 20 in pool 7,
peptides 58 and 59 in pool 20 and peptide 29 in pool 10 (data
not shown). We observed that there was a significant positive
correlation between the ex vivo and cultured gE peptide pool-
specific responses, confirming that the cultured approach was
expanding cells carrying an overlapping specificity to those
detected ex vivo (P < 0·0001, r = 0·3016, Fig. 1c).

Intracellular cytokine staining was used to investigate the
responding T cell subsets and showed that responses to gE
peptides were mediated by CD4+ T cells (data not shown).
Indeed, we tested all immune dominant pools and found
that responses to all immune-dominant peptide pools and
20 mer peptides were mediated exclusively by CD4+ T cells.
Our earlier studies have shown a similar CD4+ T cell domi-
nance of responding T cells both ex vivo and cultured using
the viral lysate and vaccine as stimulatory antigens [20]. In
these experiments we considered that the use of the peptides
and lysate might bias the assay towards stimulation of CD4+

T cells and therefore repeated the assay using live viral
vaccine as stimulation. However, we found that the live
vaccine also induces a gE-specific cellular immune response
which is mediated by CD4+ T cells (Fig. 2). Overall, these
data show that it is possible to expand gE-specific T cells in
vitro and that such responses are dominated by CD4+ T cells.

Identification of a DRB1*1501-restricted
epitope within gE

Peripheral blood mononuclear cells were cultured with pools
of gE 20 mer peptide (10 20 mer peptides in each pool

named A–F) and then tested for IFN-g production using
peptide-pulsed DRB1*1501 expressing transfected L cells for
antigen presentation. Figure 3a shows the results from the
constituent peptides from pool F, which confirmed that
peptide 54 contained a DRB1*1501-resticted T cell epitope.

Fig. 1. (a) Ex vivo interferon (IFN)-g
enzyme-linked immunospot (ELISPOT)

responses to overlapping glycoprotein E (gE)

peptide pools in the cohort of healthy immune

donors with a history of primary varicella

zoster virus (VZV) but no clinical reactivation.

The horizontal bar shows the mean � 3

standard deviations (s.d.) of the irrelevant

peptide control. (b) Cultured IFN-g ELISPOT

responses to overlapping gE peptide pools in

cohort of healthy immune donors with a

history of primary VZV but no reactivation.

The horizontal bar shows the mean � 3 s.d. of

the irrelevant peptide control. (c) Correlation

between ex vivo and cultured IFN-g ELISPOT

responses for overlapping gE peptide pools in a

cohort of healthy immune donors (P < 0·0001,

r = 0·3016).
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To determine the minimum length of the epitope, T cells
cultured with the 20 mer peptide were tested by ELISPOT
assays using sequential C and N terminal peptide truncations
of the 20 mer index peptide. We found the minimum
peptide to be a 12 mer (Fig. 3b) and using peptide dose
titration have found that the optimum peptide is a 15 mer
(TSPLLRYAAWTGGLA) (Fig. 3c).

Characterization of other epitopes within gE

As we found that T cell responses to peptide 20 (gE pool 7)
and peptide 29 (pool 10) were derived from CD4+ T cells, we
proceeded to determine the HLA class II restriction of these
epitopes. We initially used DR, DQ and DP blocking antibod-
ies and showed that the DR molecules were involved in the
presentation of both epitopes (data not shown). To determine
which of the DR molecules presented the epitope within
peptide 20, keratinocyte lines (both matched and mis-
matched to the testing HLA molecule) were used as APCs to
short-term T cell lines. This showed that the epitope in
peptide 20 was presented by the DRB1*07 molecule (Fig. 4a).
To determine the minimum length of the epitope, T cells
cultured with the 20 mer peptide were tested by ELISPOT
assays using peptide truncations of the 20 mer index peptide.
By testing the individuals who responded to gE peptide 20, we
found the minimum peptide to be a 9 mer and the optimum
epitope to be a 14 mer (GVRYTETWSFLPSL, data not
shown). Ex vivo ELISPOT responses to this epitope were
found to be 65–925 (mean 292, s.d. � 356·6) SFU/million
cells among healthy seropositive donors.

To determine which of the DR molecules presented the
epitope within peptide 29, EBV-transformed lymphoblas-
toid B cell lines, both matched and mismatched, for the
presenting HLA molecule were used. Using this method we
found that the epitope within peptide 29 was presented by
HLA DRB4*01 (Fig. 4b). Truncations of the 20 mer peptide
did not enhance the response significantly, and therefore we
subsequently used the complete 20 mer in later experiments
(IEPGVLKVLRTEKQYLGVYI).

Processing and presentation of gE epitopes
by keratinocytes

Keratinocytes are major targets for VZV replication [8,9].
Therefore, we proceeded to investigate if the gE epitopes
were processed naturally by keratinocytes and presented to
T cells. Following pulsing of DRB4*01- and DRB1*1501-
restricted keratinocytes with live VZV vaccine or VZV lysate
we used them as APCs to T cell lines specific for gE
DRB4*01 peptide 29 (IEPGVLKVLRTEKQYLGVYI) and gE
DRB1*1501 peptide 54 (TSPLLRYAAWTGGLA). We found
that the keratinocytes were very efficient in presenting the
epitopes to specific T cell lines, which suggests that these
epitopes were processed naturally by keratinocytes (Fig. 4c
shows data for peptide 29).

Analysis of the frequency and phenotype of
DRB1*1501 tetramer-specific CD4+ T cells

We initially determined the ex vivo frequency of tetramer
positive T cells in VZV-immune healthy immune donors.
We also analysed ex vivo tetramer-positive responses in six
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seropositive non-DRB1*1501 individuals and three serone-
gative DRB1*1501-positive individuals to exclude any non-
specific binding. As shown in Fig. 5a, tetramer-positive CD4+

T cell responses were seen at a relatively low frequency in
DRB1*1501 individuals, but such levels are similar to those
observed in previous studies of chronic viral infections, such
as cytomegalovirus (CMV) and human immunodeficiency
virus (HIV). Although two donors (who had never had clini-
cal reactivation) had tetramer-positive responses >0·03%
of CD4+ T cells, the mean ex vivo level of tetramer binding
cells was 0·009% � 0·016 (Fig. 5b). However, DRB1*1501
individuals had significantly higher tetramer-positive
T cells when compared with non-DRB1*1501 individuals
(P < 0·0001). Using tetramer enrichment strategies, we have
shown previously that such frequencies of tetramer-binding
cells ex vivo are robust and can be expanded from within the
gates used (ViaProbe–, CD14–, CD19–) to generate T cell lines
and clones [18,21].

Having identified tetramer-positive T cells ex vivo, we then
went on to investigate the proliferative capacity of peptide
54-specific T cells. Tetramer-positive T cells were seen at
a high frequency (mean 9·3%, �10·3) in short-term T cell
cultures of PBMCs from DRB1*1501 individuals (Fig. 5c),
showing that peptide 54-specific T cells have good prolifera-
tive potential.

We next analysed the ex vivo phenotype of tetramer-
positive cells of eight VZV-immune individuals (Fig. 5d).
The majority of the tetramer-positive cells expressed CD28
(87·53% � 12·9) and CD27 (77·28% � 14·3). Although not
statistically significant, CD27 expression on tetramer-
positive cells was lower than CD28. The expression of CD27
on tetramer-specific T cells was significantly lower (P < 0·05)
than expression of this molecule on the whole CD4+ T cell

population. However, the expression of CD28 was similar on
both the tetramer-specific T cell population (87·5% � 12·9)
and the whole CD4+ T cell population (88·67 � 15·8). In
addition, 67·6% of tetramer-positive cells expressed both
CD27 and CD28 while 9·2% of cells did not express either
co-stimulatory molecule.

Of the cells ex vivo, 72·23% (s.d. � 17·4) expressed CCR7
while the expression of CD62L was more variable (mean
35·5%, s.d. � 15·8) (Fig. 5d). The level of CD45RO expres-
sion (52·6 � 21·08) was similar to that seen on the total
CD4+ T cell population. Interestingly, CD62L expression was
lower in the individuals who also had low expression of
CD27 and CD28, suggesting that in these individuals there
was more progression along the putative T cell differentia-
tion pathway. CLA, which is considered to be expressed on
T cell homing to the skin, was present only on 2·0%
(s.d. � 4·7) of tetramer-positive cells, suggesting that in
healthy immune donors, the gE-specific CD4+ T cells might
not provide rapid control of cutaneous antigen. Five of the
eight individuals had absent CLA expression in their
tetramer-positive CD4 T cells (Fig. 5d). Although the overall
expression of CLA on tetramer-positive cells was higher than
the total CD4+ T cell population (0·9 � 0·61), this difference
was not significant.

CD38 was expressed in 36·86% (s.d. � 11·57) tetramer-
positive T cells and PD1 on 7·2% (s.d. � 4·9) tetramer-
positive cells ex vivo. PD1 expression was significantly
higher in tetramer-positive cells than the CD4+ population
(0·51%, s.d. � 0·4). These data suggest that a proportion of
the tetramer-positive cells had recently encountered antigen.
Taken with the memory markers described above, the
gE-specific CD4+ T cells expressed a mixed central and effec-
tor memory phenotype with evidence of recent activation.

Fig. 4. (a) Interferon (IFN)-g enzyme-linked

immunospot (ELISPOT) responses using

peptide 20-specific line incubated with peptide

directly added to T cells or on DRB4 and

DRB1*07-matched or -mismatched and

peptide-pulsed or unpulsed keratinocytes.

(b) IFN-g ELISPOT responses using peptide

29-specific line incubated with peptide added

directly to T cells or on DRB4 and

DRB1*04-matched or -mismatched and

peptide-pulsed or -unpulsed Epstein–Barr

virus-transformed lymphoblastoid cell lines.

(c) IFN-g ELISPOT responses using a peptide

29-specific line incubated with peptide added

directly to T cells or on DRB4*01-matched

peptide-pulsed, live varicella zoster virus (VZV)

vaccine-pulsed, VZV lysate-pulsed and

-unpulsed keratinocytes.
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Discussion

Our results show that CD4+ T cells specific for gE peptides
circulate at high frequencies in healthy VZV immune
donors. We mapped novel gE-specific T cell epitopes and
used class II DRB1*1501 tetrameric complexes to document
the frequency of viral-specific CD4+ T cells, which were
found to be similar to antigen-specific CD4+ T cell responses
observed with other infections and allergens [22–25].

We have documented previously that IE63-specific CD4+

T cells express mixed early and intermediate levels of differ-

entiation in the context of moderate activation [18]. As IE63
is expressed during latency, we were not able to interpret
whether such IE63-specific T cell activation was related to
latent expression or to frequent reactivation or re-exposure
[26]. In contrast, gE is expressed only during the replicative
cycle and therefore the presence of activated T cells with
effector memory differentiation would argue in favour of
frequent VZV reactivation or re-exposure. Comparison of
longitudinal responses to an IE and a late protein in CMV in
healthy donors has shown that while T cell responses to the
IE protein increased over time, responses to the late protein
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Fig. 5. (a) Examples of tetramer staining in a human leucocyte antigen (HLA)-DRB1*1501-negative (upper left panel) individual ex vivo and a

HLA-DRB1*1501-positive individual ex vivo (upper middle panel); and after anti-phycoerythrin enrichment (upper right panel), with anti-CD62L

phenotyping post-enrichment, gating on the tetramer-positive population (left lower panel) and the total CD4+ population (lower right panel).

Cells are gated on CD14-, CD19-, via probe- cells. (b) Percentage of tetramer+ cells (as a proportion of CD4+ T cells) ex vivo in

HLA-DRB1*1501-positive and -negative individuals (P < 0·0001). Cells are gated on CD4+ tetramer+ and CD14-, CD19-, via probe- cells. (c)

Examples of tetramer staining in HLA-DRB1*1501-positive individuals after short-term culture. Ex vivo frequencies were 0·0026% and 0·057% of

CD4+ T cells for the left- and right-hand individuals respectively. Cells are gated on CD14-, CD19-, via probe- cells. (d) Ex vivo percentage of

co-stimulatory, activation, skin and lymph node homing marker expression on tetramer-specific T cells. Cells are gated on CD4+ tetramer+ and

CD14-, CD19-, via probe- cells. CLA, cutaneous lymphocyte associated antigen; APC, allophycocyanin; PE, phycoerythrin.
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did not [27]. It will now be important to determine the
longitudinal changes in T cell responses to the most abun-
dant IE, early and late proteins during primary infection,
latency and reactivation of VZV.

Virus-specific memory T cells vary in the expression of
phenotypic markers, which are thought to reflect different
functional properties required by these cells in order to
control viral replication [17,28,29]. According to this
classification, gE-specific T cells appear to be at the early/
intermediate stage of differentiation. Although 77·28% and
87·88% of tetramer-positive cells expressed CD27 and
CD28, respectively, 9·2% did not express either marker.
While 72·23% of the cells expressed CCR7, the expression
of CD62L was lower (mean 35·5%), suggesting that while
the majority of cells would fit into a central memory phe-
notype, a significant subset of gE-specific CD4+ T cells
showed a phenotype more compatible with effector
memory status.

Cutaneous lymphocyte associated antigen is expressed on
T cells homing to the skin and is expressed in less than 5% of
circulating CD4+ T cells from healthy individuals [25], but in
85% of T cells in inflammatory skin lesions [30]. Interest-
ingly, only 2·0% of gE tetramer-specific T cells expressed
CLA. The highest expression of CLA (12·6% of tetramer-
positive cells) was seen in the individual who had the highest
frequency of tetramer-positive T cells (0·057% of the whole
CD4+ T cells). Although CLA expression by tetramer-specific
T cells was significantly higher than expression in the total
CD4+ T cell population, it was significantly less when com-
pared with expression in herpes simplex virus (HSV) virus-
specific T cells. For instance, 50–70% of HSV-specific CD8+

T cells and 15–20% CD4+ T cells [31] have been shown to
express CLA. However, CLA expression in these studies were
determined following antigen stimulation which could over-
estimate the expression of CLA by HSV-specific CD4+ T cells,
as CLA expression has been shown to be up-regulated with
stimulation [32].

On antigen withdrawal, CD38 expression by antigen-
specific T cells is lost with a half-life of several weeks [33].
CD38 was expressed by 36·86% of gE tetramer-binding T
cells. This is suggestive, therefore, of activation of gE-specific
T cells within the preceding few weeks. Overall, the differen-
tiation and activation marker expression would support
a mixed central and effector memory pattern with evidence
of recent activation in approximately one-third of the
gE-specific CD4+ T cells. These would be compatible with
ongoing replicative cycle antigen exposure and frequent
reactivation or re-exposure. Boosts of glycoprotein-specific
antibody titres [34] would also fit with replicative cycle
antigen exposure, but the significant expression of CD38 and
PD-1 by gE-specific T cells argues that such exposure occurs
very frequently within a population not covered by universal
vaccination. Indeed, the recent detection of viraemia within
9% of healthy asymptomatic UK blood donors would be
compatible with our immunological findings [35].

PD-1 expression was significantly higher among tetramer-
positive cells than the whole CD4+ T cell population. PD-1
has been shown to be expressed at moderately high levels in
chronic viral infections such as CMV, EBV, HIV and chronic
hepatitis C infection, and its expression is thought to be
associated with T cell dysfunction because of exhaustion
[36–38]. However, it was shown recently that expression of
PD-1 on viral-specific CD8+ T cells was related to activation
and an earlier stage of differentiation, with its expression
having no effect on the functional capacity of HIV-specific
CD8+ T cells. These authors showed that CD8+ T cells that
were in the early/intermediate stage of differentiation
expressed PD-1, while expression was not seen in naive
T cells or CD8+ T cells in later stages of differentiation.
In addition, activation of T cells was shown further to
up-regulate expression of PD-1 [39]. Therefore, the moder-
ately high expression of PD-1 on VZV gE tetramer-specific T
cells could be due to recent encounter with the virus rather
than exhaustion of tetramer-specific T cells. However, it
would be worth investigating the relative expression of this
molecule in longitudinal studies of elderly and younger indi-
viduals to determine if PD-1 expression was solely a marker
of activation and differentiation or if it indeed reflected
viral-specific CD4+ T cell dysfunction.

Similarities and differences have been observed for the
phenotype of memory T cell responses to different proteins
in persistent virus infections. Therefore, we compared the
phenotype of gE tetramer-specific T cells with those of
IE63-specific T cells. Although the phenotypes of tetramer-
specific T cells appeared to be similar overall, there were
some differences. For instance, although CD27 and CD28
expression IE63-specific T cells were somewhat similar,
IE63-specific T cells appeared to lose CD28 expression
before CD27 expression, which was in contrast to what was
seen with gE. In addition, the expression of CD45RO was
higher in IE63-specific T cells. It will clearly be important
to extend these findings to different epitopes within different
proteins and to examine longitudinal changes during the
course of natural infection.

Glycoprotein E-specific T cell responses in our donors
were mediated by CD4+ T cells. This was similar to what was
observed by us previously with VZV gI, IE4 [8,9] and IE63
[18], and is also consistent with other reports [40]. Although
we expected some CD8+ T cell responses to this protein,
similar observations have been made by others, who have
shown that T cell immune responses directed at glycopro-
teins derived from other herpes viruses are predominantly
from CD4+ T cells [41]. As with all herpes viruses, VZV viral
assembly occurs in the trans-Golgi network. It is believed
that, in CMV infection, during viral assembly structural pro-
teins are delivered to the endosomal compartment where
class II antigen presentation occurs. Class II presentation of
endogenous viral glycoproteins of CMV is thought to be an
important mechanism where the host is able to respond to
the virus despite MHC class I down-regulation by the virus
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[42]. Therefore, it is likely that a similar mechanism occurs in
the processing of VZV glycoproteins, which would explain
the predominance of the VZV gE-specific CD4+ response.
Alternatively, autophagy of VZV-infected cells may lead to
class II processing and presentation of gE peptides. This has
been shown to occur with the EBV nuclear antigen 1, which
is a dominant CD4+ T cell target [43].

Varicella zoster virus infections can be prevented largely
by the highly effective live attenuated VZV vaccine. However,
although rare, it has caused serious illness and even death in
some immune-suppressed individuals [44–48]. Further-
more, the vaccine virus establishes latency and may later
reactivate, causing severe disease in such individuals [47].
Therefore, it will be important to continue the development
of new alternative, safer vaccination strategies for use in
immune-suppressed individuals, who are arguably among
those with most to gain from protection. We hope that by
mapping the first T cell epitopes within gE and characteriz-
ing the phenotype of specific T cells in individuals with good
clinical control that the data will be of value for such
strategies.
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