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ABSTRACT: Patients with genital herpes have frequent
viral reactivations. The repeated antigenic rechallenges
can modulate the CD4" memory T-cell repertoires dur-
ing the course of infection. In this study, the CD4 ™" T-cell
responses against the herpes simplex virus type 2 (HSV-2)
tegument protein VP16 were studied in two HSV-2—
infected subjects at two different time points that spanned
a 5-year period. Although the VP16-specific T cells did
exhibit variation of T-cell receptor V3 usages at the two
time points, T cells that used identical V3 and CDR3
junction sequences were also observed at the two time
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FITC fluorescein isothiocyanate
HLA human leukocyte antigen
HSV-2  herpes simplex virus type 2

INTRODUCTION

Herpes simplex virus type 2 (HSV-2) is the major cause
of genital herpes. It is estimated that 20% of the U.S.
population over 16 years of age is infected with HSV-2
[11. After initial acute viral infection, the viruses remain
latent in the nerve ganglion. HSV reactivation is com-
mon, and shedding occurs in the anogenital region in
28% of days sampled among healthy seropositive indi-
viduals {2, 3}. Viral reactivation can be either symptom-
atic or asymptomatic {4, 5]. Symptoms tend to lessen
over time [6]. It is not known whether this is the result
of immunologic maturation or determinant spreading, or
whether it is related to ganglionic events. The intermit-
tent reactivation of HSV-2 viral infection provides a
unique situation to examine how repeated antigenic chal-
lenges shaped the memory T-cell repertoires.
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points. These experiments demonstrate that the CD4™ T
cells that are directed against HSV-2 VP16 protein in
chronically infected individuals are oligoclonal and that T
cells of specific clonotypes can be maintained throughout
the course of the disease.  Huwman Immunology 60,
777787 (2005). © American Society for Histocompati-
bility and Immunogenetics, 2005. Published by Elsevier
Inc.

KEYWORDS: HLA tetramers; CD4™"; herpes simplex;
persistent infection; memory T cells

PBMC peripheral blood mononuclear cell
TCR T-cell receptor
TGEM  tetramer guided epitope mapping

As a consequence of the life cycle of the virus, the
immune system is exposed to the virus periodically
throughout the lifetime of the infected individual. HSV-
2—specific cytotoxic lymphocytes are critical for viral
clearance. Both CD4" and CD8" T cells specific for
HSV-2 are found to have cytolytic activity {7, 8}. The
ICP47 gene encoded by the HSV-2 virus can downregu-
late class I expression by inhibition of the peptide trans-
porter TAP {9}. The class I downregulation provides a
mechanism by which the viral infected cells can evade
the immune surveillance of HSV-specific CD8" T cells
in the early phase of viral infection. Production of inter-
feron gamma by CD4" and natural killer cells will
eventually upregulate class I expression on an HSV-
infected cell and will render the infected cell susceptible
to CD8™" T-cell lysis. The potential evasion of CD8" T
cells during the first few days of viral infection, together
with the cytolytic and helper activity of CD4™ T cells in
priming and maintaining CD8™ T cells, underscores the
role of HSV-2—specific CD4™ T cells in the control of
HSV-2 infection.

The frequent recurrent activation of HSV-2 raises the
question whether T cells that are directed against HSV-2
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antigens are of different clonotypes during the course of
the infection. It is also possible that different epitopes
may be recognized during the course of the disease. A
recent study indicated that HSV-2—specific CD8" CTL
clonotypes could persist for a long period of time [10}.
However, the methodology used in the study did not
evaluate the prevalence of these persistent CD8 " T cells.
The maintenance of the dominant epitope during that
period was also not addressed. The current study focuses
on the maintenance of HSV-2—specific CD4" T cells in
peripheral blood. The CD4 " T-cell responses toward the
HSV-2 tegument protein VP16 in two HSV-2—infected
subjects at two time points 5 years apart were examined.
The class II-restricted immunodominant epitopes for
VP16 protein, the VB usages of the CD4" T cells that
are directed against the VP16 protein, and the clono-
types of these T cells were examined at these two time
points. There was no significant change in the T-cell
repertoires that were directed against VP16 protein over
the 5-year period in which the peripheral blood mono-
nuclear cells (PBMCs) were obtained. T cells of identical
clonotypes were observed at both time points with sim-
ilar frequency. The life cycle of HSV-2 virus in main-
taining the CD4" T-cell responses and the implication
of the current results on the differentiation of CD4"
memory T cells are discussed.

MATERIALS AND METHODS
Donor Samples

Subjects 5101 and 5607 were seronegative for human
immunodeficiency virus type 1, seropositive for HSV-2,
and were neither experiencing symptomatic HSV infec-
tion nor receiving suppressive antiviral medication at the
time of blood collection. Blood samples that were col-
lected at two time points that span a period of 5 years
were used in this study. For subject 5101, the average
symptomatic recurrent rate was five times per year,
whereas 5607 had no symptomatic recurrence during the
study period. The possibility that the subjects were
reinoculated with their original infecting strain or rein-
fected with a second strain of HSV-2 during the study
period cannot be completely ruled out. Subject 5101 was
engaged in a mutually monogamous relationship with a
partner who was asymptomatic during the study period.
Thus, it is unlikely that exogenous reinfection of HSV-2
occurred for subject 5101. Human leukocyte antigen
(HLA) typing was performed by genotypic or serologic
methods. Subject 5101 had the DQB1*0602 (DQ0602)
allele and subject 5607 had the DRB1*0404 (DR0404)
allele. Protocols were approved by the institutional re-
view board, and informed consent was obtained from the
subjects. PBMCs were cryopreserved.
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Tetramer Guided Epitope Mapping

A detailed description of the generation of tetramers and
the tetramer guided epitope mapping (TGEM) approach
has been previously described [11}. Briefly, PBMCs from
HSV-2—positive subject were stimulated with VP16 pro-
tein at 2 wg/ml (a gift from the Chiron Corporation).
Cells were fed every other day and were stained with
pooled tetramers on day 12. For the generation of pooled
tetramers, a panel of 60 overlapping VP16 peptides,
termed p3 to p62, were used. These peptides were 20
amino acids in length and corresponded to the entire
predicted VP16 protein, with a 12 amino acid overlap
between adjacent peptides. Peptides were synthesized by
Mimotopes (Clayton, Australia) and were dissolved in
DMSO. The peptides were divided into 12 pools, each
containing five different overlapping peptides. Pooled
peptides were loaded onto biotinylated class IT molecules
to generate phycoerythrin conjugated tetramer pools.
Tetramer pools that gave positive staining were identi-
fied, and single peptides from the positive pool were used
to generate single peptide tetramers. Analyses with sin-
gle tetramers were carried out on day 15.

T-Cell Receptor V[ Usages of VP16 T Cells

A panel of 20 fluorescein isothiocyanate (FITC)-
conjugated T-cell receptor (TCR) V[3 Abs were used to
examine V[3 usages of the tetramer-positive T cells. V3
5.3 and VB 6.7 antibodies were obtained from Endogen
(Woburn, MA). The other VB antibodies were obtained
from Beckman Coulter (Miami, FL). PBMCs were stim-
ulated with the VP16 peptides of interest. Fourteen to
17 days later, cells were first stained with the corre-
sponding tetramers for 40 minutes at 37°C, peridinin
chlorophyll protein—conjugated CD4 Ab (Beckman
Coulter, Miami, FL); FITC-conjugated V[3 antibodies
were added, and the incubation was carried out at 4°C for
an additional 15 minutes. Cells were washed and ana-
lyzed by BD FACSCalibur (Becton Dickinson, San Jose,
CA). For flow cytometry, cells were gated on forward and
side scatterings, and at least 20,000 gated events were
analyzed.

Sequencing of the TCR V[ Chain

PBMCs from HSV-2—positive individuals were obtained
from two different time points. PBMCs from subject
5101 were stimulated with 10 pg/ml of the VP16 369 —
379 peptide, and PBMCs from subject 5607 were stim-
ulated with the VP16 443455 (p58) peptide. On day
14, cells from subject 5101 were stained with DQ0602/
VP16549_3-0 tetramer and anti-TCR V[ (either V3 2 or
VB 6.7) Abs; cells from subject 5607 were stained with
DR0404/p58 tetramer and anti-TCR V[3 (either VB 2 or
VB 5.3) Abs. Cells found to be double positive for the
anti-TCR V3 Ab and the tetramer were single cell sorted
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on a FACSVantage (Becton Dickinson, San Jose, CA).
After two rounds of PHA (Remel, Lenexa, KS) stimula-
tion at 2 wg/ml in the presence of irradiated allogeneic
feeders and 20 U/ml IL-2 (Hemagen Diagnostic,
Waltham, MA), 10 to 20 T-cell clones from each param-
eter were frozen with 93% FBS and 7% DMSO for later
use. For VB typing analyses, approximately 2 X 10° T
cells were used. cDNA was isolated with the cDNA
Direct From Cells RT Kit (Genechoice, Frederick, MD).
Primers specific for the TCR V3 region of the clone were
used to amplify that particular region of the TCR. For
the forward primer, they are 5'-TCATCAACCATGCA-
AGCCTGACCT-3' for VB 2, 5'-AGGCCTGAGGGA-
TCCGTCTC-3' for VB 6.7, and 5'-AAGTCCCACAC-
ACCTGATCAAAACG-3' for VB 5.3. The sequence for
the reverse primer is the 5'-CATTCACCCACCAGCT-
CAGCT-3" CP constant region primer. The amplified
fragments were gel purified with the QIAquick Gel
Extraction Kit (Qiagen, Valencia, CA) and cloned into a
TA vector (Invitrogen, Gaithersburg, MD). Fragments
were sequenced with M13 forward and reverse primers
(Invitrogen, Gaithersburg, MD) and ABI sequencing
reagents (Applied Biosystem, Foster City, CA).

RESULTS

Immunodominant Epitopes of VP16 Protein
Restricted by DR0404

The TGEM approach was used to compare the DR0404-
restricted CD4" T-cell responses directed against the
VP16 protein from peripheral blood samples of a
DR0404 HSV-2—infected subject 5607 collected 5 years
apart. In the TGEM approach, overlapping peptides cor-
responding to the entire VP16 protein were synthesized.
These peptides were subsequently divided into 12 dif-
ferent pools. Tetramers were loaded with the different
peptide pools and assembled. PBMCs from the DR0404
subject were stimulated with the VP16 protein and
stained with the pooled tetramers 12 days later. The
dominant antigenic epitope was identified to be located
in the pool of 12-peptide mixtures for both samples
(Figure 1). Tetramers were generated from individual
peptides of pool 12, and the staining was repeated with
the single-peptide-loaded tetramers. Tetramers generated
by individual peptides from pool 12 indicated that the
major epitope was located at VP16 443—455 (p58) of both
samples (Figure 2). The result indicated that the major
DRO0404 restricted epitopes of VP16 was confined to the
VP16 443-455 region, and no further determinant
spreading was observed during the 5-year time span.

VB Usages of DR0404 VP16 Specific T Cells

The V[3 usages of VP16-specific T cells were assayed by
staining for DR0404/p58 tetramers in conjunction with
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a panel of TCR V3 antibodies. The results are illustrated
in Figures 3 and 4. Tetramer-positive T cells with V[3 2
and V3 5.3 usage were observed at both time points. For
the year 0 time point, approximately 4% of the T cells
were tetramer positive after 14 days of expansion, and
28% and 18% of the tetramer-positive T cells used V[3
2 and V3 5.3, respectively. For the year 5 time point,
approximately 6% of the T cells were tetramer positive
after expansion by 7z vitro peptide stimulation, and 28%
and 14% of the tetramer-positive T cells used V3 2 and
VB 5.3, respectively. Before expansion, approximately
7% and 1% of the PBMCs used VB 2 and VB 5.3,
respectively, at both time points (data not shown). Thus,
there is a selective usage of V3 2 and V3 5.3 for the
tetramer-positive T cells. The uses of additional TCR
Vs that were unique to a specific time point were also
observed. For example, V3 14 was being used at the year
5 sample, but not at the year 0 sample (Figures 3 and 4).

In order to evaluate whether T cells that were being
expanded in the earlier time point could persist, both
DR0404/p58-specific V3 2- and V3 5.3-positive T cells
at year 0 and year 5 were isolated by FACS sorting. The
antigenic specificity of these T-cell clones was recon-
firmed by tetramer and V[3 staining. The CDR3 regions
of the VB chain of the clones were sequenced (Table 1).

The experiments demonstrated that T cells with iden-
tical V3 CDR3 sequences were present at the two time
points for the VP16 443—455—specific VB 5.3 T cells.
Limited data from the V3 2-specific T cells precluded us
from drawing any firm conclusions regarding whether
the VB 2 VP16 443-455 T cells persist during the
5-year period. Although we have not examined the Vo
sequences of these clones, the data strongly suggest that
T cells with identical TCR are present over the 5-year
period for the VP16-specific VB 5.3 T cells. As the
percentages of VP16-specific VB 5.3 T cells are fairly
similar (18% vs. 14%) after in vitro expansion at the two
time points, the frequency of these T cells has not
changed significantly over a 5-year period.

VB Usages of VP16 Specific DQ0602 Restricted
T Cells

HSV-2 VP-16-specific DQO0602 restricted T cells
from a DQO0602 subject 5101 was also studied. The
VP16549_5-4 epitope has previously been identified as
a dominant DQOG602 restricted epitope {12}. PBMCs
from 5101 at 2 time points that were 5 years apart were
used as starting materials. Cells were stimulated with the
VP16;44_5-0 peptide, and were examined by DQ0602/
VP16,49_5-0 tetramers and anti-TCR V[ antibodies
staining 14 days later. Dominant V[3 usages for the
DQO0602 restricted T cells as assayed by V[P antibody
screening was not observed at the year O time point.
Approximately 14% of the tetramer-positive T cells used
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FIGURE 1 Tetramer-guided epitope mapping of DR0404-restricted HSV-2 VP16 epitopes with pooled peptide tetramers.
PBMCs obtained at two time points 5 years apart from subject 5607 were stimulated with 2 wg/ml of VP16 protein and analyzed
by flow cytometry on day 12. Cells were stained with phycoerythrin-conjugated DR0404 tetramer loaded with peptides from 12
peptide pools that cover the VP16 protein sequence. Adapted from figure 1 of Novak ez #/. {11} with permission (Copyright 2001,
The American Association of Immunologists, Inc.).
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FIGURE 2 TGEM analyses with individual peptide tetramers. Individual peptides p58, p59, p60, p61, and p62 that
constituted pool 12 were individually loaded into DR0404. These single peptide tetramers were then used to stain the PBMCs
that had been stimulated with the VP16 protein. Adapted from figure 2 of Novak ¢ @/. {11} with permission (Copyright 2001,

The American Association of Immunologists, Inc.).

VP 3, other tetramer-positive T cells used VB 2, 5.1,
5.3,6.7,12,13.1, 21.3, and 22. For the year 5 samples,
approximately 22% of the tetramer-positive T cells use
VB 2, other tetramer-positive T cells used VB1, 5.1, 6.7,
13.1, 13.6, 17, and 21.3 (Figure 5). Tetramer-positive T
cells from the VB 2 and V3 6.7 samples at the 2 different
time points were again sorted and their antigen specific-
ity was confirmed. The CDR3 region of the TCR of these
T-cell clones were examined by DNA sequencing. Al-
though identical TCR CDR3 sequences were not ob-
served with the VB2 T cells at the 2 different time
points, identical CDR3 regions were observed for the
VB6.7 T cells at the two time points (Table 2). It should
be pointed out that frequencies of this particular clono-
type were very similar in the two time points examined.

DISCUSSION

The generation and maintenance of CD8 memory T cells
have been studied in both murine models and humans.
Experiments in the murine models tend to support the
hypothesis that selection of memory T cells is stochastic,
and the memory T-cell repertoires is a reflection of the
T-cell repertoires during the primary responses {13—151.
Data in humans do not completely agree with a simple
stochastic theory in selecting memory T cells from naive

T cells, and data differ from those that were observed in
the murine model. CD8" T cells that were massively
expanded in the primary response could still be detected
1 year later, but they were no longer the dominant
clonotype {16}. It was speculated that massive expansion
of the T cells led to clonal deletion of the T cells, thus
reshaping both the epitope immunodominance and
clonotype dominance of the memory repertoires {17, 18}.

In contrast to the studies in CD8™" T cells, studies for
the generation and maintenance of memory CD4" T
cells were very limited. Recent data indicated that CD4™
and CD8" T-cell responses during viral and bacterial
infection are distinct, with different kinetics in expan-
sion and contraction {19-221. CDS™" T-cell responses
can be massive, in which up to 50% of peripheral T cells
can be directed toward a class I-restricted epitope [23}].
In contrast, CD4 " T-cell responses are less robust {24}.
Recent data indicated that CD4" T cells could only
undergo a limited number of cell divisions compared
with the massive proliferative response for CD8 ™" T cells
[251. The rate of cell division for CD4™ T cells is slower
compared with CD8™" T cells, whereas the threshold for
activation is higher [26-28}. CD4" T cells was also
postulated to have a shorter half-life compared with
CDS™" T cells [20}. The different dynamic of cp4t
T-cell and CD8™ T-cell responses implies different ho-
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FIGURE 3 V[ expression of DR0404/p58-specific T cells. PBMCs from subject 5607 were stimulated with the VP16 443—-455
peptide. Fourteen days after the iz vitro stimulation, cells were stained with CD4 ", DR0404/p58 tetramers, and a panel of 20
different anti-TCR V3 antibodies. (A) Year 0. (B) Year 5. Major TCR Vs used by DR0404/p58 T cells are marked by a rectangle.
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TABLE 1 Sequence of CDR3 regions of V3 chain of clones for subject 5607

A%¢) CDR3 JB Frequency
Year O
2 ICS  VRRGLPDVQLSPL HFG 1.6 6
2 ICS KKVGGGVDTQ YFG 2.3 1
5.3 CAS SSYQENNSPL HFG 1.6 6
Year 5
2 ICS PRGPGNTI YFG 1.3 1
5.3 CAS SSYQENNSPL HFG 1.6 5

meostatic mechanisms may be involved in dictating the
CD4™" and CD8™ T-cell pool sizes and affects the gen-
eration and maintenance of the CD4" and CD8" mem-
ory T cells. Longitudinal study of antigen-specific CD4"
T cell is difficult because of their low frequency. Recent
data did indicate that antigen-specific CD4" T cells
persist for decades after vaccination {29}. However, the
clonotype of these long-persistent T cells was not ad-
dressed in the study. A study in cytomegalovirus (CMV)-
infected subjects did demonstrate the persistence of a
dominant clonotypic CD4™ T cells in a 12-month period
[301. As CMV CD4™" T-cell responses are robust, it is
unclear whether the persistence clonotypic CD4™" re-
sponses observed in CMV can also be observed in other
viral infections.

Samples from HSV-2—infected individuals provide an
unique scenario for studying maintenance of memory T
cells in chronic infection. It has been documented that
almost everyone with HSV-2 seropositivity does shed
virus, regardless of whether or not they have symptom-
atic recurrences. As a consequence of the periodic reac-
tivation of HSV-2 virus, the immune system is being
rechallenged with viral antigens intermittently [3].
Posavad er a/. have used PBMC samples from HSV-2—
infected individuals to demonstrate the persistence of
CD8" CTL up to 7 years [10].

In this particular study, we examined the effect of
repeated antigen rechallenges on the CD4" memory
pools. Class II tetramers were used to monitor the CD4™
T cells longitudinally from two HSV-2—infected subjects
who have frequent symptomatic reactivations during a
S-year period of time. Because primary HSV-2 infection
can be asymptomatic {4}, it is unclear whether the year
0 samples from both subjects were obtained immediately
after seroconversion. However, the study result did pro-
vide a glimpse of the evolution of the VP16 responses
during the span of 5 years.

The HLA haplotype of the first subject is DR0404,
and the p58 epitope (VP16 443—-455) of the VP16
protein was identified as the dominant epitope at both
time points.

Examine of V[ usages of the DR0404/p58 T cells
demonstrate that these T cells mainly use V@ 2 and

V5.3 of the TCR V3 gene at the year O time point, and
VB 2, VB5.3,and VP14 at the year 5 time point. Thus,
major change in the V[3 usages of the immunodominant
epitope was not observed over this period. The bias of
TCR V[3 usages used may represent a bias of the peptide
in selecting certain V[3 alleles. In addition, the bias can
also represent the oligoclonal expansion of DR0404/p58-
specific T cells, which are being preserved throughout
that period. In order to examine the clonality of these T
cells, the VB2 and VPB5.3 T cells were sorted and ex-
panded. These T cells were again stained with the
DR0404/p58 tetramer to confirm the specificity. The
CDR3 region of these T-cell clones was sequenced. Al-
though only a limited numbers of T-cell clones were
being sequenced, identical CDR3 sequences were ob-
tained from the V5.3 T cells at both time points.

The VP16-specific T-cell responses of a DQ0602 sub-
ject was also examined. No dominant V3 usages for the
DQO0602 restricted VP16-specific T cells was observed
as assayed by TCR V[ antibody staining of tetramer-
positive T cells. It is possible that the dominant V[3
could not be detected by the panel of V3 antibodies
used in the experiment. Nevertheless V32 and V[(36.7
positive DQO602/VP1654,_5, tetramer-positive T cells
were observed at both time points. These T cells were
again sorted and the TCR CDR3 region of these T-cell
clones were sequenced. Identical CDR3 sequences were
observed for the V[36.7 TCR from both the year 0 and
year 5 time point. Although we have only sequenced the
VB chain of the VP16-specific TCR from both subjects,
and really cannot exclude the possibility that T cells of
identical V[ chain paired with different Vo chain; how-
ever, the chance of the later is remote. With the assump-
tion that these are T cells of the same origin, it is
remarkable that T cells at time points that are 5 years
apart can be of the same clonotype amidst repeated viral
activations. T cells of a particular clonotype were present
at similar frequency at both time points.

The results suggested HSV-2 memory T cells are
capable of continual renewal amidst multiple episodes of
viral activation. There are a number of possibilities that
may account for the long-term persistence of these CD4™
T cells. HSV-2 memory T cells may be distributed in
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FIGURE 5 V3 expression of DQOG02/VP16;4,_54o-specific T cells. PBMC T cells from subject 5101 were stimulated with the
VP16 369-389 peptide. Fourteen days after in vitro stimulation, cells were stained with CD4 ", DR0O404/VP16544 5, tetramers,
and a panel of 20 different V[3 antibodies. Percentage of tetramer-positive T cells with a specific VB is illustrated.
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TABLE 2 Sequence of CDR3 regions of V3 chain of clones for subject 5101

A%¢) CDR3 JB Frequency
Year O
2 ICS ASGTSGGAPLPTDTQ YEG 2.3 15
2 ICS ARGVPSNQPQ HFG 1.5 5
6.7 CAS SLVISGAKNIQ YFG 2.4 9
6.7 CAS SLGLAGGLGEQ FFG 2.1 1
6.7 CAS SLRARSPL HFG 1.6 1
6.7 CAS SLEGSRNTEA FFG 1.1 1
Year 5
2 ICS AREVYSNQPQ HFG 15 4
2 ICS ARAHRSRVNTEA FFG 1.1 1
2 ICS ARDSGLGSSGANVL TFG 2.6 1
2 ICS ARDRGNTGEL FFG 2.2 1
2 ICS ARRGIAAPFFNEQ FFG 2.1 1
2 ICS AGRALEETQ YEFG 25 1
6.7 CAS SLVISGAKNIQ YFG 2.4 11

various lymphoid organs and lymph nodes throughout
the body. Although exposure of memory T cells close to
the site of HSV-2 infection might convert these proximal
cells to effectors, reactivation of the virus may not acti-
vate all the memory T cells in distal lymphoid tissues.
Thus, CD4" memory T cells at distal sites could main-
tain the capacity for self-renewal, and continue to pro-
vide a source of T cells for immune surveillance. In an
alternate explanation, it is possible that memory T cells
can convert or give rise to both effector and memory T
cells upon antigenic stimulation, thus allowing the per-
petuation of the memory T-cell pool. The generation of
additional CD4" memory T cells from memory T cells
upon antigenic encounter can be related to the small
burst size of the CD4" T-cell expansion. For HSV-2
infection, the frequency of T cells in PBMCs that di-
rected against the entire spectrum of viral proteins dur-
ing chronic infection is ~0.2%—0.5% of the total T-cell
population {5}. The magnitude of the initial burst re-
sponse to primary HSV has not been reported in humans.
A smaller burst size for HSV-2 may limit deletions of T
cells after expansion, allowing T cells to evolve into
memory T cells.

Cameron ef al. used class II tetramer analyses to dem-
onstrate that memory repertoires specific for influenza
antigens were much broader {31}. This different obser-
vation as compared with the current results may be a
reflection of the different viruses being used. Influenza
viruses cause acute inflection, and the viruses are com-
pletely clear after the infection. In contrast, HSV-2 is a
chronic infection with frequent viral reactivation. The
observation that HSV-2—specific T cells are oligoclonal
indicated that viral reactivation could shape the memory
repertoires specific for HSV-2 antigens.

In summary, the studies suggested that HSV-2—spe-
cific CD4" T cells of specific clonotypes were main-

tained during the course of HSV-2 infection. Repetitive
challenge of the CD4™" T cells with antigens during viral
reactivation could also narrow the TCR V[3 repertoire of
the VP16-specific T cells, leading to the oligoclonal
expansion of specific clonotypes. Further longitudinal
analyses of CD8" T and CD4" cells in the HSV-2
system and other viral infections in human are needed to
elucidate the evolution of memory T cells from primary
and naive T cells.

ACKNOWLEDGMENTS

We thank Matt Warren for preparation of the manuscript.
This work was supported by the Immune Tolerance Network,
NIH contract HHSN266200400028C and grants AI30731
and AI50132.

REFERENCES

1. Schomogyi M, Wald A, Corey L: Herpes simplex virus-2
infection: an emerging disease? Infect Dis Clin North Am
12:47, 1998.

2. Wald A, Corey L, Cone R, Hobson A, Davis G, Zeh J:
Frequent genital herpes simplex virus 2 shedding in im-
munocompetent women. Effect of acyclovir treatment.
J Clin Invest 99:1092, 1997.

3. Wald A, Zeh J, Selke S, Warren T, Ryncarz AJ, Ashley R,
Krieger JN, Corey L: Reactivation of genital herpes sim-
plex virus type 2 infection in asymptomatic seropositive
persons. N Engl J Med 342:844, 2000.

4. Langenberg AG, Corey L, Ashley RL, Leong WP, Straus
SE: A prospective study of new infections with herpes
simplex virus type 1 and type 2. Chiron HSV Vaccine
Study Group. N Engl J Med 341:1432, 1999.

5. Posavad CM, Wald A, Hosken N, Huang ML, Koelle
DM, Ashley RL, Corey L: T cell immunity to herpes

simplex viruses in seronegative subjects: silent infection or
acquired immunity? J Immunol 170:4380, 2003.



Persistence of HSV-2 CD4™" T Cells

6.

10.

11.

12.

13.

14.

15.

16.

17.

18.

Benedetti JK, Zeh J, Corey L: Clinical reactivation of
genital herpes simplex virus infection decreases in fre-
quency over time. Ann Intern Med 131:14, 1999.

. Koelle DM, Frank JM, Johnson ML, Kwok WW: Recog-

nition of herpes simplex virus type 2 tegument proteins
by CD4 T cells infiltrating human genital herpes lesions.
J Virol 72:7476, 1998.

. Koelle DM, Posavad CM, Barnum GR, Johnson ML,

Frank JM, Corey L: Clearance of HSV-2 from recurrent
genital lesions correlates with infiltration of HSV-specific
cytotoxic T lymphocytes. J Clin Invest 101:1500, 1998.

. Hill A, Jugovic P, York I, Russ G, Bennink J, Yewdell J,

Ploegh H, Johnson D: Herpes simplex virus turns off the
TAP to evade host immunity. Nature 375:411, 1995.

Posavad CM, Huang ML, Barcy S, Koelle DM, Corey L:
Long term persistence of herpes simplex virus—specific
CD8" CTL in persons with frequently recurring genital
herpes. J Immunol 165:1146, 2000.

Novak EJ, Liu AW, Gebe JA, Falk B, Nepom GT, Koelle
DM, Kwok WW: Tetramer guided epitope mapping:
rapid identification and characterization of immunodom-
inant CD4™" T cell epitopes from complex antigens. J Im-
munol 166:6665, 2001.

Kwok WW, Liu AW, Novak EJ, Gebe JA, Ettinger RA,
Nepom GT, Reymond SN, Koelle DM: HLA-DQ tetram-
ers identify epitope-specific T cells in peripheral blood of
herpes simplex virus type 2—infected individuals: direct
detection of immunodominant antigen-responsive cells.
J Immunol 164:4244, 2000.

Sourdive DJ, Murali-Krishna K, Altman JD, Zajac AJ,
Whitmire JK, Pannetier C, Kourilsky P, Evavold B, Sette
A, Ahmed R: Conserved T cell receptor repertoire in
primary and memory CD8 T cell responses to an acute
viral infection. J Exp Med 188:71, 1998.

Maryanski JL, Jongeneel CV, Bucher P, Casanova JL,
Walker PR: Single-cell PCR analysis of TCR repertoires
selected by antigen in vivo: a high magnitude CD8 response
is comprised of very few clones. Immunity 4:47, 1996.

Blattman JN, Sourdive DJ, Murali-Krishna K, Ahmed R,
Altman JD: Evolution of the T cell repertoire during
primary, memory, and recall responses to viral infection.
J Immunol 165:6081, 2000.

Callan MF, Fazou C, Yang H, Rostron T, Poon K, Hatton
C, McMichael AJ: CD8(+) T-cell selection, function, and
death in the primary immune response in vivo. J Clin
Invest 106:1251, 2000.

Davenport MP, Fazou C, McMichael AJ, Callan MEF:
Clonal selection, clonal senescence, and clonal succession:
the evolution of the T cell response to infection with a
persistent virus. J Immunol 168:3309, 2002.

Pantaleo G, Soudeyns H, Demarest JF, Vaccarezza M,
Graziosi C, Paolucci S, Daucher M, Cohen O], Denis F,
Biddison WE, Sekaly RP, Fauci AS: Evidence for rapid
disappearance of initially expanded HIV-specific CD8 " T

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

787

cell clones during primary HIV infection. Proc Natl Acad
Sci U S A 94:9848, 1997.

De Boer RJ, Homann D, Perelson AS: Different dynamics
of CD4" and CD8" T cell responses during and after
acute lymphocytic choriomeningitis virus infection. J Im-
munol 171:3928, 2003.

Homann D, Teyton L, Oldstone MB: Differential regula-
tion of antiviral T-cell immunity results in stable CD8™ but
declining CD4™" T-cell memory. Nat Med 7:913, 2001.

Schiemann M, Busch V, Linkemann K, Huster KM,
Busch DH: Differences in maintenance of CD8" and
CD4™" bacteria-specific effector-memory T cell popula-
tions. Eur J Immunol 33:2875, 2003.

Seder RA, Ahmed R: Similarities and differences in CD4 "
and CD8" effector and memory T cell generation. Nat
Immunol 4:835, 2003.

Callan MF, Tan L, Annels N, Ogg GS, Wilson JD,
O’Callaghan CA, Steven N, McMichael AJ, Rickinson
AB: Direct visualization of antigen-specific CD8 " T cells
during the primary immune response to Epstein-Barr
virus in vivo. J Exp Med 187:1395, 1998.

Asanuma H, Sharp M, Maecker HT, Maino VC, Arvin
AM: Frequencies of memory T cells specific for varicella-
zoster virus, herpes simplex virus, and cytomegalovirus by
intracellular detection of cytokine expression. J Infect Dis
181:859, 2000.

Foulds KE, Zenewicz LA, Shedlock DJ, Jiang J, Troy AE,
Shen H: Cutting edge: CD4 and CDS8 T cells are intrin-
sically different in their proliferative responses. J Immu-
nol 168:1528, 2002.

Whitmire JK, Flavell RA, Grewal IS, Larsen CP, Pearson
TC, Ahmed R: CD40-CD40 ligand costimulation is re-
quired for generating antiviral CD4 T cell responses but is
dispensable for CD8 T cell responses. J Immunol 163:3194,
1999.

lezzi G, Karjalainen K, Lanzavecchia A: The duration of
antigenic stimulation determines the fate of naive and
effector T cells. Immunity 8:89, 1998.

van Stipdonk MJ, Lemmens EE, Schoenberger SP: Naive
CTLs require a single brief period of antigenic stimulation
for clonal expansion and differentiation. Nat Immunol
2:423, 2001.

Amara RR, Nigam P, Sharma S, Liu J, Bostik V: Long-lived
poxvirus immunity, robust CD4 help, and better persis-
tence of CD4 than CD8 T cells. J Virol 78:3811, 2004.

Bitmansour AD, Waldrop SL, Pitcher CJ, Khatamzas E,
Kern F, Maino VC, Picker LJ: Clonotypic structure of the
human CD4" memory T cell response to cytomegalovi-
rus. J Immunol 167:1151, 2001.

Cameron TO, Cohen GB, Islam SA, Stern LJ: Examina-
tion of the highly diverse CD4(+) T-cell repertoire di-
rected against an influenza peptide: a step towards TCR
proteomics. Immunogenetics 54:611, 2002.



	Persistence of Herpes Simplex Virus Type 2 VP16-Specific CD4   T Cells
	INTRODUCTION
	MATERIALS AND METHODS
	Donor Samples
	Tetramer Guided Epitope Mapping
	T-Cell Receptor V  Usages of VP16 T Cells
	Sequencing of the TCR V  Chain

	RESULTS
	Immunodominant Epitopes of VP16 Protein Restricted by DR0404
	V  Usages of DR0404 VP16 Specific T Cells
	V  Usages of VP16 Specific DQ0602 Restricted T Cells

	DISCUSSION
	ACKNOWLEDGMENTS
	REFERENCES


