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ABSTRACT Reactivation of herpes simplex virus 2 (HSV-2) from latency causes
viral shedding that develops into recurrent genital lesions. The immune mecha-
nisms of protection against recurrent genital herpes remain to be fully eluci-
dated. In this preclinical study, we investigated the protective therapeutic effi-
cacy, in the guinea pig model of recurrent genital herpes, of subunit vaccine
candidates that were based on eight recombinantly expressed HSV-2 envelope
and tegument proteins. These viral protein antigens (Ags) were rationally selected
for their ability to recall strong CD4� and CD8� T-cell responses from naturally “pro-
tected” asymptomatic individuals, who, despite being infected, never develop any
recurrent herpetic disease. Out of the eight HSV-2 proteins, the envelope glycopro-
tein D (gD), the tegument protein VP22 (encoded by the UL49 gene), and ribonucle-
otide reductase subunit 2 protein (RR2; encoded by the UL40 gene) produced signifi-
cant protection against recurrent genital herpes. The RR2 protein, delivered either
intramuscularly or intravaginally with CpG and alum adjuvants, (i) boosted the high-
est neutralizing antibodies, which appear to cross-react with both gB and gD, and
(ii) enhanced the numbers of functional gamma interferon (IFN-�)-producing CR-
TAM� CFSE� CD4� and CRTAM� CFSE� CD8� TRM cells, which express low levels of
PD-1 and TIM-3 exhaustion markers and were localized to healed sites of the vaginal
mucocutaneous (VM) tissues. The strong B- and T-cell immunogenicity of the RR2
protein was associated with a significant decrease in virus shedding and a reduction
in both the severity and frequency of recurrent genital herpes lesions. In vivo deple-
tion of either CD4� or CD8� T cells significantly abrogated the protection. Taken to-
gether, these preclinical results provide new insights into the immune mechanisms
of protection against recurrent genital herpes and promote the tegument RR2 pro-
tein as a viable candidate Ag to be incorporated in future genital herpes therapeutic
mucosal vaccines.

IMPORTANCE Recurrent genital herpes is one of the most common sexually trans-
mitted diseases, with a global prevalence of HSV-2 infection predicted to be over
536 million worldwide. Despite the availability of many intervention strategies, such
as sexual behavior education, barrier methods, and the costly antiviral drug treat-
ments, eliminating or at least reducing recurrent genital herpes remains a challenge.
Currently, no FDA-approved therapeutic vaccines are available. In this preclinical
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study, we investigated the immunogenicity and protective efficacy, in the guinea pig
model of recurrent genital herpes, of subunit vaccine candidates that were based on
eight recombinantly expressed herpes envelope and tegument proteins. We discov-
ered that similar to the dl5-29 vaccine, based on a replication-defective HSV-2 mu-
tant virus, which has been recently tested in clinical trials, the RR2 protein-based
subunit vaccine elicited a significant reduction in virus shedding and a decrease in
both the severity and frequency of recurrent genital herpes sores. This protection
correlated with an increase in numbers of functional tissue-resident IFN-�� CRTAM�

CFSE� CD4� and IFN-�� CRTAM� CFSE� CD8� TRM cells that infiltrate healed sites
of the vaginal tissues. Our study sheds new light on the role of TRM cells in protec-
tion against recurrent genital herpes and promotes the RR2-based subunit therapeu-
tic vaccine to be tested in the clinic.

KEYWORDS Genital herpes, HSV-1, HSV-2, T cells, therapeutic vaccine, vaginal
mucosa

Herpes simplex virus 2 (HSV-2) affects more women than men, with a staggering 315
million women worldwide 5 to 49 years old currently infected (1, 2). After vaginal

mucosa (VM) exposure, HSV-2 replicates in the mucosal epithelial cells, thereby causing
acute genital herpetic lesions (2–7). Once the acute primary infection is cleared, the
virus enters the nerve termini innervating peripheral vaginal tissues and is subse-
quently transported to the nuclei of the sensory neurons of dorsal root ganglia (DRG),
where it goes into a lifelong “steady-state” latency (6, 7). Roughly 80% of HSV-2-
seropositive women are unaware of their infection, as they never develop any apparent
recurrent symptoms (1). In contrast, in symptomatic women, the latent infection is
often interrupted by sporadic reactivation that leads to recurrent genital lesions and
painful blisters that can burst and form ulcers (6). Despite the availability of many
intervention strategies, such as sexual behavior education, barrier methods, and anti-
viral drug therapies (e.g., acyclovir and derivatives), eliminating or at least reducing
recurrent genital herpes remains a challenge (2, 8–11). In addition, the antiviral drugs
can neither prevent de novo infection or reactivation nor clear the latent virus. More-
over, both symptomatic and asymptomatic women experience subclinical virus shed-
ding and, hence, can transmit the virus, underscoring the need for an antiviral thera-
peutic vaccine to prevent or reduce virus reactivation and/or its shedding in the genital
tract (instead of a therapeutic vaccine that would just reduce symptoms). Currently, the
medical opinion is that an effective antiviral therapeutic vaccine would constitute the
best approach to protect from recurrent genital herpetic disease (2, 4). It is becoming
increasingly clear that the acquired immune responses that develop following first
exposure to the virus are not sufficient for protection against recurrent genital herpes
in symptomatic women (12–14). This implies that a successful therapeutic vaccine must
be able to boost an immune response that is stronger and/or different than the
acquired immunity induced by the virus itself (15). In animal models, studies have
demonstrated that whole live attenuated vaccines induced B- and T-cell protective
immunity against acute genital HSV-2 challenges (16). However, the same level of
protection has yet to be achieved safely in clinical trials (17, 18). Proteins are proven to
be excellent vaccine candidates due to their safety, cost effectiveness, and rapid
preparation (19). Interestingly, over the last 2 decades, only a single subunit protein
vaccine strategy, based on HSV-2 glycoprotein D (gD), delivered with or without gB, has
been tested and retested in clinical trials (18, 20). This subunit vaccine strategy proved
unsuccessful in clinical trials despite inducing strong neutralizing antibodies (18).
Previous studies have identified other antigenic tegument proteins by screening HSV-2
open reading frames (ORFs) by antibodies and T cells from HSV-2-seropositive individ-
uals (21). However, aside from three reports, first by our group in 2012 (10, 22) and later
by Genocea Biosciences, Inc., in 2014 (23), comparison of the repertoire of proteins
encoded by the 84� ORFs of the HSV-2 152-kb genome, recognized by antibodies and
T cells from HSV-2-seropositive symptomatic versus asymptomatic individuals, is largely
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incomplete. In the present study, we hypothesized that (i) HSV-2 proteins, other than
gB and gD, that are frequently and highly recognized by antibodies and T cells from the
naturally “protected” asymptomatic individuals would constitute a better therapeutic
vaccine against recurrent genital herpes and (ii) besides neutralizing antibodies, boost-
ing the number and function of antiviral tissue-resident memory CD4� and CD8� TRM

cells, locally within both the DRG and vaginal mucocutaneous tissues, would lead to
better protection against recurrent herpes.

Because of the ethical and practical limitations in obtaining fresh DRG and vaginal
mucosa from herpes patients, a routine characterization of phenotype and function of
human tissue-derived TRM cells remains a challenge (24–26). Thus, a reliable small-
animal model that would mimic recurrent genital herpes as it occurs in humans would
help speed up the characterization of tissue-resident HSV-specific TRM cells and com-
pare the contribution of DRG- and vaginal mucosa-derived versus peripheral blood-
derived CD4� and CD8� cells in protection against recurrent genital herpes. The most
commonly used animal model for preclinical testing of therapeutic vaccine candidates
against recurrent genital herpes has been the guinea pig (27–29). Unlike in mice,
intravaginal HSV-2 infections in guinea pigs lead to latency followed by intermittent,
spontaneous reactivation events resulting in recurrent virus shedding in the genital
tract, as occurs in women, and this virus shedding can develop into clinical and
pathological recurrent genital lesions in symptomatic guinea pigs, with self-limiting
quantifiable vulvovaginitis, akin to those seen in symptomatic women (27–29).

We therefore opted to use the guinea pig model of recurrent herpes to test the
safety, tissue-resident CD4� and CD8� T-cell immunogenicity, and protective efficacy
of recombinantly expressed HSV-2 envelope and tegument HSV-2 proteins. Eight viral
proteins were rationally selected as being highly and selectively recognized by effector
CD4� and CD8� T cells from naturally “protected” asymptomatic women who, despite
being infected, never develop any recurrent herpetic disease. Therapeutic immuniza-
tion of latently infected guinea pigs with three out of the eight HSV-2 proteins— gD
(encoded by the US6 gene), the tegument protein VP22 (encoded by the UL49 gene),
and ribonucleotide reductase subunit 2 protein (RR2; encoded by the UL40 gene)—
produced the most significant protection against recurrent genital herpes infection and
disease. Four out of the eight HSV-2 proteins—the tegument protein VP16 (encoded by
the UL48 gene), the tegument protein VP11/12 (encoded by the UL46 gene), the
tegument protein VP13/14 (encoded by the UL47 gene), and gB (encoded by the UL27
gene)—produced moderate yet significant protection. In contrast, the UL25 protein did
not produce any significant protection. Among the three most protective antigens
(Ags), RR2 was the most immunogenic protein, boosting coordinated and broad-
spectrum systemic and mucosal immune responses which included (i) serum neutral-
izing antibodies that appeared to cross-react with both gB and gD and (ii) increased
numbers of functional tissue-resident PD-1low TIM-3low IFN-�� CRTAM� CFSE� CD4�

and PD-1low TIM-3low IFN-�� CRTAM� CFSE� CD8� TRM cells, that were localized to
healed sites of the vaginal mucocutaneous tissues. Similar to the live attenuated dl5-29
vaccine, based on a replication-defective HSV-2 mutant, which has been recently used
in a phase I clinical trial, the RR2 protein-based subunit therapeutic vaccine elicited a
significant reduction in virus shedding and a decrease in both the severity and
frequency of recurrent genital herpes lesions. In light of the novel guinea pig-specific
immunological reagents and assays reported in this study, we discuss the prospect of
using this guinea pig model to characterize the role of tissue-resident TRM cells in the
protection against recurrent herpes and to test novel herpes vaccine candidates in
combination with blocking immune checkpoints.

RESULTS
Probing the HSV-2 ORFome by T cells from seropositive asymptomatic versus

symptomatic individuals identifies eight immunodominant “asymptomatic” pro-
tein antigens. The characteristics of HSV-2-seropositive symptomatic (SYMP) and
HSV-2-seropositive asymptomatic (ASYMP) populations used in the present study, with
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respect to gender, age, HSV-1/HSV-2 seropositivity, and clinical status of genital her-
petic disease, are summarized in Table 1 and detailed in Materials and Methods. The
HSV-2-seropositive individuals were divided into two age- and sex-matched groups: (i)
10 ASYMP individuals who, despite being infected, never had any clinically detectable
herpes disease and (ii) 10 SYMP individuals with a history of numerous episodes of
clinically documented recurrent genital herpes. Ten age- and sex-matched HSV-1- and
HSV-2-seronegative healthy subjects were enrolled as negative (NEG) controls.

Several open reading frames (ORFs) of HSV-2 were cloned and corresponding
proteins expressed individually, as we previously reported (10, 22). We scanned this
HSV-2 ORFome using peripheral blood-derived CD4� and CD8� T cells from the
above-mentioned clinically defined SYMP and ASYMP individuals, which identified
several “asymptomatic” ORFs whose corresponding proteins were specifically recog-
nized by CD4� and/or CD8� T cells from ASYMP individuals (Fig. 1). To rank the
symptomatic and asymptomatic ORFs (i.e., the corresponding proteins), the frequency
and the intensity of CD4� and CD8� T-cell responses specific to each ORF product were
determined. An ORF product is designated an asymptomatic Ag when it is highly and
frequently recognized by CD4� and CD8� T cells from seropositive ASYMP individuals
with high to medium intensity. Inversely, an ORF product is designated a symptomatic
Ag when it is highly and frequently recognized by CD4� and CD8� T cells from
seropositive SYMP individuals with high to medium intensity.

As shown in Fig. 1A, ORFs representing eight HSV-2 asymptomatic protein antigens
(gD, RR1, RR2, VP22, gB, VP16, VP13/14, and VP11/12) were highly recognized by
gamma interferon (IFN-�)-producing CD4� and CD8� T cells from 10 out of 10 ASYMP
patients but not by CD4� and CD8� T cells from 10 SYMP patients (P � 0.001; analysis
of variance [ANOVA] posttest). The highest magnitudes of recognition of IFN-�-
producing T-cell responses from HSV-2-seropositive asymptomatic individuals were
directed against gD, RR2, VP22, gB, VP13/14, and VP11/12 asymptomatic Ags (Fig. 1A).
In contrast, CD4� and CD8� T cells from SYMP patients preferentially recognized UL25
antigen (P � 0.001 [Fig. 1A]). An elevated frequency of proliferative IFN-�-producing T
cells was also detected in ASYMP individuals against gD, RR2, VP22, gB, VP13/14, and
VP11/12 Ags compared to SYMP individuals. An example of VP13/14 and VP11/12 is
shown in Fig. 1B to D. Similar results were obtained with gD, RR2, VP22, and gB antigens

TABLE 1 Cohorts of HLA-A*02:01-positive, HSV-seropositive symptomatic and
asymptomatic individuals enrolled in this study

Characteristic
Value for all subjects
(n � 50)

Gender, no. (%)
Female 26 (52)
Male 24 (48)

Race, no. (%)
Caucasian 21 (42)
Non-Caucasian 29 (58)

Age, yrs, median (range) 23 (22–66)

HSV status, no. (%)
HSV-2 seropositive 40 (80)
HSV-1 seropositive 00 (0)
HSV-1 and -2 seropositive 00 (0)
HSV seronegative 10 (20)

HLA, no. (%)
HLA-A*02:01 positive 50 (100)
HLA-A*02:01 negative 00 (0)

Herpes disease status, no. (%)
Asymptomatic 20 (40)
Symptomatic 20 (40)
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(data not shown). Together, these results indicate that although CD4� and CD8� T cells
from HSV-seropositive individuals recognize most of the HSV-2 ORF products, a set of
eight ORF products were recognized mostly by T cells from ASYMP individuals, while
the UL25 antigen was recognized mostly by T cells from SYMP individuals. Based on the
above data, for the remainder of this study, we therefore selected the gD, RR2, VP22,
gB, VP16, VP13/14, and VP11/12 asymptomatic protein Ags and the UL25 symptomatic
protein Ag for preclinical therapeutic vaccine safety, immunogenicity, and protective
efficacy testing in our guinea pig model of recurrent genital herpes.

Therapeutic immunization of HSV-2 infected guinea pigs with three out of
eight asymptomatic HSV-2 protein-based subunit vaccines produced protection
against recurrent genital herpes infection and disease. We recombinantly ex-
pressed eight HSV-2 symptomatic and asymptomatic proteins selected above (gD, RR2,
VP22, gB, VP16, VP13/14, VP11/12, and UL25). As illustrated in Fig. 2A, guinea pigs
(n � 90) were infected intravaginally on day 0 with 5 � 105 PFU of HSV-2 (strain MS).
Once acute infection was resolved, the latently infected animals were randomly divided
into 8 groups (n � 11) and then vaccinated twice intramuscularly, on day 15 and on day

FIG 1 CD4� and CD8� T-cell responses against HSV-2 antigens detected from symptomatic and asymptomatic patients. (A) Average intensity of recognition
of ORFs expressing HSV-2 proteins by T cells from HSV-2-seropositive symptomatic (n � 10) and asymptomatic individuals (n � 10), as tested by IFN-�
production. The names of HSV-2 ORFs driving two representative positive responses are indicated. (B) VP11/12- and VP13/14-specific CFSE� proliferative T cells
from symptomatic and asymptomatic individuals represented in panel A. (C and D) Representative analyses of HSV-2 VP11/12- and VP13/14-specific
IFN-�-producing CD4� T cells (C) and CD8� T cells (D). The top portion shows representative analysis from the one symptomatic and one asymptomatic
individual, and the bottom portion shows averages from the 10 symptomatic and 10 asymptomatic individuals. Representative results are from three
independent experiments. The P value compares the results from 10 symptomatic and 10 asymptomatic individuals. Values were calculated using the ANOVA
two-tail test.
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25 postinfection, with 10 �g of the desired HSV-2 protein emulsified in alum plus CpG
adjuvants. The replication-defective HSV-2 dl5-29 vaccine was used as a positive
control. Mock-vaccinated guinea pigs, which received alum plus CpG adjuvants alone,
were used as negative controls.

On day 80 postinfection (i.e., 55 days after the second and final immunization), the
gD-, RR2-, and VP22-vaccinated guinea pigs exhibited lower HSV-2 DNA copy numbers
in the DRG than did gB-, VP16-, VP13/14-, VP11/12-, and UL25-vaccinated guinea pigs
and mock-vaccinated controls (Fig. 2B). As expected, the dl5-29 positive-control animals
had the lowest DNA copy numbers. The reduction in HSV-2 DNA copy numbers in the
DRG of gD-, RR2-, and VP22-vaccinated animals was associated with a significant

FIG 2 Protection against recurrent genital herpes infection and disease in HSV-2-infected guinea pigs following therapeutic immunization with eight
protein-based subunit vaccine candidates: (A) Timeline of HSV-2 infection, immunization, and immunological and virological analyses. Guinea pigs (n � 60) were
infected intravaginally on day 0 with 5 � 105 PFU of HSV-2 (strain MS). Once acute infection was resolved, the remaining latently infected animals were
randomly divided into 8 groups (n � 4) and then vaccinated intramuscularly twice, on day 15 and on day 25 postinfection, with 10 �g of the indicated HSV-2
protein-based subunit vaccines (gD, RR2, VP22, gB, VP16, VP13/14, VP11/12, and UL25) emulsified in alum plus CpG adjuvants. The replication-defective HSV-2
dl5-29 mutant vaccine was used as a positive control. Mock-vaccinated guinea pigs which received alum plus CpG adjuvants alone were used as negative control. From
day 35 to day 80 postinfection (i.e., day 10 to day 55 after the final immunization), vaccinated and nonvaccinated animals were observed daily for the severity of genital
herpetic lesions, scored on a scale of 0 to 4, and pictures of genital areas were taken; vaginal swabs were collected daily from day 35 to day 65 postinfection (i.e., day
10 to day 40 after the final immunization) to detect virus shedding and to quantify HSV-2 DNA copy numbers. (B) HSV-2 DNA copy numbers detected in the DRG of
each group of vaccinated and mock-vaccinated guinea pigs. (C) Cumulative vaginal shedding of HSV-2 during recurrent infection. (D) Cumulative vaginal lesions (left)
and cumulative positive days with recurrent genital lesions (right). The severity of genital herpetic lesions was scored on a scale of 0 to 4, where 0 reflects no disease,
1 reflects redness, 2 reflects a single lesion, 3 reflects coalesced lesions, and 4 reflects ulcerated lesions. (E) Representative images of genital lesions in guinea pigs
vaccinated with (i) protective antigens (gD, RR2, and VP22 proteins), (ii) moderately protective antigens (gB, VP16, VP13/14, and VP11/12), and (iii) nonprotective antigen
(UL25); also shown are images for the mock-vaccinated control and the dl5-29 positive control. The indicated P values show statistical significance between the
HSV-2-vaccinated and mock-vaccinated control groups. *, P � 0.05 (considered significant).
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reduction in cumulative virus vaginal shedding compared to that in the gB-, VP16-,
VP13/14-, VP11/12-, and UL25-vaccinated animals and to mock-vaccinated controls
(P � 0.05) (Fig. 2C). Moreover, the gD-, RR2-, and VP22-vaccinated animals exhibited
significantly lower cumulative vaginal lesions (Fig. 2D, left graph) and a reduced
number of days with recurrent genital lesions (Fig. 2D, right graph). The severity of
genital herpetic lesions, scored on a scale of 0 to 4, also confirmed the cure of recurrent
disease in gD-, RR2-, and VP22-vaccinated guinea pigs (Fig. 2E). From the representative
images, the lowest genital lesions were evidenced in guinea pigs vaccinated with gD,
RR2, and VP22 proteins (6 pictures in left group). This protection was similar to the
protection provided by vaccination with live attenuated dl5-29 as a positive control (2
pictures in extreme right group). gB, VP16, VP13/14, and VP11/12 were moderately
protective antigens against genital lesions (8 pictures in middle). In contrast, vaccina-
tion with UL25 protein produced no significant protection against recurrent genital
herpes lesions, similar to that observed in the mock-vaccinated controls (P � 0.05) (Fig.
2E). Together these results therefore indicate that therapeutic immunization with gD,
RR2, and VP22 antigens, selected for being highly recognized by T cells from HSV-2-
seropositive but naturally protected ASYMP females (described above), also protected
HSV-2-seropositive guinea pigs against recurrent genital herpes infection and disease.

Therapeutic vaccination of HSV-2-infected guinea pigs with the RR2 protein-
based subunit vaccine produced high neutralizing antibody titers that cross-
reacted with gB and gD. Guinea pigs were infected intravaginally with 5 � 105 PFU of
HSV-2 (strain MS). Groups of HSV-2-infected animals (n � 11) were vaccinated twice, on
day 15 and on day 25 postinfection, with the desired HSV-2 proteins, illustrated in Fig.
2. Fifty-five days after the second and final immunization, immune sera were collected
and tested for Ag- and HSV-specific IgG by enzyme-linked immunosorbent assay (ELISA)
and virus neutralization assay. Significantly higher levels of IgG specific to immunizing
Ags were detected by ELISA in sera from the guinea pigs that were vaccinated with gD,
RR2, VP22, VP16, VP11/12, and UL25 proteins than in those from the mock-vaccinated
guinea pigs that received adjuvant alone (Fig. 3A). Sera from the dl5-29-vaccinated
animals evaluated at a 1:1,000 dilution also recognized gD and RR2 as coating Ags (Fig.
3A). Immune sera from the guinea pigs that were vaccinated with gD, RR2, gB, VP13/14,
VP11/12, and UL25, but not sera from the mock-vaccinated group, had IgG that bound
with high affinity to native viral epitopes, as whole heat-inactivated HSV-2 used to coat
ELISA plates (Fig. 3B). However, sera from mock-vaccinated guinea pigs that received
adjuvant alone did not recognize heat-inactivated HSV-2, indicating the antigen spec-
ificity (Fig. 3B). Moreover, immune sera from gD- and RR2-vaccinated animals had the
highest neutralizing antibody titers (Fig. 3C, left graph). The 50% neutralization titer in
serum of mock-immunized animals was around 1:640, while immune sera of gD- and
RR2-immunized animals had neutralization titers of over 1:1,280 and 1:2,560, respec-
tively (Fig. 3C, left graph). As expected, sera from animals that were vaccinated with
dl5-29 that delivered all the envelope glycoproteins produced high neutralizing anti-
body titers. However, immune sera from gB-, VP16-, VP13/14-, and VP11/12-vaccinated
animals (Fig. 3C, middle graph) and UL25-vaccinated animals (Fig. 3C, right graph) had
low to no neutralizing antibody titers.

Since the immune sera from animals vaccinated with RR2, a nonsurface protein, pro-
duced the highest neutralizing antibody titers, we next wanted to determine whether the
RR2-induced antibodies cross-reacted with the immunodominant envelope proteins, such
as gB and gD. As shown in Fig. 3D, we used competitive ELISAs, in which plates were first
coated with 1 �g of RR2 protein, 1 �g of gD protein, or 1 �g of gB protein. ELISA plates
were then incubated with immune sera from RR2-, gD-, or gB-immunized guinea pigs that
had been preincubated with different concentrations of the competitor protein (i.e., RR2,
gB, or gD). The percent inhibition at each tested concentration of the competitor protein
was calculated with respect to the optical density at 495 nm (OD495) of the respective
immune serum alone, without the competitor protein. When RR2 protein was used as the
coating Ag, there was significant inhibition of IgG binding not only from immune sera
preincubated with RR2 protein (control) but also from immune sera preincubated with gB
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or gD (Fig. 3D, left graph). Conversely, when gD was used as the coating Ag, there was a
significant inhibition of IgG binding not only of immune sera preincubated with gD
(control) but also of immune sera preincubated with RR2 protein, suggesting cross-
reactivity of B-cell epitopes between RR2 and gD (Fig. 3D, middle graph). Similarly, when gB
protein was used as the coating Ag, there was also significant inhibition of IgG binding of
immune sera preincubated with RR2 protein, suggesting cross-reactive epitopes between
RR2 and gB (Fig. 3D, right graph). These results indicate that therapeutic vaccination of
HSV-2-infected guinea pigs with the RR2 protein-based subunit vaccine produced high
neutralizing antibody titers that appeared to cross-react with surface glycoproteins, such as
gB and gD.

Therapeutic vaccination of HSV-2-infected guinea pigs with RR2 protein in-
duced frequent vaginal mucocutaneous tissue-resident CD4� and CD8� TRM cells
that localized to healed sites of the vaginal mucocutaneous tissues. We next

FIG 3 Production of neutralizing antibodies in HSV-2-infected guinea pigs following therapeutic vaccination with gD, RR2, VP22, gB, VP16, VP13/14, VP11/12,
and UL25 proteins. (A) Levels of Ag-specific IgG detected by ELISA from the guinea pigs vaccinated with gD, RR2, VP22, gB, VP16, VP13/14, VP11/12, and UL25,
the mock-vaccinated group, and the DL5-29 vaccine positive-control group. All sera were evaluated at 1:1,000. (B) Binding affinity of IgG from the indicated
HSV-2 antigen vaccinated groups compared to the mock-vaccinated group to native proteins on HSV-2 (MS strain) by ELISA. (C) Immune sera were tested for
neutralizing antibody titers. The dotted line represents neutralizing antibody titers in mock-vaccinated guinea pigs. The neutralization point was defined as the
serum dilution that reduced the number of plaques by 50% compared to the positive control (cells only). (D) ELISA plates were coated with 1 �g of RR2 protein
(left), 1 �g of gD protein (middle), or 1 �g of gB protein (right). ELISA plates were then incubated with serum from RR2-, gD-, or gB-immunized guinea pigs
and preincubated with different concentrations of the competitor protein (i.e., RR2, gB, or gD). The percent inhibition at each tested concentration of the
competitor protein was calculated with respect to the OD value of the respective immune serum alone, incubated in the absence of the competitor protein.
Statistical analysis was performed by 2-way ANOVA for repeated measures followed by Bonferroni’s posttest for significance. * P � 0.05 (considered significant).
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infected guinea pigs (n � 60) intravaginally with 5 � 105 PFU of HSV-2 (strain MS). Once
acute infection was resolved, latently infected animals were randomly divided into
eight groups (n � 4) and then vaccinated intramuscularly twice, on day 15 and on day
25 postinfection, with individual gD, RR2, VP22, gB, VP16, VP13/14, VP11/12, and UL25
antigens emulsified in alum plus CpG adjuvants. The replication-defective dl5-29 vac-
cine was used as a positive control. Mock-vaccinated guinea pigs, which received
adjuvant alone, were used as a negative control. On day 55 after the second and final
immunization, vaccinated and control animals were euthanized and the frequencies of
vaginal mucosal (VM) tissue-resident CD4� and CD8� TRM cells were detected by
fluorescence-activated cell sorting (FACS) and fluorescence microscopy.

Overall high frequencies of CD4� and CD8� TRM cells were induced by gD-, RR2-,
VP22-, gB-, VP16-, VP13/14-, VP11/12-, and UL25-based subunit vaccines compared to
those with the mock vaccine (i.e., adjuvant alone) (Fig. 4A and B). The highest frequen-
cies of CD4� and CD8� TRM cells were detected in the VM of guinea pigs that were

FIG 4 Frequency of CD4� and CD8� T cells in the vaginal mucosae of HSV-2-infected guinea pigs following therapeutic vaccination with gD, RR2, VP22, gB,
VP16, VP13/14, VP11/12, and UL25 proteins. (A) Representative FACS data for the frequencies of CD4� and CD8� T cells detected in the VM of vaccinated and
mock-vaccinated animals. (B) Quantification of VM-resident CD4� and CD8� T cells following therapeutic vaccination with various HSV-2 Antigens. Average
frequencies and absolute numbers of CD4� T cells (top graphs) and CD8� T cells (bottom graphs) were determined using FACS in the VM of vaccinated and
mock-vaccinated animals. Cells were analyzed using a BD FACSCalibur flow cytometry system with a total of 4 � 105 events. Density plots showing the
percentage of CD4� T cells and CD8� T cells are representative of results from two independent experiments. The indicated P values, obtained by 2-way ANOVA
for repeated measures followed by Bonferroni’s posttest for significance, show statistical significance between HSV-2-vaccinated and mock-vaccinated control
groups. *, P � 0.05 (considered significant). (C) Visualization of CD4� and CD8� T-cell infiltration, using fluorescence microscopy, within the vaginal mucosae
of HSV-2-infected guinea pigs following therapeutic vaccination with various HSV-2 antigens. Sections of the vaginal mucosa from vaccinated and
mock-vaccinated animals were costained using MAbs specific to CD4� T cells (red), CD8� T cells (green), and 4=,6-diamidino-2-phenylindole (DAPI; DNA stain)
(blue).

RR2 Protein-Based Genital Herpes Therapeutic Vaccine Journal of Virology

May 2019 Volume 93 Issue 9 e02309-18 jvi.asm.org 9

https://jvi.asm.org


vaccinated with gD and RR2 proteins (Fig. 4A and B, left two sets of graphs). These
frequencies were similar to those detected in the VM of guinea pigs that were
immunized with the dl5-29 vaccine (Fig. 4A and B, right two sets of graphs). Using
fluorescence microscopy, we visualized more CD4� and CD8� TRM cell infiltrates that
localized to healed sites of the vaginal mucocutaneous tissues of protected guinea pigs
that were immunized with gD and RR2 Ags but not to the vaginal mucocutaneous
tissues of nonprotected guinea pigs that were immunized with the remaining HSV-2
antigens or adjuvant alone (Fig. 4C).

Protection induced following therapeutic vaccination with RR2, gB, gD, and
VP22 proteins is associated with more functional vaginal mucosa-resident IFN-��

CRTAM� CD4� and IFN-�� CRTAM� CD8� T cells. We next compared the function
and exhaustion of CD4� and CD8� TRM cells in the VM of HSV-2 infected guinea pigs
following therapeutic vaccination with gD, RR2, VP22, gB, VP16, VP13/14, VP11/12, and
UL25 proteins. On day 55 after the second and final therapeutic immunization, guinea
pigs were euthanized, single cell suspensions from the VM tissue were obtained, and
the function or dysfunction of VM-resident CD4� and CD8� TRM cells was analyzed
using both IFN-� enzyme-linked immunosorbent spot (ELISpot) assay and FACS. Sig-
nificantly high numbers of IFN-�-producing CD4� and CD8� T cells, enumerated by ex
vivo ELISpot assay in the VM of HSV-2 infected guinea pigs following vaccination with
gB, gD, RR2, and VP22 proteins, were observed compared to those following vaccina-
tion with VP16, VP13/14, VP11/12, and UL25 proteins (P � 0.05) (Fig. 5A and B). The
number of IFN-�-producing CD4� and CD8� T cells detected in the VM of the gD- and
RR2-vaccinated groups equaled the number of IFN-�-producing CD4� and CD8� T cells
detected in the VM of the dl5-29-vaccinated group (positive control). Following a 48-h
stimulation with 10 �g of immunizing HSV-2 proteins, there was a boost in the number
of IFN-�-producing CD4� and CD8� T cells in the VM cells compared to that in ex vivo
nonstimulated VM cells from the gD, RR2, and VP22 groups but not from the remaining
five groups, gB, VP16, VP13/14, VP11/12, and UL25 (P � 0.05) (Fig. 5B). Similarly, as
shown in Fig. 5C, significantly higher frequencies of functional CRTAM� CD8� TRM cells
(top row) and of CRTAM�CD4� TRM cells (bottom row) were detected in VM of guinea
pigs following vaccination with gD, RR2, and gB compared to VP22, VP16, VP13/14,
VP11/12, and UL25 (P � 0.05). As shown in Fig. 5D, significantly high proliferative
responses of CFSE� CD4� TRM cells (top panels) and CFSE� CD8� TRM cells (bottom
panels) were detected in the VM of the gB, gD, RR2, and VP22 groups compared to the
VP16, gB, VP13/14, VP11/12, and UL25 groups, confirming that more functional VM-
resident CD4� and CD8� TRM cells are associated with protection (P � 0.05). As
expected, high numbers of functional CD4� and CD8� TRM cells were detected in the
VM of the dl5-29-vaccinated group (positive control) (Fig. 5). Together, these results
indicate that therapeutic vaccination of HSV-2-infected guinea pigs with gB, gD, RR2, or
VP22 protein induced more IFN-�� CRTAM� CFSE� CD4� and IFN-�� CRTAM� CFSE�

CD8� TRM cells within the vaginal mucocutaneous tissue associated with significant
protection against recurrent genital herpes.

The reduction in virus shedding and severity and frequency of recurrent
genital herpes lesions in RR2-vaccinated guinea pigs is associated with increased
numbers of functional VM tissue-resident CD4� and CD8� TRM cells. We next
sought to determine the association of various parameters of protection (i.e., virus
shedding and severity and frequency of recurrent genital herpes lesions) with the
number, function, and exhaustion of CD4� and CD8� TRM cells that reside at the
vaginal mucocutaneous tissue of HSV-2-infected RR2-vaccinated guinea pigs.

As illustrated in Fig. 6A, guinea pigs (n � 40) were infected intravaginally with
5 � 105 PFU of HSV-2 (strain MS). Once acute infection was resolved, latently infected
animals were randomly divided into 3 groups (n � 11) and then vaccinated intramus-
cularly twice, on day 15 and on day 25 postinfection, with either RR2 protein emulsified
in alum plus CpG adjuvants (group 1) or the replication-defective dl5-29 vaccine
(positive control; group 2). Mock-vaccinated guinea pigs, which received adjuvant
alone, were used as negative controls (group 3).
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A significant reduction in cumulative virus shedding was detected in the vaginal
swabs from RR2-vaccinated animals compared to those from mock-vaccinated controls
(P � 0.05) (Fig. 6B). This was associated with a significant reduction in cumulative
vaginal lesions (Fig. 6C, left graph) and a reduced number of days with recurrent genital
lesions (Fig. 6C, right graph). The level of protection induced with RR2 was similar to the
level in the dl5-29 positive-control group. As expected, mock-vaccinated animals
developed no protection against recurrent genital herpes infection and disease (P �

0.05) (Fig. 6C). Neither the dl5-29- nor the RR2-vaccinated animals had any apparent

FIG 5 Function of vaginal mucosa-resident CD4� and CD8� T cells from HSV-2-infected guinea pigs following therapeutic vaccination with gD, RR2, VP22, gB,
VP16, VP13/14, VP11/12, and UL25 proteins. (A) Enumeration of IFN-� spot-forming units from guinea pigs immunized with various antigens. Representative
wells of IFN-�-producing cells measured ex vivo by ELISpot assay from VM cells (5 � 105 cells/well) and stimulated for 48 h with 10 �g of various HSV-2 proteins
are depicted. The number at the top of each image of representative ELISpot wells represents the number of IFN-�-producing spot-forming T cells per one
million total vaginal mucosal cells. (B) Average data for IFN-�-producing cells measured by ELISpot assay from the VM of four guinea pigs/per group, either ex
vivo or after 48 h of in vitro stimulation with the indicated immunizing HSV-2 protein. Vaginal mucosa cell suspensions plated 105 cells/well and either left
unstimulated (Un-Stim) or stimulated with 10 �g (Stim) with the indicated HSV-2 proteins. IFN-� production is depicted by the number of spot-forming cells
per one million VM cells of HSV-2 infected vaccinated and mock-vaccinated control groups. (C) Frequencies of vaginal mucosa-resident CRTAM� CD4� T cells
(top row) and of CRTAM� CD8� T cells (bottom row). VM cell suspensions were stained with a MAb specific to the activation marker CRTAM, CD4, or CD8 and
analyzed by FACS. The numbers at the top of each dot plot indicate the percentages of CRTAM� CD4� T cells (top row) and CRTAM� CD8� T cells (bottom
row) per vaginal mucosal total cells, as determined by FACS. (D) Proliferative responses of vaginal mucosa-resident CFSE� CD4� T cells (top row) and CFSE�

CD8� T cells (bottom row). VM cell suspensions were labeled with CFSE (2.5 � 106 cells/well) either alone (mock) or in the presence of the indicated immunizing
HSV-2 protein, and proliferative cells were quantified by FACS. The indicated P values show statistical significance between HSV-2-infected vaccinated and
mock-vaccinated control groups. *, P � 0.05 (considered significant).
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genital herpetic lesions, in contrast to severe ulcerative vaginitis detected in all mock-
vaccinated animals (Fig. 6D).

On day 55 after the second and final immunization, significantly higher percentages
of both CD4� and CD8� TRM cells were detected by FACS in the VM tissue of
RR2-vaccinated animals than in mock-vaccinated animals (P � 0.05) (Fig. 6E). These
frequencies were similar to those detected in the VM of guinea pigs that were
immunized with the whole replication-defective dl5-29 virus (Fig. 6E, left two panels).

Significantly higher frequencies of functional CRTAM� CD8� TRM cells (top row) and
of CFSE� CD8� TRM cells (middle row) were detected in the VM of RR2 protein-
vaccinated animals than in mock-vaccinated animals (P � 0.05) (Fig. 6F). Significantly
higher numbers of IFN-�-producing cells were enumerated ex vivo by the ELISpot assay
in the VM of RR2-vaccinated animals than of mock-vaccinated animals (Fig. 6F, middle
row). In contrast, lower frequencies of exhausted PD-1� CD8� T cells (Fig. 6G, top row)
and TIM-3� CD8� T cells (Fig. 6G, bottom row) were detected in the VM of the RR2

FIG 6 Correlates of protection with function and exhaustion of local vaginal mucosa-resident CD8� T cells following RR2 protein therapeutic vaccination of
HSV-2-infected guinea pigs. (A) Timeline of HSV-2 infection, IVAG and intramuscular (IM) immunization, and immunological and virological analyses. Once acute
infection was resolved, latently infected animals were randomly divided into three groups (n � 11) and then vaccinated twice intramuscularly, on days 15 and
25 postinfection, with either RR2 protein emulsified in alum plus CpG adjuvants (group 1) or the replication-defective dl5-29 vaccine (positive control; group
2). Mock-vaccinated guinea pigs, which received adjuvant alone, were used as a negative control (group 3). (B) Cumulative virus shedding detected
RR2-vaccinated, dl5-29-vaccinated and mock-vaccinated controls is shown. (C) Cumulative vaginal lesions (left) and cumulative number of days with recurrent
genital lesions (right) detected for RR2-vaccinated, dl5-29-vaccinated, and mock-vaccinated controls are shown. (D) Representative images of genital lesions in
guinea pigs vaccinated with RR2 protein or dl5-29 vaccine and mock-vaccinated animals. (E) Frequencies of CD4� and CD8� T cells detected by FACS in the
VM tissue of RR2-vaccinated animals. (F) Frequencies of functional CRTAM� CD8� T cells (top row of plots and graphs) and of CFSE� CD8� T cells (bottom row
of plots and graphs) and IFN-�-producing cells, enumerated ex vivo by ELISpot assay (bottom portion) in the VM of RR2-vaccinated and dl5-29-vaccinated
animals compared to those in mock-vaccinated animals. (G) Frequencies of exhausted PD-1� CD8� T cells (top row of plots and graphs) and TIM-3� CD8� T
cells (bottom row of plots and graphs) detected in the VM of RR2-vaccinated and dl5-29-vaccinated animals compared to those in mock-vaccinated animals.
The indicated P values show statistical significance between RR2-vaccinated and mock-vaccinated control groups. *, P � 0.05 (considered significant).

Srivastava et al. Journal of Virology

May 2019 Volume 93 Issue 9 e02309-18 jvi.asm.org 12

https://jvi.asm.org


group than of the mock-vaccinated group, confirming less exhausted and more func-
tional VM-resident T cells following vaccination with the RR2 protein (P � 0.05). As
expected, high numbers of functional CD4� and CD8� TRM cells were detected in the
VM of the dl5-29-vaccinated group (positive control), while high numbers of dysfunc-
tional CD4� and CD8� TRM cells were detected in the mock-vaccinated group (negative
control) (Fig. 6F and G).

Together, these results confirmed that therapeutic vaccination of HSV-2-infected
guinea pigs with RR2 proteins induced more functional and less exhausted vaginal
mucosa-resident CD4� and CD8� TRM cells associated with a significant reduction in
both virus shedding and recurrent genital herpes lesions.

Intravaginal immunization of HSV-2-infected guinea pigs with RR2 protein is
superior to intramuscular immunization. Genital herpes infections and lesions are
initiated at mucocutaneous surfaces, yet intramuscular vaccinations are often used and
usually provide only minimal protection at vaginal mucosal sites of infection, likely
because of a suboptimal activation of protective local tissue-resident CD4� and CD8�

TRM cells. To optimize the number and function of local CD4� and CD8� TRM cells that
would localize to healed sites of the vaginal mucocutaneous tissues, we compared side
by side the intravaginal (IVAG) and intramuscular routes of vaccination in HSV-2-
infected guinea pigs using the RR2 vaccinogen formulated in CpG and alum adjuvants.
We found that protection induced following immunization through the intravaginal
route was significantly higher than with the intramuscular route (Fig. 7B to D). More-
over, significant increases in the numbers of vaginal mucosa-resident IFN-�-producing
CD4� and CD8� TRM cells were induced following intravaginal (RR2 IVAG) immuniza-
tion compared to intramuscular immunization (RR2 IM) with the RR2 protein (Fig. 7E
and F).

The protective immunity against recurrent genital herpes infection and dis-
ease induced following therapeutic immunization with RR2 protein is CD4� and
CD8� T-cell dependent. As illustrated in Fig. 8A, to assess the involvement of CD4�

and CD8� T-cell subsets in the protection induced by IVAG immunization with the RR2
protein, in vivo depletion of either CD4� or CD8� T cells was performed in infected
guinea pigs before and after each IVAG immunization. Depletion of either CD4� or
CD8� T cells significantly reduced the number of respective cells in both the spleen
(Fig. 8B and C) and vaginal mucosal tissues (Fig. 8D and E). Such depletion of CD4� or
CD8� T cells was associated with a significant abrogation in the protection induced
following IVAG immunization with the RR2 protein or dl5-29 (P � 0.05) (Fig. 8F and G).
This suggests that in this system, both CD4� and CD8� T cells are required for
protection against recurrent genital herpes. Together, these results indicate that IVAG
therapeutic immunization with the RR2 protein decreased overt signs of recurrent
genital herpes disease and that this decrease is CD4� and CD8� T-cell dependent.

DISCUSSION

The morbidity and socioeconomic and economic burden associated with recurrent
genital herpes underscore the need for developing a therapeutic herpes vaccine (1, 30).
Despite its toll, herpes has generally been seen as a “marginal” disease. Only a few
pharmaceutical companies and academic institutions have invested in herpes vaccine
research over the past few decades due to the failure of many vaccines designed to
protect against genital herpes, leading many to give up in developing a novel herpes
vaccine strategies (3, 31, 32). In the present study, lessons learned from the failure of
past clinical trials using gB/gD-based vaccines led us to hypothesize that a therapeutic
subunit vaccine incorporating non-gB/gD asymptomatic HSV-2 proteins that selectively
induce CD4� and CD8� TRM cells from naturally protected asymptomatic women
would halt or at least decrease the frequency and severity of recurrent herpetic disease.

A reliable small-animal model is the ultimate key factor for preclinical testing of the
efficacy of the growing numbers of therapeutic herpes vaccine candidates against
spontaneous herpes reactivation and recurrent disease, yet its relevance has been often
overlooked. The use of mouse models of genital herpes to test therapeutic vaccine
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candidates is precluded by the lack of spontaneous reactivation and shedding of
reactivated virus in the genital tract and hence absence of recurrent genital herpetic
disease. In contrast, spontaneous reactivation occurs in HSV-2-infected guinea pigs,
which develop clinical and pathological features of recurrent genital herpes that are
similar to those seen in human infections. The appearance and evolution of genital
lesions, histologic changes in the genital epithelium and nerve tissues, and establish-
ment of latent virus infection in the DRG with the potential for reactivation all mimic
human disease. Since analyses of human blood-derived T cells may not always reflect
tissue-resident T cells, the guinea pig represents the gold standard model to determine
the contribution of the vaginal mucosal-tissue-resident CD4� and CD8� cells versus
blood-derived CD8� T cells in protection against recurrent genital herpes. The guinea
pig model allowed us to speed up testing whether therapeutic vaccine candidates,
encompassing asymptomatic protein Ags (e.g., RR2 and UL49), decrease the level of
latency in DRG, spontaneous reactivation from sensory neurons of DRG, virus shedding
in genital tract, and recurrent genital herpetic disease. It is worth emphasizing that

FIG 7 Intravaginal versus intramuscular immunization of HSV-2-infected guinea pigs with RR2 protein. (A) Timeline of HSV-2 infection, intravaginal (IVAG) and
intramuscular (IM) immunization, and immunological and virological analyses. Guinea pigs (n � 30) were infected intravaginally with 5 � 105 PFU of HSV-2 (MS
strain). Once acute infection was resolved, latently infected animals were randomly divided into four groups (n � 10) and then vaccinated with the RR2 protein
emulsified in alum plus CpG adjuvant either IVAG or IM on days 15 and 25. Replication-defective HSV-2 dl5-29 mutant vaccine delivered IVAG was used as a
positive control. Mock-vaccinated guinea pigs, which received IVAG alum plus CpG adjuvants alone, were used as a negative control. (B) Representative images
of genital lesions in guinea pigs vaccinated with RR2 protein either IVAG or IM are shown, along with representative images of dl5-29-vaccinated and
mock-vaccinated animals. (C) Cumulative vaginal lesions (left panel) and cumulative positive days with recurrences (right) following IVAG versus IM vaccinations.
(D) HSV-2 DNA copy numbers detected in DRG on day 80 p.i. following vaccination by either the IVAG or IM route are shown. (E) Representative FACS data
(left panels) and average frequencies and numbers (right panels) of CD4� T cells and CD8� T cells in guinea pigs vaccinated with RR2 protein IVAG or IM are
shown. (F) Representative FACS data (left plots) and average frequencies and numbers (right graphs) of IFN-�� CD4� T cells and IFN-�� CD8� T cells vaccinated
IVAG or IM. The indicated P values show statistical significance between the groups of animals vaccinated IVAG versus IM. *, P � 0.05 (considered significant).
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similar to the case with dl5-29 vaccine, we found that the RR2 subunit vaccine
significantly boosted the numbers of functional IFN-�� CRTAM� CFSE� CD4� and
IFN-�� CRTAM� CFSE� CD8� T cells that were localized to healed sites of the vaginal
mucocutaneous tissues and that this was associated with a significant decrease in virus
shedding and a reduction in the severity and frequency of recurrent genital herpes
lesions. To our knowledge, this is the first study that demonstrated in the guinea pig
model a correlation between, on one hand, a reduction in virus shedding and a
decrease in recurrent genital herpes lesions induced by RR2 and, on the other hand, an
increase in the number and function of tissue-resident memory CD4� and CD8� T cells
in the vaginal mucosa. A study of the phenotype memory CD4� and CD8� T cells in the
vaginal mucosa as to their expression of CD103, CD69, CCR7, and CD44 molecules is
currently ongoing, and we plan to report the results in a future publication.

Stress, following immunosuppression or exposure to a variety of physical or psy-
chological/emotional stimuli, triggers HSV to reactivate from latency, and virus shed-
ding in the genital tract causes recurrent herpetic diseases (27). Asymptomatic HSV-1
and HSV-2 infections are common, pointing to the ability of the immune system to
control the symptoms, despite failure to clear the virus (33). Most genital herpetic
disease is due to viral reactivations from latency, rather than to primary acute infection

FIG 8 Effect of CD4 and CD8 depletion on RR2 induced protection against recurrent genital disease. (A) Timeline of HSV-2 infection, IVAG and IM immunization,
and CD4� and CD8� T-cell depletion. (B to E) Representative FACS data for the frequencies of CD4� and CD8� T cells detected in the spleen (SPL) (B and C)
and VM (D and E) are shown. (F) Cumulative vaginal lesions in the RR2- and dl5-29-vaccinated groups following CD4� or CD8� T-cell depletion. (G)
Representative images of genital lesions in guinea pigs vaccinated with either the RR2 protein or dl5-29 and depleted from either CD4� or CD8� cells. The
indicated P values show statistical significance between CD4� and CD8� T-cell-depleted groups and the mock-depleted group. *, P � 0.05 (considered
significant).
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(18). Over two-thirds of women (80%) who are seropositive for HSV-2 are asymptomatic
(ASYMP) and unaware of their infection (18). They shed and can transmit the reacti-
vated virus but have no history of recurrent herpetic disease. In contrast, a small
proportion of seropositive women are symptomatic (SYMP). They have a history of
frequent and lifelong episodes of recurrent herpetic disease, often requiring doctor
visits and continuous antiviral therapy (18). It is becoming increasingly clear that the
acquired herpes immunity in SYMP individuals is not sufficient for protection against
virus reactivation and virus replication and disease at the genital tract (18). This implies
that a successful herpes vaccine must be able to either boost the natural immune
responses or initiate a protective immune mechanism that does not occur following
natural exposure to the virus (13, 34, 35). Such protective immune responses might be
directed against different Ags than those by the immune system from SYMP individuals.
The correct response to the recent “failures” of clinical HSV vaccine trials using gB and
gD is to encourage the testing of novel herpes tegument, capsid, and regulatory
proteins as candidate vaccines.

Historically, it has been harder to develop therapeutic vaccines than prophylactic
vaccines because of the many strategies employed by HSV-1 and HSV-2 to evade
control by the host’s immune system, which are in place in already infected individuals
(36–38). Thus, considerable effort has been applied to developing a less challenging
prophylactic herpes vaccine to prevent herpes infection of seronegative patients.
However, given the staggering number of already infected HSV-1 and HSV-2 individ-
uals, we contend that developing a therapeutic herpes vaccine to reduce herpes
shedding and alleviate herpetic disease in symptomatic patients with recurrent out-
breaks would be highly desired. Recurrent genital herpetic disease is one of the most
common sexually transmitted diseases, with a worldwide prevalence of infection
predicted to be over 3.5 billion individuals for HSV-1 and over 536 million for HSV-2 (1).
Moreover, HSV-1/HSV-2 recombinant strains are reported to widely circulating (39). The
majority of HSV-1- and HSV-2-seropositive individuals are asymptomatic, i.e., do not
show any apparent recurrent symptoms, implying that many seropositive individuals
can readily and quietly transmit the virus to their partners. This gloomy picture of global
herpes prevalence stresses the urgency of developing a therapeutic vaccine. In the
present study, we rationally selected HSV proteins that were highly recognized by the
immune system from naturally protected asymptomatic individuals as therapeutic
vaccine candidates. The safety, immunogenicity, and protective efficacy of these eight
HSV-2 proteins was assessed in a preclinical therapeutic vaccine trial using the guinea
pig model of recurrent genital herpes. Compared to the dl5-29, a whole HSV-2 live
vaccine that was recently tested in clinical trials (40), we found that therapeutic
immunization with gD, VP22, or RR2 protein produced significant protection against
recurrent genital herpes infection and disease. While RR2 has been previously reported
as a major target of HSV-2-specific CD8� T cells in humans (23), its antibody, CD4� and
CD8� T-cell immunogenicity, and protective efficacy against recurrent genital herpes
have never been reported. Recently, a recombinant protein vaccine for herpes zoster
(Shingrix) was shown to be highly effective, with �90% efficacy, even in subjects
�80 years of age (41, 42). Similar to the herpes simplex vaccine presented in this study,
the herpes zoster vaccine contains a single varicella-zoster virus (VZV) adjuvanted
protein that stimulates VZV-specific CD4� T cells (and low-level CD8� memory T cells)
and humoral responses (43). Thus, very high levels of protection can be induced against
both herpes simplex (this study) and herpes zoster (41–43) by a single recombinant
viral protein combined with an adjuvant that induces the appropriate B- and T-cell
responses. The results presented in this report are a strong improvement over the
response induced by live attenuated vaccines (40).

To the best of our knowledge, the present study is first to demonstrate that
intravaginal delivery of HSV-2 RR2 protein antigen (i) boosted both neutralizing anti-
bodies, which appear to cross-react with gB and gD, glycoproteins, (ii) increased
the number of functional tissue-resident IFN-�-producing CRTAM� CFSE� CD4� and
CRTAM� CFSE� CD8� TRM cells in the vaginal mucosa, and (iii) protected against
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spontaneous recurrent genital herpes in the infected guinea pigs. The HSV-2 RR2
protein, therefore, constitutes a viable B- and T-cell candidate antigen to be incorpo-
rated in future genital herpes therapeutic mucosal vaccines. In a recent clinical trial, a
candidate therapeutic HSV-2 vaccine formulation designated GEN-003, made by a
mixture of a fragment of infected cell protein 4 (ICP4.2), a deletion mutant of gD2
(gD2ΔTMR), and Matrix-M2 adjuvant, appeared to (i) boost HSV-2-specific antibody and
T-cell responses, as measured in the peripheral blood, and (ii) decrease rates of viral
shedding and severity of lesions (44–46). The same level of protective immunity has yet
to be reproduced in a larger phase III clinical trial.

The HSV-2 ribonucleotide reductase (RR) consists of two heterologous protein
subunits. The small subunit (RR2) is a 38-kDa protein encoded by the UL40 gene, and
the large subunit (RR1), designated ICP10, is a 140-kDa protein encoded by the UL39
gene (47). RR2 is a major target of HSV-2-specific CD8� T cells in humans (23). Hensel
et al. recently reported that a preventive prophylactic vaccine based on a combination
of UL40 and the extracellular portion of the gD (gDt) protected noninfected guinea pigs
from an intravaginal HSV2 challenge (48). It is unclear whether the observed prophy-
lactic protection was due to UL40 or to gD, since immunizations with the single Ags
that formed that particular combination were not compared in that study. The present
investigation extended those studies by demonstrating that a therapeutic vaccination
of HSV-2-infected guinea pigs with RR2 protein alone, boosted gB- and gD-cross-
reactive neutralizing antibodies, and enhanced the numbers of functional IFN- ��

CRTAM� CFSE� CD4� and IFN-�� CRTAM� CFSE� CD8� T cells within the VM tissues.
These robust local B- and T-cell responses were associated with a significant reduction
in both virus shedding and the severity and frequency of recurrent genital herpes
lesions. Interestingly, therapeutic immunization with RR1 protein or a combination of
the RR1 and RR2 proteins did not result in a more robust protection than with RR2 alone
(data not shown). These preclinical findings suggest the HSV-2 RR2 protein alone
(without combination with gB, gD, or RR1 antigen) as a viable candidate to be
incorporated in the next genital herpes therapeutic mucosal vaccine to be clinically
tested. The intravaginal route proved to be far better than the intramuscular route in
boosting tissue-resident HSV-specific CD4� and CD8� T cells detected at the genital
epithelium. The mechanisms that lead to superiority of intravaginal and intranasal
routes remain to be elucidated. Nevertheless, it is surprising that the protective efficacy
of RR2 protein-based subunit vaccine delivered intravaginally in HSV-2-infected guinea
pigs was comparable to that induced with the dl5-29, a whole HSV-2 live vaccine that
was recently tested in a phase I clinical trial (40). The dl5-29 live vaccine completes only
part of the herpes lytic cycle, without spreading to other cells, while expressing many
HSV-2 Ags (40).

Acyclovir reduces or suppresses recurrent symptomatic disease, asymptomatic
shedding, and lateral transmission to some extent; however, it does not clear the
infection or stop recurrent disease (30, 49). This emphasizes the need for a therapeutic
vaccine (more than a prophylactic vaccine), which can boost the immune system to
decrease virus shedding and reduce or eliminate herpes pathology. At present, no
FDA-approved therapeutic vaccines are available. Historically, developing therapeutic
vaccines has been more difficult than developing prophylactic vaccines. Besides, pro-
phylactic herpes vaccines have primarily focused on eliciting virus neutralizing anti-
bodies before viral particles infect the vaginal epithelial cells (49). In contrast, thera-
peutic vaccines require induction of both antibodies and potent local CD4� and CD8�

T-cell responses at the sites of infections (i.e., vaginal mucocutaneous tissue and DRG)
as shown in this study. Developing a T-cell-based therapeutic vaccines is often con-
fronted with multiple immune evasion strategies successfully developed by herpesvi-
ruses, immune escape artists, to persist in their hosts (50–53). Among the immune
evasion mechanisms is the exhaustion of antiviral memory and effector CD4� and
CD8� T cells (38, 54, 55). Total or partial loss of T-cell function (dysfunction) occurs
following repetitive HSV latency and reactivation cycles. When T-cell dysfunction
develops under conditions of repetitive exposure to antigens, it is called exhaustion (as
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reviewed in reference 56) and is usually linked with expression of T-cell coinhibitory
receptors: PD-1, TIM-3, LAG-3 (CD223), TIGIT, PSGL-1, 2B4 (CD244), GITR, CTLA-4
(CD152), CD160, and BTLA (CD272). In humans, tissue-resident CD8� T cells express
PD-1 and appear to be dysfunctional and simultaneously express high levels of 2 or 3
immune checkpoint receptors (e.g., PD-1, TIM-3, and LAG-3). To the best of our
knowledge, this is the first report demonstrating the differential expression of exhaus-
tion markers PD-1 and TIM-3 on guinea pig memory CD4� and CD8� T cells associated
with a lack of protective immunity against recurrent genital herpes. The mechanisms
that lead to an increased expression of PD-1 and TIM-3 on vaginal mucosa-resident
CD4� and CD8� T cells remain to be elucidated. It is likely that repetitive/sporadic virus
reactivations in nonprotected animals lead to persistent antigenic stimulations of T cells
at the vaginal mucosa, causing the observed phenotypic and functional exhaustion of
tissue-resident antiviral CD4� and CD8� T cells. Nevertheless, our results suggest that
a single or combined immune checkpoint blockade using anti-PD-1 and/or anti-TIM-3
monoclonal antibodies (MAbs) would reverse the exhaustion of antiviral tissue-resident
CD4� and CD8� T cells at the vaginal mucosa and hence restore their protective
function. The prospect of a novel RR1 and RR2-based therapeutic herpes vaccine
combined with the immune checkpoint blockade would likely increase the efficacy and
longevity of protection against recurrent herpes. Therapeutic subunit vaccination,
using three of the moderately protective Ags tested in this study (i.e., VP16, VP11/12,
and VP13/14) combined with an immune checkpoint blockade (i.e., PD-1 and/or TIM-3),
is currently being tested in our laboratory using the guinea pig model of recurrent
genital herpes.

Considering the wealth of data addressing the antibody responses to herpes
infections/immunizations in the guinea pig model, it is surprising how few reports
exist characterizing the phenotype, function, and exhaustion of CD4� and CD8� T
cells in this model. One limitation is the unavailability of MAbs specific to guinea
pigs immune cell surface CD, cytokines, chemokines, and receptors. Compared to
those for mice, relatively few immunological reagents are available to characterize
CD4� and CD8� T cells in guinea pigs. Here we describe new immunological
reagents and novel approaches that quantitatively and qualitatively help charac-
terize the phenotype, function, and exhaustion of CD4� and CD8� T-cell responses
both systemically and as they occur in the female reproductive tract of the infected
and vaccinated guinea pigs. IFN-� ELISpot, carboxyfluorescein succinimidyl ester
(CFSE)-based proliferation, surface markers of T-cell activation (CRTAM), and T-cell
exhaustion (PD-1 and TIM-3), intracellular cytokines are investigated in this report.
Moreover, quantitative PCR (qPCR) techniques to detect and quantify recurrent
HSV-2 shedding have been optimized in the guinea pig model. These immunolog-
ical reagents and novel approaches are useful to study infection, immunity, and
immunopathogenesis of many infectious and allergic diseases in the guinea pig
model (57–59), besides genital herpes infection and disease.

In summary, our results represent the first in-depth evidence that intravaginal
immunization of HSV-2-infected guinea pigs with a recombinantly expressed HSV-2 RR2
protein in CpG and alum adjuvants safely boosted a coordinated and broad spectrum
of B- and T-cell responses, including gB- and gD-cross-reactive neutralizing antibodies
and tissue-resident IFN-�-producing CD4� and CD8� T cells that localized to healed
sites of the vaginal mucocutaneous tissues. The strong B- and T-cell immunogenicity of
the RR2-based therapeutic vaccine was associated with significant protection against
recurrent genital herpes. In the context of limited success of recent herpes clinical
vaccines delivered parenterally, this is a rather interesting finding, since antiviral local
CD4� and CD8� T-cell responses within the infected vaginal mucocutaneous tissue
might be suboptimal due to the unique vaginal immune environment. The present
findings are encouraging because they offer relatively low-cost mucosal routes to
provide a T-cell-based vaccine for clinical trials. Which T-cell epitopes from RR2 will be
protective in clinical trials remains to be determined. Nevertheless, these findings
support the Ag selection strategy and suggest that vaccination with asymptomatic
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protein Ags will likely boost the number and function of CD4� and CD8� T cells
preventing (or at least reducing) virus reactivation and, hence, protecting against
recurrent genital herpes. The findings lay the groundwork for an accessible mucosal
subunit therapeutic vaccine approach to decrease virus shedding and reduce or
eliminate genital herpes pathology, and presumably other sexually transmitted infec-
tious diseases.

MATERIALS AND METHODS
Human study population. During the last 15 years (i.e., January 2003 to October 2018), we have

screened 925 individuals for HSV-1 and HSV-2 seropositivity. Five hundred eighty-seven were white, 338
were nonwhite (African, Asian, Hispanic, and other), 467 were female, and 458 were male. Among this
sample, a cohort of 308 immunocompetent individuals, ranging from 21 to 69 years old (median, 45
years), were seropositive for HSV-2. All patients were negative for HIV and hepatitis B virus (HBV), with
no history of immunodeficiency. Two hundred seventy-eight patients were healthy and defined as
asymptomatic (ASYMP). These patients never had any herpes disease (genital, orofacial, dermal, or
ocular) based on self-reporting and clinical examination. Even a single episode of any herpetic disease
excluded the individual from this group. The remaining 30 patients were defined as HSV-seropositive
symptomatic (SYMP) individuals who suffered from frequent and severe recurrent genital lesions.
Patients were also excluded if they (i) had an active genital (or elsewhere) herpetic lesion or had had one
within the past 30 days, (ii) were pregnant or breastfeeding, or (iii) were on acyclovir and other related
antiviral drugs or any other immunosuppressive drugs at the time of blood draw. SYMP and ASYMP
groups were matched for age, sex, serological status, and race. Among this large cohort, 20 SYMP and
20 ASYMP women were enrolled in the current study (Table 1). We also enrolled 10 age- and sex-
matched healthy controls seronegative for both HSV-1 and HSV-2 who had no history of herpes diseases.
All clinical investigations in this study were conducted according to the Declaration of Helsinki. All
subjects were enrolled at the University of California, Irvine, under approved Institutional Review
Board-approved protocols (IRB no. 2003-3111 and IRB no. 2009-6963). Written informed consent was
received from all participants prior to inclusion in the study.

HSV-specific serotyping. The sera collected from random donors were tested for anti-HSV antibod-
ies. ELISA was performed on sterile 96-well flat-bottom microplates coated with the HSV-2 antigen in
coating buffer overnight at 4°C. The next day, plates were washed with phosphate-buffered saline
(PBS)–1% Tween 20 (PBST) five times, and nonspecific binding was blocked by incubation with a 5%
solution of skimmed milk in PBS (200 �l/well) at 4°C for 1 h at room temperature (RT). The microplates
were washed three times with PBS-Tween and incubated with various sera at 37°C for 2 h. Following five
washes, biotinylated rabbit anti-human IgG, diluted 1: 20,000 with PBST, was incubated at 37°C for 2 h.
After five washes, streptavidin-peroxidase was added at a 1: 5,000 dilution and incubated for 30 min at
RT. After five additional washes, the color was developed by adding 100 �l of tetramethylbenzidene
(TMB) substrate. The mixture was incubated for 5 to 15 min at RT in the dark. The reaction was terminated
by adding 1 M H2SO4. The absorbance was measured at 450 nm.

Peripheral blood mononuclear cell isolation. Individuals (negative for HIV and HBV and with or
without any HSV infection history) were recruited at the UC Irvine Institute for Clinical and
Translational Science (ICTS). One hundred milliliters of blood was drawn into yellow-top Vacutainer
tubes (Becton, Dickinson). The serum was isolated and stored at �80°C for the detection of
anti-HSV-1 and anti-HSV-2 antibodies, as we have previously described (60). Peripheral blood
mononuclear cells (PBMC) were isolated by gradient centrifugation using leukocyte separation
medium (Life Sciences, Tewksbury, MA). The cells were then washed in PBS and suspended in
complete culture medium consisting of RPMI 1640, 10% fetal bovine serum (FBS; Bio-Products,
Woodland, CA) supplemented with 1� penicillin–streptomycin–L-glutamine, 1� sodium pyruvate,
1� nonessential amino acids, and 50 �M 2-mercaptoethanol (Life Technologies, Rockville, MD).

Flow cytometry assays. Peripheral blood mononuclear cells were analyzed by flow cytometry after
staining with fluorochrome-conjugated human-specific MAbs. The following anti-human antibodies were
used for flow cytometry assays: CD3 (clone SK7) phycoerythrin (PE)-Cy7, CD4 (clone DE54), CD8 (clone
SK1), CD45RA FITC, CD62L allophycocyanin, IFN-� Alexa Fluor 647, granzyme B (clone GB11) A647,
CD107a (clone H4A3) fluorescein isothiocyanate (FITC), CD107b (clone H4B4) FITC (BioLegend, San Diego,
CA), and granzyme K (clone G3H69). Surface-staining MAbs against various cell markers were added to
a total of 1 � 106 PBMC in PBS containing 1% FBS and 0.1% sodium azide (FACS buffer) for 45 min at 4°C.
After the cells were washed with FACS buffer, they were permeabilized for 20 min on ice using a
Cytofix/Cytoperm kit (BD Biosciences) and then washed twice with Perm/Wash buffer (BD Biosciences).
Intracellular cytokine-staining MAbs were added to the cells, and the mixture was incubated for 45 min
on ice in the dark. The cells were washed with Perm/Wash buffer and FACS buffer and subsequently fixed
in PBS containing 2% paraformaldehyde (Sigma-Aldrich, St. Louis, MO). For each sample, 100,000 total
events were acquired on the BD LSRII. Ab capture beads (BD Biosciences) were used as individual
compensation tubes for each fluorophore in the experiment. To define positive and negative popula-
tions, we used isotype control MAbs for each fluorophore and further optimized gating by examining
known negative cell populations for background expression levels. The gating strategy, similar to that
used in our previous work (61), is shown in Fig. S1 in the supplemental material. Briefly, we gated single
cells, viable cells (Aqua blue), lymphocytes, CD3� CD4� cells, and CD3�CD8� cells. Data analysis was
performed using FlowJo software (version 10.4.2; TreeStar, Ashland, OR). Statistical analyses were done
using GraphPad Prism (version 5; La Jolla, CA).

RR2 Protein-Based Genital Herpes Therapeutic Vaccine Journal of Virology

May 2019 Volume 93 Issue 9 e02309-18 jvi.asm.org 19

https://jvi.asm.org


Animals. Female guinea pigs (Hartley strain; Charles River Laboratories, San Diego, CA) weighing 275
to 350 g (5 to 6 weeks old) were housed at the University of California, Irvine, vivarium. The number of
animals required per group for each experiment was calculated based on our experience using animal
models in spontaneous and induced recurrent herpes infection and disease. A group size of 10 had 90%
power to detect a difference 2-fold or higher between experimental group means, with a significance
level of 0.05. The Institutional Animal Care and Use Committee of the University of California, Irvine,
reviewed and approved the protocol for these studies (IACUC no. 2002-2372).

Vaccine candidates. We used eight recombinantly expressed protein antigens from HSV-2: gD, RR2,
VP22, gB, VP16, VP13/14, VP11/12, and UL25, selected as highly recognized by T cells from naturally
protected asymptomatic individuals (Table 1). The replication-defective HSV-2 dl5-29 mutant (i.e., dl5-29
vaccine) was used as a positive control (62). The dl5-29 mutant has deletions in the UL5 and UL29 genes
and has been shown to protect mice and guinea pigs against challenge with wild-type (wt) HSV-2 (62)
and was recently tested in clinical trials (40).

Infection and immunization of guinea pigs. Throughout this study, we used the MS strain of HSV-2,
generously gifted by David Bernstein (Cincinnati Children’s Hospital Medical Center, University of
Cincinnati, OH). Guinea pigs (n � 11) were infected intravaginally with 5 � 105 PFU of HSV-2 (strain MS).
Once acute infection was resolved, latently infected animals were vaccinated intramuscularly twice, in
the right hind calf muscle on day 15 and on day 25 postinfection. Animals were immunized on day 15
with 20 �g and on day 25 with 10 �g of various HSV-2 proteins (gD, RR1, RR2, VP22, gB, VP16, VP13/14,
VP11/12, and UL25) mixed with 100 �g of CpG/guinea pig and 150 �g of alum. Animals were mock
immunized with the CpG oligonucleotide (5=-TCGTCGTTGTCGTTTTGTCGTT-3=) (Trilink Inc., Santa Fe
Springs, CA) using 100 �g of CpG/guinea pig and 150 �g of alum (Alhydrogel; Accurate Chemical and
Scientific Corp., Westbury, NY).

Monitoring of primary or recurrent HSV-2 disease in guinea pigs. Guinea pigs were examined for
vaginal lesions, which were recorded for each individual animal on a daily basis starting right after the
second immunization on a scale of 0 to 4, where 0 reflects no disease, 1 reflects redness, 2 reflects a single
lesion, 3 reflects coalesced lesions, and 4 reflects ulcerated lesions.

Real-time qPCR for HSV-2 quantification from vaginal swabs and dorsal root ganglia. Vaginal
swabs were collected daily using a Dacron swab (type 1; Spectrum Laboratories, Los Angeles, CA) starting
from day 35 until day 65 postchallenge. Individual swabs were transferred to a 2-ml sterile cryogenic vial
containing 1 ml of culture medium and stored at �80°C until use. On day 65 postchallenge, 12 lower
lumbar and sacral dorsal root ganglia (DRG) per guinea pig were collected by cutting through the lumbar
end of the spine. DNA was isolated from the collected vaginal swab and DRG of guinea pigs by using
DNeasy blood and tissue kits (Qiagen). The presence of HSV-2 DNA was quantified by real-time PCR
(StepOnePlus real-time PCR system) with 50 to 100 ng of vaginal swab DNA or 250 ng of DRG DNA. HSV-2
DNA copy number was determined using purified HSV-2 DNA (Advanced Biotechnologies, Columbia,
MD) and based on a standard curve of the threshold cycle (CT) values that was generated with 50,000,
5,000, 500, 50, and 5 copies of DNA and run in triplicates. The CT values from unknown samples were
plotted on the purified HSV-2 DNA standard curves, and the number of HSV-2 DNA copies per assay was
calculated. Each guinea pig sample was analyzed in duplicate. Samples with �150 copies/ml by 40 cycles
or positive in only one of two wells were reported as negative. Primer and probe sequences for HSV-2
Us9 were as follows: primer forward, 5=-GGCAGAAGCCTACTACTCGGAAA-3=; primer reverse, 5=-CCATGC
GCACGAGGAAGT-3=; and probe with reporter dye, 5=-6-carboxyfluorescein (FAM)-CGAGGCCGCCAAC-M
GBNFQ-3=. All reactions were performed using TaqMan gene expression master mix (Applied Biosystems),
and data were collected and analyzed on StepOnePlus real-time PCR system.

ELISA and neutralizing antibodies. Blood (5 ml) was drawn from each guinea pig into yellow-top
Vacutainer tubes (Becton, Dickinson). Sera were isolated by centrifugation for 10 min at 800 � g. For
measuring antigen-specific antibody titers in the sera of immunized guinea pigs, ELISA plates were
coated with 50 ng of individual HSV-2 proteins and incubated with guinea pig serum at a 1:1,000 dilution,
followed by horseradish peroxidase (HRP)-conjugated anti-guinea pig IgG. For measuring the affinity of
binding of antigen-specific antibodies to the HSV-2 MS strain, ELISA plates were coated overnight at 4°C
with 1 � 104 PFU/well of heat-inactivated MS strain and incubated with respective guinea pig serum at
a 1:1,000 dilution, followed by HRP-conjugated anti-guinea pig IgG. For competitive inhibition assays,
antigen-specific sera, diluted 1:100, were incubated overnight at 4°C with test inhibitory peptides at
concentrations ranging from 10�1 to 10�5 ng/ml. These samples were then processed as standard ELSA
assays, using 1 �g of respective antigen-coated plates. Results for each peptide tested at different
concentrations were expressed as percent inhibition, calculated as follows: percent inhibition � [OD450

(immune serum incubated with test peptide at test concentration) � OD450 (background, serum dilution
buffer)/(OD450 (immune serum incubated in the absence of peptide) � OD450 (background, serum
dilution buffer)] � 100. Neutralizing antibody titers were determined by incubating 100 PFU of HSV-2
strain MS with serial dilutions of serum starting at 1:40 for 1 h at 37°C. The endpoint neutralization titer
was determined by the plaque assay on RS cells and was calculated as the serum dilution that reduced
the number of plaques by 50% compared with PBS controls.

Splenocyte isolation. Spleens were harvested from guinea pigs at 80 days postinfection. Spleens
were placed in 10 ml of cold PBS with 10% FBS and 2� antibiotic-antimycotic (Life Technologies,
Carlsbad, CA). Spleens were minced finely and sequentially passed through a 100-�m mesh and a 70-�m
mesh (BD Biosciences, San Jose, CA). Cells were then pelleted via centrifugation at 400 � g for 10 min at
4°C. Red blood cells were lysed using a lysis buffer (ammonium chloride) and washed again. Isolated
splenocytes were diluted to 1 � 106 viable cells per ml in RPMI medium with 10% (vol/vol) FBS and
2� antibiotic-antimycotic. Viability was determined by trypan blue staining.
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Isolation of lymphocytes from guinea pig vaginal mucosa. Vaginal mucosae were removed from
the guinea pigs. The genital tract was minced into fine pieces; the tissue pieces were then transferred
into a new tube with fresh RPMI-10 containing collagenase and digested at 37°C for 2 h on a rocker set
to vigorously stir the tissue. The digested tissue suspension was then passed through a 100-�m cell
strainer on ice, followed by centrifugation. Lymphocytes in the cell pellets were separated using Percoll
gradients by centrifugation at 900 � g, at room temperature, for 20 min with the brake off. The
lymphocytes at the interface layer between 40% and 70% Percoll layers were harvested, washed with
RPMI medium (1:3), and spun down at 740 � g.

Flow cytometry analysis. Vaginal mucosa cells and splenocytes were analyzed by flow cytometry.
The following antibodies were used: mouse anti-guinea pig CD8 (clone MCA752F; Bio-Rad Laboratories,
Hercules, CA), mouse anti-guinea pig CD4 (clone MCA749PE; Bio-Rad Laboratories), anti-mouse CRTAM
(clone 11-5; Biolegend), hamster anti-mouse PD-1 (clone J43; BD Biosciences, San Jose, CA), and human
TIM-3 (clone F38-2E2; BD Biosciences, San Jose, CA). For surface staining, MAbs against various cell
markers were added to a total of 1 � 106 cells in phosphate-buffered saline containing 1% FBS and 0.1%
sodium azide (FACS buffer) and left for 45 min at 4°C. At the end of the incubation period, the cells were
washed twice with FACS buffer. A total of 100,000 events were acquired by the LSRII (Becton, Dickinson,
Mountain View, CA), followed by analysis using FlowJo software (TreeStar, Ashland, OR).

T-cell proliferation assay. CD8� T-cell proliferation was measured using a CFSE assay. Briefly, VM
cells were labeled with CFSE (2.5 �M; Molecular Probes) in 1� PBS at room temperature. Cold fetal calf
serum (FCS) was added, and cells were washed extensively with RPMI 1640 plus 10% FCS. CFSE-labeled
cells were either incubated or not with various individual HSV-2 proteins (10 �g/ml) for 6 days. Cells were
then washed and stained with PE-conjugated MAbs specific to guinea pig CD8 molecules. The numbers
of dividing CD8� T cells per 300,000 total cells were analyzed by FACS.

ELISpot assay. All reagents used were filtered through a 0.22-�m filter. Wells of 96-well Multiscreen
HTS plates (Millipore, Billerica, MA) were prewet with 70% methanol and then coated with 100 �l of
primary anti-IFN-� antibody solution (10 �g/ml in PBS [pH 7.4]; V-E4) OVN at 4°C (63). After a washing,
nonspecific binding was blocked with 200 �l of RPMI medium with 10% (vol/vol) FBS for 2 h at room
temperature. Following the blockade, 5 � 105 vaginal mucosa cells and splenocytes in 100 �l of RPMI
were mixed with 50 �l of stimulant (no stimulation or with individual HSV-2 proteins at a final
concentration of 10 �g/ml) in duplicate. After incubation in humidified 5% CO2 at 37°C for 48 h, cells
were removed by washing (using PBS and PBS– 0.02% Tween solution) and 100 �l of biotinylated
secondary anti-IFN-� antibody (2 �g/ml, N-G3) in blocking buffer (PBS, 0.5% bovine serum albumin [BSA])
was added to each well. Following a 2-h incubation and washing, alkaline phosphatase-conjugated
streptavidin (SEL002, R&D Systems Inc., Minneapolis, MN) was diluted 1:100 and wells were incubated
with 100 �l for 1 h at room temperature. Following a washing, wells were incubated for 1 h at room
temperature with 100 �l of 5-bromo-4-chloro-3-indolylphosphate (BCIP)/nitroblue tetrazolium (NBT)
detection reagent (SEL002; R&D Systems, Inc.) and spots counted with an automated ELISpot reader
system (ImmunoSpot reader; Cellular Technology).

Statistical analyses. Data for each assay were compared by analysis of variance (ANOVA) and Student’s
t test using GraphPad Prism version 5 (La Jolla, CA). Differences between the groups were identified by
ANOVA and multiple-comparison procedures, as we previously described (64). Data are expressed as means
� standard deviations (SD). Results were considered statistically significant at a P value of �0.05.
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