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ABSTRACT Reactivation of herpes simplex virus 2 (HSV-2) results in infection of epi-
thelial cells at the neuro-epithelial junction and shedding of virus at the epithelial
surface. Virus shedding can occur in either the presence or absence of clinical dis-
ease and is usually of short duration, although the shedding frequency varies among
individuals. The basis for host control of virus shedding is not well understood, al-
though adaptive immune mechanisms are thought to play a central role. To deter-
mine the importance of CD4* T cells in control of HSV-2 shedding, this subset of
immune cells was depleted from HSV-2-infected guinea pigs by injection of an anti-
CD4 monoclonal antibody (MAb). Guinea pigs were treated with the depleting MAb
after establishment of a latent infection, and vaginal swabs were taken daily to mon-
itor shedding by quantitative PCR. The cumulative number of HSV-2 shedding days
and the mean number of days virus was shed were significantly increased in CD4-
depleted compared to control-treated animals. However, there was no difference in
the incidence of recurrent disease between the two treatment groups. Serum anti-
body levels and the number of HSV-specific antibody-secreting cells in secondary
lymphoid tissues were unaffected by depletion of CD4™ T cells; however, the fre-
quency of functional HSV-specific, CD8" gamma interferon-secreting cells was signif-
icantly decreased. Together, these results demonstrate an important role for CD4* T
lymphocytes in control of virus shedding that may be mediated in part by mainte-
nance of HSV-specific CD8* T cell populations. These results have important implica-
tions for development of therapeutic vaccines designed to control HSV-2 shedding.

IMPORTANCE Sexual transmission of HSV-2 results from viral shedding following re-
activation from latency. The immune cell populations and mechanisms that control
HSV-2 shedding are not well understood. This study examined the role of CD4* T
cells in control of virus shedding using a guinea pig model of genital HSV-2 infec-
tion that recapitulates the shedding of virus experienced by humans. We found that
the frequency of virus-shedding episodes, but not the incidence of clinical disease,
was increased by depletion of CD4* T cells. The HSV-specific antibody response was
not diminished, but frequency of functional HSV-reactive CD8* T cells was signifi-
cantly diminished by CD4 depletion. These results confirm the role of cell-mediated
immunity and highlight the importance of CD4* T cells in controlling HSV shedding,
suggesting that therapeutic vaccines designed to reduce transmission by controlling
HSV shedding should include specific enhancement of HSV-specific CD4+ T cell re-
sponses.

KEYWORDS CD4* T lymphocyte, HSV-2, HSV-2 shedding, genital mucosa,
guinea pig

February 2019 Volume 93 Issue 4 e01721-18 Journal of Virology

Citation Bourne N, Perry CL, Banasik BN, Miller
AL, White M, Pyles RB, Schafer H, Milligan GN.
2019. Increased frequency of virus shedding by
herpes simplex virus 2-infected guinea pigs in
the absence of CD4* T lymphocytes. J Virol
93:e01721-18. https://doi.org/10.1128/JVI
01721-18.

Editor Rozanne M. Sandri-Goldin, University of
California, Irvine

Copyright © 2019 American Society for
Microbiology. All Rights Reserved.

Address correspondence to Gregg N. Milligan,
gnmillig@utmb.edu.

Received 28 September 2018

Accepted 16 November 2018

Accepted manuscript posted online 21
November 2018

Published 5 February 2019

jvi.asm.org


https://doi.org/10.1128/JVI.01721-18
https://doi.org/10.1128/JVI.01721-18
https://doi.org/10.1128/ASMCopyrightv2
mailto:gnmillig@utmb.edu
https://crossmark.crossref.org/dialog/?doi=10.1128/JVI.01721-18&domain=pdf&date_stamp=2018-11-21
https://jvi.asm.org
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erpes simplex virus 2 (HSV-2) is one of the most common sexually transmitted
pathogens and is responsible for 20 million new infections each year worldwide
(1). Genital herpes infection is also a leading cause of genital ulcer disease (2, 3) and
increases the likelihood of acquiring other sexually transmitted diseases, including HIV
(4-6). HSV-2 infection may result in the development of self-limiting painful lesions in
immunocompetent individuals but is a cause of severe morbidity in immunocompro-
mised populations (7, 8) and in newborns exposed to virus in the birth canal (9, 10).
HSV-2 initially infects epithelial cells and is transported via neurons to sensory and
autonomic ganglia. Although the acute infection of the epithelium and ganglia is
controlled by the host immune response, a latent infection is established in sensory and
autonomic ganglion neurons (11, 12). While the role of virus reactivation from auto-
nomic ganglia in disease is incompletely understood, numerous studies have shown
that HSV-2 periodically reactivates from latency in sensory ganglia and is transported
back down the sensory nerve axon to the epithelium at or near the site of original
infection (13). Virus shedding may occur concomitantly with recurrent lesions or in the
absence of clinical symptoms. The virus titer and duration of shedding are generally
greater during symptomatic shedding (14); however, more transmissions occur as a
result of physical contact during asymptomatic shedding, when individuals may be
unaware they are shedding virus (15, 16). Asymptomatic shedding episodes are usually
of short duration, occur relatively frequently, and result in various magnitudes of virus
shedding (14, 17). Release of newly reactivated virus in a defined time interval can also
be widespread in genital tract regions that are innervated by multiple sacral ganglia,
suggesting several reactivations occur simultaneously (18). The short duration of the
majority of shedding events in immunocompetent individuals suggests active and
rapid immune control at the site of virus release from neurons. Consistent with this
concept, populations of a novel CD8«aa™ T cell subsets have been shown to accumulate
in epithelial sites of humans previously infected by HSV-2, and HSV-specific CD8" cells
have been detected at the site of virus release at neuro-epithelial junctions (19-21).
HSV-specific CD8™ resident memory T cells (TRM) in cutaneous and genital tissue have
been shown to provide rapid effector responses to virus challenge in murine HSV-2
infection models (22-24). While much attention has focused on HSV-specific CD8* TRM
in controlling virus shedding in the genital tract, less is known about protection
afforded by CD4* TRM. In HSV-infected humans, HSV-specific CD4* T cells were
enriched in the cervix compared to the level in peripheral blood and expressed effector
memory T cell markers and the CD69 and CD103 markers of tissue residency (25, 26).
In mice previously infected with HSV-2, CD4" TRM were detected in memory lympho-
cyte clusters in the vaginal mucosa and were required for full protection against a
single high-titer HSV-2 challenge (27, 28). However, the role of CD4*™ T cells in
controlling HSV-2 shedding during the multiple intermittent exposures to relatively low
virus titers following reactivation of latent HSV is not understood. Examination of the
role of specific T cell subsets in control of HSV-2 shedding has not been performed due
to difficulties in the controlled modulation of cellular immune responses in animal
models that experience spontaneous reactivation and shedding of HSV-2. Utilizing a
novel CD4 depletion approach in guinea pigs, we examined the effect that loss of this
T cell subset had on HSV-2 shedding. Overall, the depletion of CD4™ T cells from guinea
pigs with a latent HSV-2 infection resulted in more frequent shedding and an increase
in the duration of concurrent shedding days but did not alter the frequency or severity
of recurrent disease. The diminished immune control of HSV-2 shedding in CD4-
depleted animals appeared to reflect loss of important cell-mediated mechanisms
rather than alteration of the HSV-specific antibody response, strongly supporting an
important role for T cell responses in control of HSV-2 shedding. Further, these results
directly support an important role for CD4* T cells in control of virus shedding in the
vagina after HSV reactivation and further support the notion that effective therapeutic
vaccines for control of HSV-2 shedding should target strong CD4* T cell responses.
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RESULTS

Cell-mediated responses are thought to be responsible for the rapid control and
clearance of epithelial infections by newly released virus after HSV-2 reactivation, yet
the role of specific T cell subsets is unclear. To determine the role of CD4* T
lymphocytes in control of HSV shedding, we depleted CD4* cells from guinea pigs with
an established latent HSV-2 infection. Guinea pigs were treated over a 3-week period
with a modified rat anti-guinea pig CD4 monoclonal antibody (MAb) or control treated
with rat serum beginning day 18 postinfection (p.i.) (Fig. 1A). The presence of CD4* and
CD8* T lymphocytes was determined in a subset of the treated animals on day 25 p.i.
and after the termination of the experiment between days 39 and 45 p.i. (7 and 21 to
27 days after initiating MAb treatment, respectively). The gating strategy and T cell
subset histograms from T cells obtained from the spleen, inguinal lymph node (ingLN),
and genital tract from representative anti-CD4 MAb- and control-treated animals are
shown in Fig. 1B and C.

Table 1 shows that treatment resulted in approximately 99% depletion of CD4* T
lymphocytes in the spleen at day 25 p.i. and 96% on days 39 to 45 p.i. Similarly,
approximately 97% of CD4* T cells were depleted from the ingLN over the course of
the experiment. Depletion of CD4* T cells from the genital tracts of infected animals
occurred more slowly but was approximately 85% on day 25 p.i. and increased to ~99%
depletion at the termination of the experiment (days 39 to 45 p.i.). Approximately 87%
of CD4" T cells were depleted from the lumbosacral ganglia and adjacent spinal cord
at the termination of the experiment. Although depletion of CD4* T lymphocytes was
nearly complete, CD8* T lymphocytes were detected at high levels at both time points
in spleen, ingLN, and genital tracts of anti-CD4-depleted animals compared to control-
treated animals (Fig. 1C).

CD4 depletion did not impact recurrent disease. As shown in Fig. 2A, the incidence
of recurrent disease, measured as the cumulative mean lesion days, was not different
between CD4-depleted and control-treated animals over the course of the study.
Although lesions were detected in control-treated animals on day 18 but not detected
until day 21 in CD4-treated animals, the slopes of the cumulative mean lesion day
curves were not different between the two groups (P = 0.36 by linear regression). To
assess effects of CD4 depletion on HSV-2 shedding, vaginal swabs were collected from
CD4-depleted and control-treated guinea pigs on days 21 to 39 p.i.,, and the frequency
and magnitude of HSV-2 shedding was determined by quantitative PCR (qPCR) (29, 30).
From two separate experiments, all (18/18) of the CD4-depleted and 17/18 control-
treated animals shed virus during the observation period (Fig. 2B). However, the mean
number of shedding days experienced by individual animals was significantly greater
in CD4-depleted animals than in control-treated animals (P < 0.004 by unpaired,
2-tailed Student’s t test), resulting in the cumulative number of HSV-2 shedding days
over the treatment period being significantly greater in CD4-depleted animals than in
control-treated animals (P <0.0001 by linear regression analysis) (Fig. 2C). Overall,
control-treated animals shed virus on 20% of the days compared to 34% in CD4-
depleted animals (P < 0.0001 by Fisher's exact test). In contrast, the mean number of
HSV-2 genomes detected during shedding over the 21-day treatment period was
comparable between the two groups (data not shown), suggesting that the magnitude
of shedding was unaffected by CD4 depletion. Together, these results demonstrate that
loss of CD4™" T cells resulted in the diminished ability to control the frequency of HSV-2
shedding but did not significantly alter the magnitude of HSV-2 shedding events or the
number of recurrent lesion days.

Because CD4™ T cells play a role in a variety of immune functions, we determined
if other adaptive immune responses were altered in CD4-depleted animals. To deter-
mine if CD4 depletion altered the HSV-specific antibody response, enzyme-linked
immunospot (ELISPOT) assays and enzyme-linked immunosorbent assays (ELISAs) were
performed to quantify the HSV-specific antibody-secreting cell (ASC) response and
HSV-specific serum IgG antibody levels. HSV-specific ASCs were detected at large
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FIG 1 Depletion of CD4+ T cells from peripheral tissue and secondary lymphoid tissue of HSV-2-infected guinea pigs by treatment with
anti-guinea pig CD4 MADb. (A) lllustration of CD4 depletion regimen. Female guinea pigs received anti-CD4 MADb or diluted rat serum as
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TABLE 1 Maintenance of CD4 depletion®

Mean % depletion = SEM (n)® on day:

Tissue 25 39-45

Spleen 99.2 * 0.2 (3) 959 *+ 2.0(7)
ingLN 96.9 = 1.2 (3) 972 = 1.1 (7)
Genital tract 849 = 3.6 (3) 989 * 1.0 (2)
Spinal cord/ganglia ND¢< 86.5 = 1.8 (2)

9Depletion was calculated as 1 - (% CD4 cells in anti-CD4-treated tissue/% CD4 cells in control-treated
tissue) X 100.

bn represents the number of total samples, obtained from three depletion experiments performed.
°ND, not determined.

numbers in the spleen, bone marrow, and ingLN of CD4-depleted and control-treated
HSV-2-infected guinea pigs at the termination of the depletion experiment (Fig. 3A to
C). The mean number of HSV-specific ASCs was not significantly different between
groups (P > 0.05 by unpaired, 2-tailed Student’s t test) in any tissue tested. Consistent
with these results, the endpoint ELISA IgG titers of HSV-specific serum antibodies from
anti-CD4-treated and control-treated HSV-2-infected guinea pigs were significantly
higher than those of uninfected controls (P < 0.0001 by ANOVA with Tukey’s multiple-
comparison test), but titers in the two treatment groups were not different (P = 0.83 by
ANOVA with Tukey’s multiple-comparison test) (Fig. 3D). Together, these results sup-
port the notion that depletion of CD4* T cells did not modify the antibody response
to HSV-2 infection and strongly suggest that the diminished control of shedding in
CD4-depleted animals reflected a diminished cell-mediated response to reactivated
virus.

While CD8* T cells were detected in the secondary lymphoid tissues and genital
epithelium of both CD4-depleted and control-treated animals (Fig. 1C), it was possible
that the effector function of these cells was altered in the absence of CD4+ T cells (31).
To assess the functional activity of the HSV-specific T cell populations in treated
animals, we quantified the HSV-specific, gamma interferon (IFN-y)-secreting cells (SC)
from spleens of CD4-depleted and control-treated animals at the termination of the
experiment (between days 39 and 45 p.i.). As shown in Fig. 4A, IFN-y SC were detected
in both treatment groups; however, the total number of HSV-specific IFN-y SC obtained
from CD4-depleted, HSV-immune animals was significantly lower than that in control-
treated, HSV-immune animals (P= 0.0005 by 2-tailed Student’s t test). This difference
was anticipated, because the response measured would theoretically include both
CD4* and CD8* T cells in the control-treated group but only CD8* T cells in the
CD4-depleted group. To test if CD4 depletion altered the frequency of functional
HSV-specific, CD8* IFN-y SC, we enriched CD8" T cells from spleens of CD4-depleted
and control-treated animals and quantified the number of HSV-specific IFN-y SC by
ELISPOT assay. As shown in Fig. 4B, a significant decrease in the frequency of HSV-
specific, CD8* IFN-y SC was detected in CD4-depleted animals compared to that of the
control-treated group (P= 0.0109 by 2-tailed Student’s t test). Together, these results
suggest that, in addition to the loss of CD4* T cell effector activity, depletion of CD4+
T cells significantly decreased the frequency of functional HSV-specific CD8* IFN-y SC
but did not affect HSV-specific ASC or HSV-specific serum antibody levels.

DISCUSSION
Both CD4* and CD8* T cells have been shown to be involved in control of genital
herpes infections in murine models (27, 32, 33) by effector mechanisms such as IFN-y

FIG 1 Legend (Continued)

a control treatment beginning on day 21 after HSV-2 inoculation and on days indicated by red arrows. Lymphocytes from representative
animals of each treatment group were harvested on day 25 p.i. or at the termination of the experiment, between days 39 and 45 p.i. (B)
Representative histograms demonstrating the gating strategy for analysis of CD4* and CD8* T lymphocyte populations. (C) Represen-
tative histograms of T lymphocyte populations from a CD4-depleted and control-treated animal. Results are from a single experiment,

representative of three identical experiments performed.
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FIG 2 Depletion of CD4* T lymphocytes from HSV-2-infected guinea pigs resulted in diminished control of HSV-2 shedding. (A) Depletion of CD4* T cells from
HSV-2-infected guinea pigs did not result in exacerbation of recurrent disease. HSV-infected guinea pigs (n = 8 animals/group) were scored for incidence of
recurrent lesions between days 21 and 39 p.i. Results are expressed as the cumulative mean lesion days for CD4-depleted and control-treated animals and are
from a single representative experiment of two experiments performed. The linear regression line for each curve is shown, and the slopes of the cumulative
mean lesion day curves are not different between the two groups (P = 0.36 by linear regression analysis). (B) Mean number of days shedding by HSV-2-infected,
CD4-depleted, and control-treated animals. Results shown are the number of days of shedding by individual CD4-depleted and control-treated animals between
days 21 and 39 p.i. (P <0.004 by unpaired, 2-tailed Student’s t test). Results shown are pooled from 2 experiments performed (n = 18 animals/group). (C)
Cumulative days shedding by HSV-2-infected, CD4-depleted, and control-treated guinea pigs. Animals were swabbed on the indicated days for detection of
HSV-2 shedding by qPCR from day 21 through day 39 p.i. Results shown are from a single experiment representative of two experiments performed (n = 8).
The linear slope of cumulative shedding by CD4-depleted animals is significantly different from the cumulative shedding slope of control-treated animals
(P < 0.0001 by linear regression analysis).

production and cytolytic activity (34, 35). In murine models, CD4™" T cells appear to play
a central role in protection through direct antiviral activity and mediation of the
migration and retention of innate and adaptive immune cells to the site of infection (27,
36). Because murine genital HSV-2 infection results in high lethality and surviving
animals do not experience spontaneous recurrent disease or virus shedding into the
genital tract, studies examining CD4™ T cell function in genital HSV-2 infection gener-
ally utilize viral challenge of HSV immune animals. In the current studies, we used a
guinea pig model of genital HSV-2 infection to examine the role of CD4™ T cells in
control of HSV-2 shedding, because guinea pigs mimic human HSV-2 infections by
experiencing spontaneous recurrences resulting in virus shedding from the genital
epithelium (37, 38). The development of a reagent to manipulate the local and systemic
cellular immune response to HSV-2 infection in the current study represents an
important step forward and significantly increases the utility of the guinea pig model
by allowing assessment of the cellular immune components involved in control of
HSV-2 shedding, providing new information directly relevant to virus transmission in
humans and to the development of therapeutic vaccines.

While much attention has focused on HSV-specific CD8* TRM in controlling virus
shedding, less is known about protection afforded by CD4* TRM and effector memory
cells. Evidence for a contribution of CD4* T cells in controlling HSV shedding comes
from clinical studies showing that HIV* patients with low CD4* T cell counts experi-
ence more frequent HSV-2 shedding but no difference in the incidence of recurrent
disease (39, 40). However, it is unclear if this loss of control of HSV shedding reflects
diminished antiviral activity by CD4* T cells or, alternatively, altered innate and
adaptive immune responses in HIV* individuals. The results of our current study are
similar, showing that acute depletion of CD4* T cells in HSV-infected guinea pigs
resulted in more frequent HSV-2 shedding but no difference in recurrent disease.
Clinical studies utilizing frequent sampling show that most shedding events in humans
are of very short duration, usually lasting only a few hours (17). Additionally, multiple-
site sampling of humans experiencing HSV shedding have shown that shedding may
occur simultaneously at nonadjacent sites, suggesting the occurrence of multiple
individual reactivation events (18). Because sampling in our current study was limited
to daily sampling of the entire vaginal vault, we were unable to determine if the
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FIG 3 HSV-specific ASC responses and serum antibody levels are not diminished by CD4 depletion. Sera and
lymphocytes from spleen, bone marrow, and ingLN were obtained from guinea pigs after the termination of the
CD4 depletion experiment (between days 39 and 45 p.i.). (A to C) The number of HSV-specific ASC in the
indicated tissues of individual animals was quantified by ELISPOT assay, and the results are reported as the mean
number of HSV-specific ASC/tissue = standard errors of the means (SEM). Results represent data pooled from
two identical experiments, n = 9 to 17. (D) The titer of serum HSV-gD-specific antibody was determined in
individual animals by ELISA and reported as the mean endpoint dilution titer = SEM (log, ). Results represent
data pooled from three identical experiments (n = 7 naive, 27 CD4-depleted, and 22 control-treated animals).

*, P <0.0001 (ANOVA with Tukey’s multiple-comparison test).

increased shedding in CD4-depleted animals reflected extended virus replication fol-
lowing single reactivation/shedding episodes or an increase in the number of inde-
pendent but contemporaneous shedding episodes.

Interestingly, similar to the studies in HIV™ individuals (39, 40), the absence of CD4™
T cells in depleted guinea pigs altered shedding frequency but not magnitude. Our
current study also did not determine if the mechanism of protection manifested by
CD4+ T cells was active at the site of latency in the sensory ganglia, at the site of virus
shedding in the genital epithelia, or both, because treatment with the anti-CD4 MAb
depleted cells at both the genital epithelium and sensory ganglia (Table 1). Populations
of CD8* TRM reside in the sensory ganglia of HSV-infected humans and laboratory
animals and have been shown to modulate reactivation from latency (41, 42). However,
CD4+ T cells have also been demonstrated in HSV-infected sensory ganglia and have
been shown to play a role in clearance of HSV-1 from the sensory ganglia and spinal
cords (43). Future studies will be aimed at dissecting the protective role of CD4™ T cells
at these two sites of HSV-2 pathogenesis.

Several mechanisms could play a role in CD4* T cell control of HSV-2 shedding.
CD4+ T cells exhibiting IFN-y secretion and cytolytic activity, suggestive of direct
antiviral activity, have been detected in the vaginal mucosa of HSV-infected mice (28,
32, 44, 45). More recently, large numbers of HSV-specific CD4™ T cells were detected in
lymphocyte clusters in the vaginal mucosa (27, 28). While there was evidence for direct
antiviral activity by these cells, their protective function was also manifested partially
through the IFN-y-dependent induction of CCL5 production by vaginal macrophages,
which subsequently increased retention of CD8*" memory T cells in the vagina (27).
CD4+ T cells have also been shown to play a role in maintenance of memory CD8* T
cells. In the absence of CD4™ T cell help, memory T cells have been shown to become
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dysfunctional and diminished in number over a period of several weeks (31). In other
studies, expansion of memory CD8% T cells to a second encounter with antigen
required CD4™ T cells at the priming stage (46). Similarly, the results of our current
study show that depletion of CD4* T cells in previously infected guinea pigs resulted
in a reduction in the frequency of functional CD8*, HSV-specific IFN-y SC. Because the
quantification of HSV-specific cells is function dependent in the current study, it was
not possible to distinguish between a loss of HSV-specific CD8™ T cells and a functional
impairment of this population in the absence of CD4™ T cells. Given the presence of
CD8* TRM in the vaginal epithelium of humans and laboratory animals, the current
results suggest that failure to maintain the HSV-specific CD8* T cell population
contributed, in part, to the diminished control of HSV-2 shedding in CD4-depleted
animals.

Additional CD4™" T cell-dependent mechanisms exist that may play a role in control
of HSV shedding. CD4* T cells have been shown to be involved in migration and
retention of innate immune cells to sites of infection (36), regulating the activation and
effector function of natural killer (NK) cells (47, 48) and improving access for antiviral
antibody to neuronal tissues (49). In the current studies, we detected no impact of CD4
depletion on production of serum antibody or the number of HSV-specific ASC in
secondary lymph node tissue, including the bone marrow. While the role of HSV-
specific antibody in control of HSV-2 is complex and not completely understood, the
results of this study suggest that the frequency of virus shedding was increased by
diminished cell-mediated activity despite the maintenance of high titers of HSV-specific
antibody.

Understanding the immune basis for control of HSV shedding is important for
development of effective therapeutic vaccines to prevent transmission of HSV-2. To our
knowledge, this study represents the first specific manipulation of an adaptive immune
response for analysis of immune control of HSV shedding in an animal model that
experiences spontaneous HSV reactivations. The results strongly support a role for
CD4+ T cells in controlling the frequency, but not the magnitude, of HSV-2 shedding.
Moreover, CD4 depletion did not impact protection against development of recurrent
disease. Our results demonstrating a requirement for CD4+ T cell help in maintenance
of HSV-specific CD8* memory T cell populations, but not HSV-specific antibody or ASC
levels, suggest that the diminished control of HSV shedding results mainly from a loss
of cell-mediated immune function. Establishment of a role for CD4* T cells in immune
control of HSV shedding also suggests that therapeutic vaccines designed to strongly
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enhance the HSV-specific CD4 response will prove effective in controlling virus shed-
ding and preventing HSV transmission.

MATERIALS AND METHODS

Virus. Working stocks of HSV-2 strain MS were prepared using Vero cell monolayers and stored at
—80°C as previously described (50). Stocks of the replication-defective HSV-2 d/5-29 strain (51) (a kind gift
from David Knipe, Harvard Medical School, Boston, MA) were prepared by infection of V529 cells as
previously described (52).

Guinea pig model of genital herpes. Female Hartley guinea pigs (Charles River Breeding Labora-
tories, Wilmington, MA) were housed in an AAALAC-approved vivarium and allowed to acclimate prior
to experimentation. All studies were humanely conducted with the approval of the UTMB Institutional
Animal Care and Use Committee with oversight of staff veterinarians.

Animals were inoculated intravaginally with 6.0 log,, PFU of HSV-2 strain MS, as described previously
(53). Following HSV-2 inoculation, animals were examined daily, and the severity of primary disease and
the frequency and severity of spontaneous recurrent disease (days 18 to 39 p.i.) were scored as previously
described (37). Animals were administered five intraperitoneal injections of 1.5mg sterile, purified
anti-guinea pig CD4 MAD or, as a control, rat serum diluted to approximate the concentration of IgG in
the MAb treatment, on days 18, 21, 25, 30, and 36 p.i.

Vaginal swab samples were collected from HSV-2-infected guinea pigs on days 21 to 39 p.i. into
1.0 ml of Dulbecco’s modified Eagle medium (Corning Life Sciences-Mediatech, Inc., Manassas, VA)
supplemented with 2% (vol/vol) newborn calf serum (Life Technologies Incorporated, Carlsbad, CA) and
1% penicillin-streptomycin (P/S; 10,000 U/ml penicillin and 10,000 pg/ml streptomycin stock; Sigma-
Aldrich, St. Louis, MO). The samples were vortexed, and 100 ul was added to 100 ul total RNA lysis buffer
(Bio-Rad, Hercules, CA) containing 1% B-mercaptoethanol (BME; Sigma-Aldrich).

Selection of spontaneous IgG subclass switch variants. The rat anti-guinea pig CD4-specific MAb
H155 (54) secretes an IgG2a antibody that is not effective at depleting CD4* T cells in vivo (H. Schéfer,
unpublished results). To obtain MAb that could deplete CD4* T cells in vivo, IgG2b subclass switch
variants were isolated in a stepwise fashion from the parental rat IgG2a-secreting H155 hybridoma.
Briefly, H155 hybridoma cells were plated at 500 cells/well in 96-well culture plates. Supernatants were
harvested when cultures covered greater than 50% of the plate surface area and were tested for rat IgG1
by rat subclass-specific ELISA. Hybridoma cultures testing positive for IgG1 were cultured at lower cell
density (100 cells/well) and grown to greater than 50% confluence, and supernatants were tested again
for rat IgG1. Positive cultures were repeatedly subcultured (starting frequencies between 1 and 10
cells/well) until the majority of 96-well cultures were positive for the presence of rat IgG1. Selected
1gG1-positive cultures were then cloned twice by limiting dilution and expanded. The rat IgG2b-secreting
H155 (H155-lgG2b) used for depletion was isolated in the same fashion from the newly isolated
lgG1-secreting H155 hybridoma by repeated rounds of dilution subculturing of IgG2b-positive cultures
and selection for cultures containing IgG2b, culminating in isolation of rat IgG2b-secreting clones by
limiting dilution. H155-IgG2b was expanded and cultured in serum-deficient medium, and anti-guinea
pig CD4 MAb was purified from culture supernatants by ammonium sulfate precipitation and purification
over protein AG columns as previously described (52).

Assays for HSV-specific antibody production. Quantification of HSV-specific ASC from spleen,
bone marrow, and ingLN was performed by ELISPOT assay, as previously described (55), on HSV-
glycoprotein-coated plates, with ovalbumin (OVA)-coated plates used as a control. Background spots
detected on OVA-coated wells were routinely subtracted from totals on HSV-2 glycoprotein-coated
plates. For ELISA measurement of serum antibodies, HSV-2-specific IgG titers from immune serum were
obtained by ELISA on HSV-2 recombinant glycoprotein D (rgD; Meridian Life Science, Inc., Memphis,
TN)-coated plates. Serial dilutions of serum samples were plated in duplicate and incubated at 4°C
overnight. IgG titers were detected by incubation with horseradish peroxidase-goat anti-guinea pig IgG
(Abcam, Cambridge, MA) and developed as described previously (56). The optical density at 405 nm
(OD,,s) was determined using SoftmaxPro 7.0.3 software. The endpoint titer was defined as the serum
dilution resulting in an OD, reading greater than 0.1 and greater than three standard deviations above
blank medium values.

IFN-y ELISPOT assay. Splenic lymphocytes from CD4-depleted and control-treated HSV-2-infected
animals were assayed to quantify HSV-specific IFN-y-secreting cells by ELISPOT assay as previously
described (52). To determine the frequency of HSV-specific, CD8* IFN-y SC in treated animals, CD8" T
cells were enriched using antibody-coated bead columns according to the manufacturer’s instructions
(Miltenyi Biotech). Briefly, Fc receptors of splenocytes were blocked using Fc Block (BD Pharm), stained
with fluorescein isothiocyanate (FITC)-conjugated anti-guinea pig CD8 antibody (Bio-Rad), incubated
with anti-FITC microbeads, and passed over magnetically activated cell-sorting LS separation columns
(Miltenyi Biotech). Unlabeled cells were washed from the column, and then labeled cells (CD8" fraction)
were eluted and passed over a second column to increase enrichment. CD8*-enriched lymphocyte
populations were stimulated with either HSV-2 dI5-29-infected or medium-treated murine lymph node
cells on IFN-y ELISPOT plates, and spots representing IFN-y SC were developed as described previously
(52).

Flow cytometry. For flow cytometry, single-cell suspensions were prepared from spleen and ingLN
by dissociating tissue through 50-um mesh screens. Genital tracts, including the perineum, vagina, and
cervix, were dissected from individual anti-CD4- or control-treated animals and digested as described
previously (52). To allow for the potential reexpression of surface CD4 molecules in MAb-treated animals,
single-cell suspensions of genital tracts, spleen, and ingLN were washed extensively and cultured for 24 h in
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T cell medium (Iscove’s modified Dulbecco’s medium, 10% fetal bovine serum [FBS], 1.0% L-glutamine, 1.0%
nonessential amino acids, and 2-mercaptoethanol). Red blood cells were removed from cultured cells by
incubation in red blood cell lysis buffer (Sigma-Aldrich) and washed before resuspending the cells in
fluorescence-activated cell-sorting (FACS) medium (10% FBS, 1% P/S, and 0.1% Na azide in RPMI). Cells
were stained with Live/Dead blue (Invitrogen, Life Technologies Corporation, Eugene, OR), and Fc
receptors were blocked by incubation of cells in 24G2 antibody (Fc Block; BD Biosciences, San Jose, CA)
in FACS medium prior to staining with anti-CD8 FITC, anti-CD4 phycoerythrin, and anti-T lymphocyte
allophycocyanin (Bio-Rad Antibodies, Hercules, CA). Cells were washed and fixed in 2% formaldehyde
prior to analysis. Data were acquired on a BD FACSCanto Il (BD Biosciences) at the UTMB Flow Cytometry
Core Facility and analyzed using FlowJo software (TreeStar, Ashland, OR).

Statistics. For all groups, data were analyzed using Prism software (v6.0; GraphPad, La Jolla, CA).
Comparisons between multiple groups were made by one-way analysis of variance (ANOVA) with Tukey's
multiple-comparison test. Comparisons between the means of two groups were made using an unpaired,
2-tailed Student’s t test. Comparison of the slopes of cumulative virus shedding curves was made
between groups using linear regression analysis. Comparison of shedding incidence was made using

Journal of Virology

Fisher's exact test. For all comparisons, a P value of 0.05 was used to designate significance.
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