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A role for the CCR5–CCL5 interaction in the preferential
migration of HSV-2-specific effector cells to the vaginal
mucosa upon nasal immunization
Sunyi Joo1, Aldina Suwanto1, Ayuko Sato1, Rika Nakahashi-Ouchida1,2, Hiromi Mori1,2, Yohei Uchida1,2, Shintaro Sato1,2,3,
Yosuke Kurashima1,2,4,5,6, Yoshikazu Yuki1,2, Kohtaro Fujihashi1,2,7, Yasushi Kawaguchi8 and Hiroshi Kiyono1,2,5,9

Our current study focused on elucidating the role of specific chemokine–receptor interactions in antigen (Ag)-specific immune cell
migration from nasal to genital mucosal tissues. This cellular migration is critical to induce effective Ag-specific immune responses
against sexually transmitted genital infections. In this study, nasal immunization with live attenuated HSV-2 TK− induced the
upregulation of CCR5 expression in effector immune cells, including CD4+ T cells, in Ag-priming sites and vaginal tissue. The CCR5
ligands CCL3, CCL4, and CCL5 all showed upregulated expression in vaginal tissue; in particular, CCL5 expression was highly
enhanced in the stromal cells of vaginal tissue after nasal immunization. Intravaginal blockade of CCL5 by using neutralizing
antibody diminished the number of HSV-2-specific effector cells in the vagina. Furthermore, loss of CCR5, a receptor for CCL5,
impaired the migration of nasally primed Ag-specific effector cells from the airway to vagina. Effector cells adoptively transferred
from CCR5-deficient mice failed to migrate into vaginal tissue, consequently increasing recipient mice’s susceptibility to HSV-2
vaginal infection. These results indicate that the CCR5–CCL5 chemokine pathway is required for the migration and retention of
nasally primed Ag-specific effector cells in vagina for providing protective immunity against HSV-2 infection.

Mucosal Immunology (2019) 12:1391–1403; https://doi.org/10.1038/s41385-019-0203-z

INTRODUCTION
Sexually transmitted diseases (STDs), such as acquired immu-
nodeficiency syndrome, chlamydial infection, and genital
herpes, remain some of the most challenging infectious diseases
that currently threaten public health.1 Despite the high burden
of STDs, except for vaccines against human papilloma virus,
approved vaccines for STDs are unavailable.1,2 Among STDs,
genital herpes caused by herpes simplex virus 2 (HSV-2) is an
incurable and chronic disease that affects 500 million people
worldwide.3 In recent human clinical trials, herpes subunit
vaccines (e.g., targeting glycoprotein D [HerpeVac]) failed to
prevent genital herpes in male and female participants.4

Because HSV-2 subunit vaccine candidates have focused
primarily on eliciting antibody (Ab) responses, they failed to
induce potent T cell-mediated immune responses at the site of
infection.2,5 Therefore, given that HSV-2 infection is specifically
initiated in the genital tract,1,6 vaccination strategies that
focus on inducing strong mucosal cell-mediated immunity
locally may be crucial for developing a successful vaccine
against HSV-2.

The mucosal immune system is a compartmentalized and
interconnected system and studies of different mucosal immuni-
zation routes have shown that Ag-specific immune response are
strongest at the mucosa exposed directly to the vaccine, followed
by adjacent mucosal tissues.7 Notably, nasal immunization is
exceptional in that it elicits substantial Ag-specific mucosal
immune responses in the genital tract as well as the respiratory
tract.7,8 This phenomenon is of particular interest as a possible
vaccination strategy against STDs, for which a nasal vaccine has
not yet been approved.6,9 Therefore studies about underlying
mechanisms by which nasal vaccination induces genital immune
responses are needed to provide immunological insights into
successful nasal vaccine design for STDs, including HSV-2
infection.
To address these issues, HSV-2 that lacked thymidine kinase (i.e.,

HSV-2 TK−) was used in a murine model of genital HSV-2 infection.
HSV-2 TK− is a live attenuated strain of HSV-2 that replicates in
vaginal keratinocytes and causes latent infection in dorsal root
ganglia but does not reactivate.10 Furthermore, mice immunized
with HSV-2 TK− by either systemic or nasal routes are protected
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against subsequent challenge with wild-type (WT) HSV-2 virus.10,11

Because of these advantages, HSV-2 TK− has been used frequently
in animal vaccination models for understanding host immune
responses to HSV-2 infection.12–15

Our group previously showed that nasal immunization using a
live attenuated strain of HSV-2 (HSV-2 TK−) induced Ag-specific
effector-cell responses and led to the migration and retention of
Ag-specific effector cells in the genital tract.12 Compared with
systemic immunization, nasal immunization more effectively
generated tissue-resident memory T cells, which are critical for
vaginal protection against viral challenge.12,16 Tissue-resident
memory T cells are a recently identified lymphocyte lineage that
is found in peripheral tissues such as the genital tract and that
requires the expression of specific chemoattractants and homing
receptors for T-cell recruitment and retention.17 Several lines of
evidence indicate that the responses of circulatory memory T cells
are not necessarily correlated with host protection against HSV-2
infection;12–14 rather, the induction and retention of Ag-specific
memory T cells at the local genital tissue is critical for protection
against genital virus infection and is key to the design of STD
vaccines.12–14 However, the molecular-homing mechanisms
underlying the effectiveness of the nasal delivery route in eliciting
Ag-specific mucosal immune response at the distant vaginal
mucosa and in establishing tissue-resident memory T cells remain
unknown.
Regarding the complex leukocyte trafficking in the mucosal

immune system, T cells are imprinted to upregulate the expression
of tissue-specific homing receptors, such as chemokine receptors
(e.g., CCR9) and integrin (e.g., α4β7), upon activation in draining
lymph nodes.18 These activated T cells then are recruited to
specific tissues by following coordinated chemokine gradient.19,20

Chemokines are a group of small (8–14 kDa) proteins that bind to
7-transmembrane G protein-coupled receptors and, to date, ~50
mammalian chemokines have been identified, which signal
through 20 distinct receptors.21 In addition, several chemokine
receptors for homing to specific surface tissues of skin and
mucosa have been identified. For example, memory lymphocytes
programmed to migrate into the skin express chemokine receptor
CCR4, CCR10, or both receptors, which interact with the dermis-
associated chemokine ligands CCL17 and CCL27, respectively.22,23

Memory lymphocytes that home to the gut specifically express
CCR9, which binds to CCL25 expressed on intestinal epithelial
cells.24,25 However, the chemokine receptors and their ligands that
direct lymphocytes to the lower genital tract after nasal
immunization remain largely uncharacterized, despite the fact
that nasal immunization is an effective delivery route for the
induction of Ag-specific immune response in the distant
reproductive tissue.12,26

Here we used a murine HSV-2 TK− nasal vaccination model to
investigate the involvement of interaction between chemokines
and chemokine receptors in the homing of nasally primed Ag-
specific effector cells to the vaginal mucosa.

RESULTS
Nasally primed Ag-specific effector cells migrate from the nasal
mucosa to the vaginal mucosa in a signaling pathway sensitive to
pertussis toxin (PTx)
To test whether the interaction between a chemokine and its
receptor mediates migration of nasally primed Ag-specific effector
cells, we first examined whether a signaling pathway sensitive to
PTx is involved in the migration mechanism that follows nasal
immunization with HSV-2 TK−. PTx inhibits Gαi signaling down-
stream of many chemokine receptors that are involved in
lymphocyte trafficking.27 WT C57BL/6 mice nasally immunized
with HSV-2 TK− were treated with PTx intravaginally for 4
consecutive days (days 3 through 6 after HSV-2 TK− immuniza-
tion); the absolute numbers of HSV-2-specific IFN-γ-secreting cells

(ISCs) in vaginas at day 7 were measured by using ELISPOT assays
(Fig. 1a). The numbers of Ag-specific IFN-γ-producing effector cells
were significantly decreased in the vaginal tissues of the mice
treated with PTx after nasal immunization when compared with
those from nontreated nasal immunization group (Fig. 1b). In
contrast, PTx treatment did not alter the number of Ag-specific
effector cells in spleen (Fig. 1c). These results show that the
migration of nasally primed IFN-γ-producing effector cells
depends on a PTx-sensitive signaling pathway. This finding thus
suggests that chemokine–receptor signaling in local vaginal
tissues is required for the migration of Ag-specific effector cells
from nasal mucosa to vagina.

CCR5 mediates the migration of nasally primed effector cells to
the vaginal mucosa
To identify specific chemokine receptors that mediate the
migration pathway from nasal to vaginal mucosa, we used reverse
transcription (RT)–PCR analysis to examine chemokine receptor-
specific mRNA expression in the cervical lymph nodes (CLNs),
which are the priming site for nasal immunization,7 at 1 week after
nasal immunization with HSV-2 TK−. Among the CXC (C-X-C motif),
CX3C (C-XXX-C motif), and CC (C-C motif) subgroups of chemokine
receptors,21 our results showed that the mRNA levels of CXCR3,
CXCR4, and CCR5 were significantly upregulated in CLNs after
nasal immunization with HSV-2 TK− (Fig. 2a).
The increase in the expression of CXCR3, CXCR4, and CCR5 in

lymphocytes of Ag-priming sites suggests the possible involve-
ment of those chemokine receptors in the migration of nasally
primed Ag-specific effector cells. Because a previous study
showed that CD4+ T cells are critical for the induction of
protective immunity after nasal immunization with HSV-2 TK−,12

we used flow cytometry to assess the expression of CXCR3, CXCR4,
and CCR5 by CD4+ T cells from spleen, CLNs, and vaginal tissue of
mice at 1 week after systemic (i.p.) and nasal immunization with
HSV-2 TK− and in nonimmunized controls (i.e., received PBS only
nasally). The analysis showed that the frequency of CCR5+ CD4+

T cells from CLNs was upregulated in mice given nasal HSV-2 TK−

when compared with nonimmune and systemically immunized
groups (Fig. 2b). In spleen and vaginal tissue, the frequency and
absolute number of CCR5+ CD4+ T cells were increased in both
the nasally and systemically immunized groups when compared
with nonimmunized mice (Fig. 2b). In addition, CD4+ T cells from
relevant tissues (spleen, CLNs, and vagina) exhibited higher
expression of CXCR3 after nasal immunization compared with
nonimmunized controls (Supplementary Fig. S1a); however,
CXCR4 expression on CD4+ T cells was comparable between
naive and nasally immunized mice (Supplementary Fig. S1b).
These findings suggest that the expression of both CXCR3 and
CCR5 was induced in CD4+ T cells of spleen, CLNs, and vaginal
tissues through nasal immunization with HSV-2 TK−.
The increase in the numbers of CD4+ T cells expressing CCR5

and CXCR3 after nasal immunization with HSV-2 TK− suggested
that those receptors might be essential for the migration of nasally
primed effector cells from nasal to vaginal mucosa. We therefore
examined the number of migrated Ag-specific effector cells in the
female genital tract after nasal immunization of mice deficient in
either CCR5 or CXCR3 when compared with littermate-control
mice. ELISPOT assays showed that, at 1 week after nasal
immunization, CCR5-deficient (CCR5−/−) mice had significantly
fewer Ag-specific IFN-γ secreting cells in vaginal tissue, but not in
spleen when compared with their littermate controls (CCR5+/−)
(Fig. 2c). In contrast, the number of Ag-specific IFN-γ secreting
cells in spleen and vaginal tissue did not differ significantly
between CXCR3-deficient (CXCR3−/−) mice and their littermate
controls after nasal immunization with HSV-2 TK− (Supplementary
Fig. S2a, b). Taken together, these results suggest that the
chemokine receptor CCR5 may be needed for the migration of
nasally primed effector cells from the nasal mucosa to the vaginal
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mucosa after nasal immunization of mice with HSV-2 TK−. Given
that our previous study revealed markedly increased numbers
of CD4+ T cells in the vagina of mice given nasal HSV-2 TK−

after WT viral challenge, we assessed whether recent immigrant
CD4+ T cells are retained as tissue-resident memory T cells in
vagina after nasal immunization with HSV-2 TK−. Tissue-resident
memory CD4+ T cells (CD4+, CD44hi, CD49a+, CD69+, and CD62L–)
in vagina were more numerous at 7 days after nasal vaccination
when compared with those of nonimmunized mice (Fig. 2d)
(Supplementary Fig. S3). The vaginal cell population was further
increased in number at 21 days after the nasal vaccination
(Fig. 2d). We also noticed that these vaginal-resident memory
CD4+ T cells did not the express CCR5 molecules (data not shown).
These results suggest that the majority of recently immigrated
CCR5+ CD4+ T cells might become vaginal-resident memory CD4+

T cells through loss of CCR5 expression.

Expression of chemokine ligand CCL5 is upregulated in vaginal
tissue after nasal immunization with HSV-2 TK−

To determine whether CCR5 ligands are involved in the migration
of nasally primed effector cells to the vaginal mucosa, we
performed RT-quantitative PCR (qPCR) analyses of CCL3, CCL4,
and CCL5, which are ligands for CCR5.21 Compared with those in
nonimmune mice, the levels of CCL3-, CCL4-, and CCL5-specific
mRNA expression were all increased in nasally immunized mice.
In particular, CCL5 expression in both nasally and intraperitoneally
(i.p.) immunized mice was significantly higher than that of
nonimmunized controls (Fig. 3a).
We then examined the localization and cellular source of CCL5

within vaginal tissue after immunization with HSV-2 TK−, because
CCL5 expression was the most strikingly increased among the
three CCR5-related chemokines (Fig. 3a). Immunohistochemical
analysis showed that the fluorescence intensity of CCL5 was
higher in mice given nasal or i.p. HSV-2 TK− than in nonimmu-
nized mice (i.e., nasally administered PBS only) (Fig. 3b). Analysis of
the co-localization of staining for CCL5 and CD45, a pan-

hematopoietic cell surface molecule,28 revealed that CCL5
expression was significantly enhanced in both CD45+ hemato-
poietic cells and CD45− stromal cells in the vaginal tissue of mice
immunized with HSV-2 TK− through either the nasal or i.p. route
when compared with that expression in nonimmunized mice
(Fig. 3b). Consistent with these findings, RT-qPCR analysis revealed
that the levels of CCL5-specific mRNA in both CD45−- and CD45+-
enriched cells isolated from vaginal tissue were significantly and
highly upregulated in response to nasal immunization with HSV-2
TK− when compared with those from nonimmunized mice
(Fig. 3c).
To confirm whether stromal cells produce CCL5 after

immunization with HSV-2 TK−, we used col-GFP transgenic
mice, which express green fluorescent protein (GFP) under the
control of the collagen α1 (I) promoter–enhancer.29 Nasally
immunized col-GFP mice showed co-localization of collagen
and CCL5 in the submucosal area of vaginal tissue (Fig. 3d). We
then purified the collagen-producing stromal cells from the
vaginal tissues of col-GFP mice given nasal HSV-2 TK− or PBS
and found that CCL5 expression in the CD45− GFP+ cell
population was significantly increased after nasal immunization
(Fig. 3e). These results suggest that vaginal type I collagen-
producing stromal cells from mice nasally immunized with HSV-
2 TK− express higher levels of CCL5 than those from non-
immunized mice.

The chemokine CCL5 is required for the migration of Ag-specific
effector cells to vaginal tissue after nasal immunization with
HSV-2 TK−

We next addressed whether these chemokine ligands are required
for the migration of Ag-specific effector cells to the vagina after
nasal immunization. Mice given nasal HSV-2 TK− were intravagin-
ally treated with neutralizing mAbs against CCL3, CCL4, CCL5, or
mAb cocktail (i.e., a mixture of anti-CCL3, anti-CCL4, and anti-CCL5
mAbs). Blocking of CCL5 by using each specific mAb and the
mAb cocktail significantly reduced the number of Ag-specific

Fig. 1 Intravaginal PTx treatment diminishes the number of HSV-2-specific IFN-γ-secreting cells in vaginal tissue after nasal immunization (n.i.).
Each group of three mice was immunized with a single nasal dose of 105 PFU of HSV-2 TK− or PBS (nonimmunized group). For the PTx
treatment, PTx (0.5 μg) was administered intravaginally for 4 consecutive days (days 3 through 6) after nasal immunization. On day 7, whole
cells prepared from the vaginal tissues or spleens of the three mice in each group were pooled and stimulated by coincubation for 72 h
in vitro with irradiated syngeneic splenocytes (as antigen-presenting cells) and heat-inactivated virus antigens, as shown in a. The absolute
numbers of IFN-γ-secreting cells in the b vaginal tissues and c splenic tissue at 1 week after immunization were calculated by using ELISPOT
assays. Values are means ± 1 SD (n= 3 per group). Data are representative of two independent experiments. **P < 0.01 versus nasally
immunized (n.i.) mice
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IFN-γ-producing effectors cells in vaginal tissue, although the
quantity of effector cells in the spleens of anti-CCL5 mAb- and
mAb cocktail-treated mice was similar to that of isotype mAb-
treated mice (Fig. 4a). However, the mice treated with anti-CCL3 or

anti-CCL4 mAb did not show any significant changes in the
numbers of Ag-specific IFN-γ-producing effectors cells in either
vaginal or spleen tissue compared with those given the isotype
control mAb (Fig. 4a).
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To determine whether topical CCL5 treatment of vaginal
mucosa is sufficient to recruit Ag-specific effector cells, we
adopted a “prime-and-pull” strategy, as previously described.13

Mice subcutaneously immunized with HSV-2 TK− each received a
single dose of recombinant CCL5 into the vaginal cavity at 6 days
after immunization. On day 7, subcutaneously immunized mice
had fewer Ag-specific IFN-γ-producing cells in the vagina than did
nasally immunized mice, but splenic tissues showed no significant
change in cell numbers (Fig. 4b). This population of cells in the
vagina was significantly increased in the mice that received the
chemokine pull (i.e., subcutaneous immunization plus CCL5)
compared with subcutaneous immunization alone (Fig. 4b).
Therefore, these data show that the chemokine ligand CCL5 is
capable of recruiting systemically primed effector CCR5+ cells into
vaginal tissue.
Taken together, these findings demonstrate that the chemokine

CCL5—but not CCL3 or CCL4—is essential for the migration of
HSV-2-specific IFN-γ-secreting effector cells into vaginal tissue
after nasal immunization with HSV-2 TK−.

Effector cells generated in nasally immunized CCR5−/− mice do
not protect against WT virus challenge
To examine whether the CCR5+ effector cells induced by nasal
immunization are capable of migrating to the vagina and
providing protective immunity against intravaginal WT HSV-2
virus challenge, mice were adoptively transferred with whole
cells from the CLNs of WT or CCR5−/− mice given nasal HSV-2
TK−; recipient mice were then challenged intravaginally with WT
HSV-2 virus. Consistent with the results from our previous
study,12 mice adoptively transferred with CLN cells from the
nasally immunized WT mice survived without severe vaginal
inflammation after intravaginal challenge with 5 × 104 plaque-
forming units (PFU) (80 LD50) of WT HSV-2 (Fig. 5a–c). In contrast,
mice that received CLN cells from nasally immunized CCR5−/−

donors had impaired protective immune responses, leading to
the development of high-viral titers in vaginal washes, purulent
genital lesions, and hindlimb paralysis after virus challenge
(Fig. 5a–c). To further highlight the differential role of CCR5 in
the protection by CLN cell transfer between CCR5−/− and WT
mice, IFN-γ production by CD4+ T cells from the CLNs of these
mice was assessed. Intracellular cytokine analyses revealed that
CD4+ T cells from both CCR5−/− and WT mice contained
essentially the same frequency of IFN-γ-producing cells (Fig. 5d).
These results suggest that adoptively transferred effector cells
generated in nasally immunized CCR5−/− mice were unable to
migrate into the vagina of naive mice and thus did not provide
protective immunity against intravaginal challenge with WT
HSV-2 virus.

In addition, CCR5−/− mice were nasally immunized with HSV-2
TK− and then challenged intravaginally with WT HSV-2 virus.
Although all nasally immunized WT and CCR5−/− mice survived
after challenge with WT virus, the immunized CCR5−/− mice
developed vaginal erythema during days 5 through 7 after
infection (Supplementary Fig. S4a, b). Viral titers in vaginal washes
of immunized CCR5−/− mice were higher than those from the
immunized WT mice, especially on day 1 after infection
(Supplementary Fig. S4c). These results suggest that the
CCR5–CCL5 chemokine axis is important for nasal induction of
IFN-γ-producing effector-cell responses in the reproductive tissues
to achieve early clearance of HSV-2 infection.

CCL5 production after nasal immunization depends on migrated
IFN-γ-producing cells in vaginal tissue
To investigate the mechanism by which CCL5 is produced in
vaginal tissue after nasal immunization, we tested whether this
response occurred after migration of nasally primed effector cells
from Ag-priming sites. During nasal immunization with HSV-2 TK−,
mice were treated with FTY 720, an analog of sphingosine-1-
phosphate, which inhibits lymphocyte emigration from the
secondary lymphoid organs.30 Consistent with previous findings,31

FTY 720 treatment dramatically diminished HSV-2-specific IFN-γ-
producing cells in both spleen and vaginal tissue compared with
those in PBS (mock)-treated nasally immunized controls (Fig. 6a).
In support of this finding, the vast majority of CCR5+ CD4+ T cells
in CLNs induced by nasal HSV-2 TK− expressed sphingosine-1-
phosphate receptor 1 (S1P1) (Fig. 6b). In addition, qPCR analysis
revealed that FTY treatment greatly decreased CCL5 production in
vaginal tissue after nasal immunization (Fig. 6c), suggesting that
migrated cells from nasal-associated lymphoid tissue are required
for CCL5 induction in vaginal tissue.
We next focused on the effect of IFN-γ on CCL5 production,

because IFN-γ, which is secreted mainly by tissue-resident CD4+

T cells, is a key cytokine for vaginal protection against HSV-2
challenge.32,33 To examine whether IFN-γ is essential for the
production of CCL5 in vaginal tissue, we treated nasally
immunized mice with neutralizing Ab specific for IFN-γ or an
isotype-matched Ab. The induction of CCL5 in vaginal tissue was
significantly attenuated in the mice treated with IFN-γ Ab
compared with that in control mice (Fig. 6d). Furthermore, when
vaginal stromal cells were cultured with recombinant IFN-γ (10 µg/
ml) for 3 days, increased levels of CCL5-specific mRNA expression
were noted (Supplementary Fig. S5). Collectively, these data
suggest that CCL5 expression in vaginal tissue after nasal
immunization with HSV-2 TK− is greatly dependent on IFN-γ-
producing cells that have migrated from secondary lymphoid
organs to vaginal tissue.

Fig. 2 CCR5 expression is upregulated in relevant tissues after nasal immunization (n.i.) with HSV-2 TK− and is necessary for the migration of
Ag-specific effector cells from nasal mucosa to vagina tissue. Mice received a single nasal or intraperitoneal (i.p.) inoculation of PBS
(nonimmune group) or 105 PFU of live HSV-2 TK−; all samples were harvested 1 week after immunization. a RT-qPCR analysis of mRNA
expression of chemokine receptors in cervical lymph nodes (CLNs) of nasally immunized mice. The mRNA expression level was normalized to
that of β-actin, and data are expressed relative to the value for nonimmunized controls. Values are means ± 1 SD (n= 3 or 4 mice per group).
*P < 0.05 versus nonimmunized mice. Data are representative of two independent experiments. b Mononuclear cells were isolated from the
spleen, CLNs, and vaginal tissue of mice immunized by using a single nasal or intraperitoneal (i.p.) dose comprising 105 PFU of live HSV-2 TK−

for analysis of cell surface or intracellular CCR5 expression by CD4+ T cells by flow cytometry. Samples were harvested 1 week after
immunization. Numbers in plots represent the percentage among total CD4+ T cells. Data are representative of three independent
experiments. Percentages of CCR5+ cells among total CD4+ T cells (spleen and CLNs) or the absolute numbers of CCR5+, CD4+ T cells in
vagina are shown. *P < 0.05 versus nonimmunized mice (nasal PBS) group (n= 5 mice per group from pooled experiments). c Female CCR5−/−

mice and their littermate controls were immunized with a single nasal dose of 105 PFU of HSV-2 TK−. The numbers of HSV-2-specific IFN-γ-
producing effector cells at day 7 after immunization in pooled samples of spleen and vaginal tissue were measured by ELISPOT assay as
described in the legend for Fig. 1. Values are means ± 1 SD. *P < 0.05 versus CCR5−/− mice group (n= 5 or 6 mice per group from pooled
experiments); ± heterozygous littermates (controls); N.S. not significant. d Female mice were given a single dose of HSV-2 TK− (105 PFU/
mouse) or PBS (nonimmunized control). Mononuclear cells were isolated from the vaginal tissue 1 and 3 weeks after the immunization and
stained for tissue-resident memory CD4+ T cells (CD4+, CD44high, CD49a+, and CD62L−). The percentage of tissue-resident CD4+ T cells in the
vaginal tissue was shown. *P < 0.05, **P < 0.01 versus nonimmunized mice (nasal PBS) group (n= 5 mice per group from pooled experiments)
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DISCUSSION
Infection of the female genital tract can cause serious morbidities
and mortalities, including reproductive disability, pelvic inflam-
matory disease, and cancer as well as adverse fetal effects.34

However, protective vaccination of the female reproductive tract
has been difficult to achieve, because the vaccination strategies
and mechanisms necessary to induce an effective local immune
response are not completely understood.6,34 In this regard, nasal

Fig. 3 Chemokine ligand expression in vaginal tissue. WT female C57BL/6 mice were immunized with a single nasal (n.i.) or intraperitoneal
(i.p.) dose comprising 105 PFU of live attenuated HSV-2 TK−. Vaginal tissue samples were harvested at 1 week after immunization. a RT-qPCR
analysis of CCL3, CCL4, and CCL5 expression in vaginal tissues. Chemokine mRNA expression levels were normalized to that of β-actin. Values
are means ± 1 SD (n= 3 or 4 mice per group). *P < 0.05 versus nonimmunized mice (nasal PBS) group. Data are representative of two
independent experiments. b CCL5 expression in frozen sections of vaginal tissue was evaluated by using immunofluorescence assays. Tissue
sections were prepared and stained with anti-CCL5 (red), anti-CD45 Ab (green), and DAPI (4′, 6-diamidino-2-phenylindole; blue). Arrows
indicate co-localization of CCL5 and CD45. Data are representative of two independent experiments (n= 3 mice per group). The merged-color
(yellow) cells in two random fields of the stained image were counted; the total numbers of CD45+ CCL5+ cells are presented in a table.
c CCL5 expression in vaginal tissue after intraperitoneal (i.p.) and nasal immunization (n.i.) of mice with HSV-2 TK−. At 7 days after the
immunization, CD45− and CD45+ cells from vaginal tissues were enriched by magnetic activated cell sorting. The levels of CCL5-specific
mRNA expression were assessed by RT-qPCR analysis and normalized to that of β-actin. Values are given as means ± 1 SD (n= 3 or 4 mice per
group). *P < 0.05 versus nonimmunized (nasal PBS) mice. Data are representative of two independent experiments. d, e Col-GFP transgenic
mice were immunized with a single nasal dose comprising 105 PFU of live HSV-2 TK− (or PBS, nonimmune controls). Vaginal tissue samples
were harvested at 1 week after immunization. d CCL5 expression in frozen sections of vaginal tissue from each mice group was detected by
using immunofluorescence assays. Tissue sections were prepared and stained with anti-CCL5 (red) and DAPI (4′, 6-diamidino-2-phenylindole;
blue). GFP+ (green) cells indicate type I collagen-producing cells. Arrows indicate cells where co-localization of collagen-GFP with CCL5 occurs.
Data are representative of two independent experiments (n= 2 or 3 mice per group). The merged-color (yellow) proportion of randomly
selected field of stained image was quantified by using ImageJ software (National Institutes of Health, Bethesda, MD). Values are given as
means ± 1 SD (n= 3 fields). *P < 0.05 versus nonimmunized (nasal PBS) mice. e RT-qPCR analysis of CCL5 expression in CD45− GFP+ cells from
vaginal tissues of col-GFP transgenic mice after nasal immunization. Live CD45−GFP+ cells were sorted by flow cytometry. The CCL5 mRNA
expression level was normalized to that of β-actin. Values are means ± 1 SD (n= 3 or 4 mice per group). *P < 0.05 versus nonimmunized col-
GFP transgenic mice. Samples were pooled from three independent experiments
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immunization successfully induces effective T- and B-cell
responses in female genital mucosa.1,7,35 This phenomenon
supports the attractive possibility that nasal vaccination might
be a promising strategy for establishing protective immunity
against STDs.
Using a model of genital HSV-2 infection in mice32 and

vaccination with a live attenuated HSV-2 (HSV-2 TK−),10 our group
previously showed that nasally primed HSV-2-specific effector cells

migrated into the distant vaginal mucosa and subsequently
protected mice from genital HSV-2 infection.12 Compared with
systemic immunization, which yielded fewer effector cells in the
vaginal mucosa, nasal immunization with HSV-2 TK− generated
numerous Ag-specific IFN-γ-secreting effector cells in the genital
tract.12 In the current study, we further examined the mechanisms
by which nasally primed Ag-specific effector cells migrate to the
vaginal mucosa as well as the involvement of signaling due to the

Fig. 4 Antibody blocking of CCL5 in the vagina impairs the migration of nasally primed Ag-specific effector cells to the vaginal mucosa.
a Female C57BL/6 mice nasally immunized (n.i.) with HSV-2 TK− (on day 0) were treated intravaginally with isotype control IgG, anti-CCL3, anti-
CCL4, anti-CCL5 mAb, or a mAb cocktail (mixture of anti-CCL3, anti-CCL4, and anti-CCL5 mAbs) for 4 consecutive days (days 3 through 6). On
day 7, whole cells prepared from the vaginal tissues or spleens of three mice in each group were pooled and the numbers of HSV-2-specific
IFN-γ-producing effector cells were measured by ELISPOT assay as described in the legend for Fig. 1. The results are representative of two
independent experiments (n= 3 or 4 per group). The error bars indicate the standard errors (SE) for the three wells in the ELISPOT assay. *P <
0.05 versus isotype control group. N.S. not significant. b Female mice were immunized subcutaneously (s.c.) or nasally with HSV-2 TK− on day
0. Six days after immunization, subcutaneously immunized mice were treated intravaginally with either the chemokine CCL5 or PBS (mock); on
day 7, the absolute numbers of IFN-γ-secreting cells in the spleen and vaginal tissues were calculated by using ELISPOT assays. The data are
representative of three independent experiments. Values are means ± 1 SD (n= 4 mice per group). *P < 0.05
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interaction between chemokines and chemokine receptors in the
homing pathway of HSV-2-specific effector cells from nasal to
reproductive mucosa.
Previous studies have investigated the involvement of chemo-

kine signaling in the retention of memory T cells in the genital
tract.13,14,36 After HSV-2 genital infection, IFN-γ-secreting CD4+

T cells induce the expression of CXCL9 and CXCL10, which
mediate the recruitment of CD8+ cytotoxic T lymphocytes (CTLs)
through CXCR3 receptor signaling.36 Applying this information,
researchers proposed a novel vaccination strategy in which
circulating memory CD8+ T cells induced by systemic immuniza-
tion with HSV-2 TK− might be recruited to—and retained in—the
vaginal mucosa by topical treatment with CXCL9 and CXCL10.13 In
addition, another recent and separate report showed that memory
lymphocyte clusters in vaginal tissue, which are generated
through intravaginal immunization with HSV-2 TK−, are main-
tained by CCL5 secreted from local macrophages.14 The findings

from these studies imply that the interaction between the
chemokine CCL5 and its receptor is important for maintaining
tissue-resident memory T cells after intravaginal immunization
with HSV-2. However, how this chemokine mediates the migration
and retention of nasally primed effector T cells in genital tissue
after nasal immunization was unclear.
In the present study, we delineated the chemokine receptor

expressions on CD4+ T cells after nasal immunization, because
CD4+ T cells are a major source of local IFN-γ production against
viral infection;36,37 in addition, CD4+ T cells support B-cell and
CD8+ CTL responses by mobilizing CTLs into infected genital
mucosa.36,38 Furthermore, a previous study showed that CD4+

T cells—but not CD8+ T cells or NK cells—are critical for the
induction of protective immunity against challenge with WT HSV-2
in mice nasally immunized with HSV-2 TK−.12 In the current study,
we found that expression levels of both CCR5 and CXCR3 were
upregulated in CD4+ T cells after nasal immunization with HSV-2

Fig. 5 Impaired viral clearance of adoptively transferred CCR5−/− lymphocytes. Whole cells (107 cells) isolated from the CLNs of WT or CCR5−/−

mice nasally immunized (n.i.) with HSV-2 TK− were adoptively transferred into naive C57BL/6 mice. The recipient mice were then challenged
intravaginally with WT HSV-2 at 5 × 104 PFU (80 LD50) 4 days after the cell transfer. Survival rates (a), genital pathology scores (b), and viral titers
in vaginal washes (c) after intravaginal HSV-2 challenge. b Disease severity was scored as follows: 0, no signs; 1, slight genital erythema and
edema; 2, moderate genital inflammation; 3, purulent genital lesions; 4, hindlimb paralysis; and 5, moribund. d WT and CCR5−/− female mice
received a single nasal inoculation of PBS as nonimmunized control or 105 PFU of live HSV-2 TK−. Seven days after immunization, mononuclear
cells isolated from CLNs were cultured in the presence of 100 ng/ml of PMA and 1 ng/ml of ionomycin for 6 h and stained for surface CD4 and
intracellular IFN-γ expression. The results are representative of two separate experiments. *P < 0.05, **P < 0.01. Values are means ± 1 SD (n= 4
mice per group). N.S. not significant
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TK− (Fig. 2b, Supplementary Fig. S1a). In this regard, others have
showed that CXCL9 and CXCL10, ligands for CXCR3 production in
vaginal mucosa, play key roles for the recruitment of effector
T cells, including CD4+ T cells.13 However, the same study

reported that effector CD4+ T cells failed to remain in the vagina
for a prolonged time.13 Indeed, our study likewise showed that
deficiency of CCR5, but not of CXCR3, led to decreased retention
of Ag-specific effector cells that had migrated from the nasal
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mucosa in mice nasally immunized with HSV-2 TK− (Fig. 2c,
Supplementary Fig. S2). These findings clearly show an important
role for CCR5 expression in the migration of IFN-γ-producing CD4+

T cells into vaginal mucosa.
Because both B cells and dendritic cells have been shown to

upregulate Th1-type memory responses to HSV,32 it is important
to investigate potential roles of chemokine receptors for the
migration of these cells into vagina tissue. However, given that our
main focus in the current study was to define the cellular and
molecular mechanisms of CD4+ T-cell migration from CLNs to
vagina and their retention after nasal immunization with HSV-2
TK−, addressing this issue is beyond the scope of our current
study. We plan to explore this issue in a separate and future
investigation.
The chemokine ligands CCL3, CCL4, and CCL5 are reported to

enhance Th1-type adaptive immunity through expression of Th1
cytokines (e.g., IFN-γ) and costimulatory molecules (e.g., CD28
and CD80).39,40 The present study showed that the expression
levels of CCL3, CCL4, and CCL5 were remarkably upregulated in
vaginal tissue after nasal immunization (Fig. 3a). However, in the
chemokine-blocking experiment, only CCL5 blockade—but not
CCL3 or CCL4 blockade—decreased the number of Ag-specific
effector cells in the vagina after nasal immunization (Fig. 4a).
This result suggests that CCL5 is the principal chemoattractant
that serves to signal the migration of nasally primed effector
cells to the vaginal mucosa. Several other lines of evidence show
that CCL5 is the most potent chemokine for promoting
leukocyte infiltration at sites of inflammation and for inducing
immune responses to viral infection.39,41–43 In regard to STDs,
CCL5 is necessary for protective mucosal immunity against
Chlamydia,44 and CCL5 plays a key role in the immune response
to infection by viruses such as HIV.42,45 Because CCL5 increases
the proliferation and activation of antigen-stimulated T lym-
phocytes,39 it is plausible that CCL5 blockade in vaginal tissue
might reduce the ability of immune cells to respond to
immunization with HSV-2 TK−. Our current study clearly and
directly demonstrates that among the three ligand chemokines
for CCR5, CCL5 plays an indispensable role in the migration of
CCR5+ effector cells from the Ag-priming site of the nasal cavity
and their migration to and subsequent retention in vaginal
tissue (Fig. 4a, b).
To discern how nasal immunization with HSV-2 TK− might

induce CCL5 expression in distal genital tissue, we demonstrated
that depletion of either lymphocyte migration or IFN-γ secretion
abrogates the induction of CCL5 in vaginal tissue by nasal
immunization (Fig. 6). Previous studies have shown that Ag-
specific T cells, but not Ag-loaded antigen-presenting cells,
migrate from nasal tissues to distal lymph nodes after nasal
immunization.12,46 Both CD45+ and CD45− cells in vagina
spontaneously produce higher levels of CCL5 when compared
with those production in spleen (Fig. 3c). Given that the vast
majority of CCR5+ CD4+ T cells in CLNs induced by nasal HSV-2
TK− expressed sphingosine-1-phosphate receptor 1 (S1P1) (Fig. 6b),
these cells immediately egress CLNs and preferentially migrate
into vagina. We speculate that these are the initial steps of

CCR5–CCL5-dependent migration of effector CD4+ T cells. Of
importance IFN-γ produced by these CCR5 expressing CD4+ T cells
contribute for the enhancement of CCL5 production by vaginal
stromal cells (Supplementary Fig. S5). Taken together, our current
data further support the concept that, after nasal immunization
with HSV-2 TK−, nasally primed effector cells are recruited to
vaginal tissue for Ag-specific secretion of IFN-γ. Then, the IFN-γ
generated locally amplifies the production of CCL5 in vaginal
tissue, consequently leading to the robust recruitment of Ag-
specific effector cells from the systemic circulation to the female
reproductive tract. The initial mechanism through which Ag-
specific effector cells are recruited to the vagina after nasal
immunization warrants further investigation.
In the current study, mice that received CLN cells from nasally

immunized CCR5−/− mice were vulnerable to viral challenge and
showed severe vaginal inflammation (Fig. 5). However, nasally
immunized CCR5−/− mice survived viral challenge, demonstrating
only mild clinical signs of infection and defects in early clearance
of virus (Supplementary Fig. S4). In this regard, recent studies have
suggested that tissue-resident memory T cells in genital mucosa
are particularly important in establishing protective immunity
against virus infection, because the responses of systemic
circulating memory T cells do not necessarily correlate with host
protection.13,47 In addition, a study investigating nasal vaccination
against Chlamydia trachomatis showed that optimal protection is
initiated by tissue-resident memory T cells (1st wave) and
completed through recruitment of circulating memory T cells
(2nd wave).48 Taking these findings into consideration, we
speculate that nasally immunized CCR5−/− mice survived but,
unlike immunized WT mice, were unable to achieve optimal
protection against high-titer viral challenge because CCR5−/−

mice contained fewer but a moderate number of tissue-resident
memory cells in vagina (Fig. 2c). Therefore, it is most likely that
circulating memory T cells were recruited from peripheral blood to
achieve the suboptimal protection.
In summary, we have demonstrated that selective chemokine

and chemokine receptor signaling interactions are required for the
migration of nasally primed effector cells from the nasal mucosa
to the vagina. The current data showed that nasal immunization
with HSV-2 TK− upregulates CCR5+ expression on CD4+ T cells in
antigen-priming sites (e.g., CLNs) and vaginal tissue. We have thus
identified that the expression of chemokine CCL5 is upregulated
in the vaginal tissue after nasal vaccination with HSV-2 TK− and
that intravaginal blockade of CCL5 diminished the number of HSV-
2-specific effector cells in the vagina. The induction of CCL5 in
vaginal tissue is largely dependent on IFN-γ-producing cells that
migrated from secondary lymph nodes (e.g., CLNs). Furthermore,
loss of CCR5, a receptor of CCL5, impairs the migration of nasally
primed Ag-specific effector cells from nasal mucosa to the vagina.
These results suggest that the CCR5–CCL5 axis promotes the
homing of Ag-specific effector cells to the vaginal mucosa after
nasal vaccination with HSV-2 TK− (Supplementary Fig. S6). The
present findings highlight the importance of new strategies that
activate the reproductive-specific homing pathway in the design
of nasal vaccines against STDs.

Fig. 6 The effects of FTY 720 treatment and blocking of IFN-γ. a Mice were injected intraperitoneally (i.p.) with FTY 720 (1mg/kg/dose) or PBS
(mock) every other day beginning 1 day before nasal immunization with HSV-2 TK−. At 1 week after immunization, the number of HSV-2-
specific IFN-γ-producing cells in spleen or vagina was assessed by ELISPOT assays. Data are the representative of two independent
experiments (n= 3 or 4 mice per group). **P < 0.01. N.S. not significant. b Female mice were given a single nasal inoculation of PBS as
nonimmunized control or 105 PFU of live HSV-2 TK−. Mononuclear cells were isolated from CLNs 3 days after immunization and were then
stained for surface CD4, CCR5, and S1P1 molecules. c Mice were treated i.p. with FTY 720 or PBS (mock) as described above. d Female C57BL/6
mice nasally immunized with HSV-2 TK− on day 0 were treated with anti-IFN-γ antibody or isotype antibody (both i.p.) on day 6, and samples
were collected on day 7. c, d RT-qPCR analysis of CCL5 expression in vaginal tissues. The CCL5 mRNA expression level was normalized to that
of β-actin. Values are means ± 1 SD (n= 4 mice per group). *P < 0.05. Data are representative of three (b, c) or two (d) independent
experiments
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MATERIAL AND METHODS
Mice
Female 6- to 8-week-old C57BL/6JNcr (C57BL/6) mice were
purchased from Japan SLC (Shizuoka, Japan). CCR5−/− and
CXCR3−/− mice were kindly provided by Dr. Kouji Matsushima
(Graduate School of Medicine, University of Tokyo, Japan). Col
GFP transgenic mice were provided by Dr. Yutaka Inagaki (Tokai
University, Japan). All mice were maintained in the experimental
animal facility at the Institute of Medical Science, University of
Tokyo. All experiments were conducted in accordance with the
guidelines provided by the Animal Care and Use Committees of
the University of Tokyo and were approved by the Animal
Committee of the Institute of Medical Science of The University
of Tokyo.

Virus
Virulent HSV-2 strain 186syn+ (WT HSV-2) and its thymidine kinase
mutant, 186TKΔKpn (HSV-2 TK−), were kindly provided by Prof.
David Knipe (Harvard Medical School, Boston, MA).10 HSV-2 was
propagated and titered on Vero cells (ATCC CCL-81) as previously
described.49

Immunization
Female mice were immunized with a single nasal or intraper-
itoneal (i.p.) dose of 105 PFU of live attenuated HSV-2 TK− (or nasal
PBS for nonimmunized controls)12. For nasal immunization,
isoflurane- (Nakalai Tesque, Kyoto, Japan) anesthetized mice were
inoculated by instillation of 5 μl of virus suspension into each
nostril.12

For the “prime-and-pull” experiment, as described previously,13

mice were immunized subcutaneously with 105 PFU of HSV-2 TK−.
At 6 days after immunization, mice received 10 μl of PBS with or
without 5 μg of recombinant mouse CCL5 (R&D Systems,
Minneapolis, MN); these solutions were delivered into the vagina
by using a pipette tip.

Viral challenge
By using a previously described protocol,12 mice were challenged
intravaginally with 5 × 104 PFU (80 times the 50% lethal dose
[LD50]) of HSV-2 186syn+ at 3 weeks after immunization. Briefly,
the mice received a subcutaneous injection of 2 mg of medrox-
yprogesterone acetate (Depo Provera, GE Healthcare, Tokyo,
Japan) 1 week before challenge to increase their susceptibility
to HSV-2 infection.50 The mice were then swabbed with a sterile
calcium alginate swab (Fisher Scientific, Pittsburgh, PA) to remove
mucus in the vaginal cavity and inoculated with 10 µl of virus
suspension into the vaginal lumen by micropipette. Disease
severity was scored according to the previously described clinical-
scoring method12 and as follows (5): 0, no signs; 1, slight genital
erythema and edema; 2, moderate genital inflammation; 3,
purulent genital lesions; 4, hindlimb paralysis; and 5, moribund.

Cell preparation and flow cytometric analysis
Mononuclear cells from spleen and CLNs were isolated aseptically
by mechanical dissociation through stainless steel screens. Total
lymphocytes from vagina tissue were prepared by tissue digestion
with 1 mg/ml collagenase (Wako, Tokyo, Japan) and 30 μg/mL
DNAse I (Sigma-Aldrich, St. Louis, MO) at 37 °C for 30 min.12 The
resulting cells were filtered through a 70-μm filter. In some
experiments, stromal cells were isolated from vaginal tissue of Col-
GFP transgenic mice and sorted by flow cytometry (FACSAria II, BD
Biosciences, San Jose, CA). Purified vaginal stromal cells (1 × 105/
ml) were incubated with recombinant IFN-γ (10 µg/ml, R&D
Systems) for 3 days.
Isolated cells were incubated with 5 µg/ml of anti-CD16/32

(anti-FcγRII/III) Ab for 5 min and then stained for 30min at 4 °C
with fluorescence-labeled monoclonal antibodies (mAbs). Fluor-
escent mAbs specific for anti-CD3ε (145-2C11), anti-CD4 (RM4-5),

anti-CCR5 (C34-3448), anti-CXCR4 (2B11), anti-IFN-γ (XMG1.2) (all
from BD Pharmingen, Franklin Lakes, NJ), anti-CXCR3 (CXCR3-173;
e-Bioscience, San Diego, CA), anti-CD4 (GK1.5), anti-CD8a (53-6.7),
anti-CD44 (IM7), anti-CD45 (30-F11), anti-CD49a (HMα1), CD69
(H1.2F3) (all from BioLegend, San Diego, CA), or anti-S1P1 (713412,
R&D Systems) were used. Flow cytometric analysis was performed
and analyzed by using the FACS Calibur and FACS Canto II systems
(BD Biosciences).

Cell isolation by magnetic activated cell sorting
To isolate CD45+ cells, mononuclear cells were obtained from
vaginal tissues as described above section. Both CD45− and
CD45+ cells were enriched by using anti-CD45-labeled MicroBeads
(Miltenyi Biotec, Auburn, CA) according to the manufacturer’s
instructions. The purity of the positively selected cells was ~85%.
Both CD45− and CD45+ cells subsequently underwent mRNA
analysis.

Ag-specific IFN-γ ELISPOT assay
For Ag-specific IFN-γ ELISPOT assays, mice were euthanized
1 week after immunization. Total lymphocytes from vagina or
spleen were prepared as described earlier. Lymphocytes were
stimulated for 72 h in vitro with irradiated syngeneic splenocytes
as Ag-presenting cells in the presence of mock or heat-inactivated
HSV-2 TK− Ag, as previously described.49 Stimulated cells were
analyzed for IFN-γ production by ELISPOT assay in accordance
with the manufacturer’s instructions (e-Bioscience and BD
Biosciences, Oxford, United Kingdom). The number of HSV-2
specific ISCs per tissue was calculated by subtracting the number
of ISCs in wells absent of HSV-2 Ag from the number of ISCs in
wells stimulated with HSV-2 Ag and were quantified by using
ZEISS KS ELISPOT software (Oberkochen, Germany).

RNA quantification
Total RNA was prepared from mouse tissues or vaginal stromal
cells by using TRIzol reagent (Invitrogen, Carlsbad, CA), and then
cDNA was synthesized by using PrimeScript RT Master Mix (Takara,
Shiga, Japan) according to the manufacturer’s protocol. The cDNA
underwent by RT-qPCR analysis by using Fast SYBR Green Master
Mix and the Step One Plus Real-Time PCR System (Applied
Biosystems, Carlsbad, CA, USA). Expression levels were normalized
to that of β-actin. The PCR primers used are listed in
Supplementary Table 1.

Immunohistochemistry
Vaginal tissue samples from immunized WT mice or col-GFP
transgenic mice were fixed in 4% paraformaldehyde (Nakalai
Tesque) and then treated with a sucrose gradient (10–30%). The
tissue was embedded in Tissue-Tek compound (Sakura Finetek,
Tokyo, Japan) and cut into 7-μm-thick sections. The sections were
stained with 4,6-diamidino-2-phenylindole (Invitrogen), anti-
mouse CCL5 Ab (R&D Systems), and biotinylated anti-CD45 mAb
(BD Biosciences), after which the signal was detected and
quantitated by using the tyramide signal amplification system
(PerkinElmer) according to the manufacturer’s instructions. All
samples were mounted and then analyzed by DMIRE2 TCS SP2
confocal microscopy (Leica, Wetzlar, Germany). The merged-color
(i.e., yellow) cells in the staining image were counted or the
intensity of yellow color pixels in a selected region of the stained
image was quantified by using ImageJ software (National
Institutes of Health, Bethesda, MD).

In vivo treatment with PTx and neutralizing Abs
Female C57BL/6 mice immunized with 105 PFU of live attenuated
HSV-2 TK− were treated intravaginally with 0.5 μg of PTx (Sigma-
Aldrich) for 4 consecutive days (i.e., days 3 through 6) after nasal
immunization. On day 7, mice were euthanized for Ag-specific IFN-
γ ELISPOT assay as described earlier.
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For chemokine ligand-blocking experiments, female C57BL/6
mice nasally immunized with HSV-2 TK− were treated with anti-
mouse CCL3 or CCL4 or CCL5 mAb (all from R&D Systems; 1 μg per
vagina) or a cocktail of Abs (mixture of anti-CCL3 Ab, anti-CCL4 Ab,
and anti-CCL5 Ab) intravaginally for 4 consecutive days (days 3
through 6) after immunization.14 On day 7, mice were euthanized
for Ag-specific IFN-γ ELISPOT assays as described earlier.
For IFN-γ depletion, nasally immunized mice were injected

intraperitoneally with 500 μg of neutralizing mAb against IFN-γ
(XMG1.2, BioXcell, West Lebanon, NH) or rat IgG1 isotype control
mAb (R&D Systems) on day 6 after immunization.36

To block T-cell egress from secondary lymph nodes, mice were
injected intraperitoneally with FTY 720 (1 mg/kg bodyweight per
dose; Sigma-Aldrich) 1 day before immunization and then every
other day thereafter until harvest.31

Adoptive transfer and infection experiment
For adoptive transfer, whole cells from CLNs of WT C57BL/6 mice
or CCR5−/− mice that had been nasally immunized with HSV-2
TK− 7 days earlier were prepared as described above. The cells
(107 cells) were then adoptively transferred retro-orbitally into WT,
unimmunized C57BL/6 recipients, which had been pretreated with
Depo-Provera (GE Healthcare), as previously described.13 Two
hours later, the mice were infected intravaginally with WT HSV-2
virus (5 × 104 PFU, 80 times the LD50) and monitored for clinical
signs, as described earlier.

Viral titration in vaginal washes
Vaginal washes were collected on days 1–5 after infection by
swabbing with calcium alginate swabs and then washing twice
with 100 μl of sterile PBS.12

Viral titers were obtained by titration of vaginal-wash samples
on Vero cell monolayers, as described previously.49,50 After plating
Vero cells on 12-well plate, tenfold serial dilutions of the vaginal-
wash samples were added to wells and the plate was incubated
for 48 h at 37 °C in 5% CO2. After incubation, Vero cells were fixed
with methanol (Nakalai Tesque) and stained with 1% crystal violet;
plaques (PFU) were counted and multiplied by the dilution factor
of the vaginal-wash sample to obtain the viral titer.

DATA ANALYSIS
Data are expressed as means ± 1 standard deviation (SD) or the
standard error of the mean. Statistical analysis for comparisons
among groups was performed by using either a two-tailed
Student’s t test or one-way ANOVA test. P values less than 0.05
were considered significant.
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