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Laser Adjuvant-Assisted Peptide Vaccine Promotes Skin
Mobilization of Dendritic Cells and Enhances Protective CD8�

TEM and TRM Cell Responses against Herpesvirus Infection and
Disease

Patricia P. Lopes,a George Todorov,a Thanh T. Pham,a Anthony B. Nesburn,a Elmostafa Bahraoui,b,c Lbachir BenMohameda,d,e

aLaboratory of Cellular and Molecular Immunology, Gavin Herbert Eye Institute, University of California, Irvine,
School of Medicine, Irvine, California, USA

bINSERM, U1043, CNRS, U5282, Toulouse, France
cUniversité Paul Sabatier, Toulouse, France
dDepartment of Molecular Biology & Biochemistry, University of California, Irvine, School of Medicine, Irvine,
California, USA

eInstitute for Immunology, University of California, Irvine, School of Medicine, Irvine, California, USA

ABSTRACT There is an urgent need for chemical-free and biological-free safe adju-
vants to enhance the immunogenicity of vaccines against widespread viral patho-
gens, such as herpes simplex virus 2 (HSV-2), that infect a large proportion of the
world human population. In the present study, we investigated the safety, immuno-
genicity, and protective efficacy of a laser adjuvant-assisted peptide (LAP) vaccine in
the B6 mouse model of genital herpes. This LAP vaccine and its laser-free peptide
(LFP) vaccine analog contain the immunodominant HSV-2 glycoprotein B CD8� T
cell epitope (HSV-gB498 –505) covalently linked with the promiscuous glycoprotein D
CD4� T helper cell epitope (HSV-gD49 – 89). Prior to intradermal delivery of the LAP
vaccine, the lower-flank shaved skin of B6 or CD11c/eYFP transgenic mice received a
topical skin treatment with 5% imiquimod cream and then was exposed for 60 s to
a laser, using the FDA-approved nonablative diode. Compared to the LFP vaccine,
the LAP vaccine (i) triggered mobilization of dendritic cells (DCs) in the skin, which
formed small spots along the laser-treated areas, (ii) induced phenotypic and func-
tional maturation of DCs, (iii) stimulated long-lasting HSV-specific effector memory
CD8� T cells (TEM cells) and tissue-resident CD8� T cells (TRM cells) locally in the vag-
inal mucocutaneous tissues (VM), and (iv) induced protective immunity against genital
herpes infection and disease. As an alternative to currently used conventional adju-
vants, the chemical- and biological-free laser adjuvant offers a well-tolerated, simple-
to-produce method to enhance mass vaccination for widespread viral infections.

IMPORTANCE Herpes simplex viruses 1 and 2 (HSV-1 and HSV-2) infect a large pro-
portion of the world population. There is an urgent need for chemical-free and
biological-free safe adjuvants that would advance mass vaccination against the
widespread herpes infections. The present study demonstrates that immunization
with a laser-assisted herpes peptide vaccine triggered skin mobilization of dendritic
cells (DCs) that stimulated strong and long-lasting HSV-specific effector memory
CD8� T cells (TEM cells) and tissue-resident CD8� T cells (TRM cells) locally in the
vaginal mucocutaneous tissues. The induced local CD8� T cell response was associ-
ated with protection against genital herpes infection and disease. These results draw
attention to chemical- and biological-free laser adjuvants as alternatives to currently
used conventional adjuvants to enhance mass vaccination for widespread viral infec-
tions, such as those caused by HSV-1 and HSV-2.
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Safe, easy-to-handle, chemical- and biological-free immunoadjuvants are urgently
needed for quick implementations of mass human vaccination protocols to protect

from the emerging and established viral infectious diseases that affect large human
populations (1–4). During the last decade, several chemical and biological adjuvants
have been identified, providing renewed optimism that rapid and effective control of
widespread infectious pathogens through vaccination might be feasible (2). Current
traditional chemical and biological adjuvants often meet with numerous safety, logis-
tical, and scientific obstacles. Conventional vaccines, which sometimes require multiple
injections, necessitate medical personnel, training, and health care infrastructure, all of
which hamper rapid and efficient mass vaccination campaigns. In addition, the cost of
delivering conventional vaccines (i.e., cold-chain storage, sterile syringes and needles,
medical infrastructure, well-trained medical personnel, and waste disposal require-
ments) are sometimes 6-fold more expensive than the cost of the vaccine itself. To date,
aluminum salts (Alum) used in current vaccines have been the only adjuvant approved
for widespread human use, but this adjuvant solution promotes mainly antibody
responses, but not T cell responses (2). Thus, developing alternative, safe, and efficient
chemical- and biological-free adjuvants that enhance both B and T cell responses to
codelivered vaccines and replace the currently used traditional adjuvants remains a
highly desirable goal (5).

The skin is rich in immune cells, including antigen-presenting cells (APCs) such as
keratinocytes (KCs), macrophages (M�), and dendritic cells (DCs), as well as CD4� T
cells and CD8� T cells, which are strategically positioned in the epidermis and dermis
to be stimulated with various type of adjuvants (6). Skin exposure to various types of
lasers has been successfully used to remove skin fine lines and wrinkles, and hence
lasers represent excellent chemical- and biological-free adjuvants to enhance immune
responses to vaccines (7–15). There are four different types of laser devices: (i) ultrashort
pulsed lasers, (ii) nonpulsed lasers, (iii) nonablative fractional lasers, and (iv) ablative
fractional lasers (13). We hypothesize that skin exposure to non-tissue-damaging
FDA-approved nonablative fractional laser pulses would enhance immune responses to
codelivered vaccines. The choice of nonablative fractional laser for vaccination is
enhanced by the current availability of a safe, compact, and relatively simple low-
voltage diode laser (PaloVia laser). This technology makes it possible to economically
produce a portable (handheld) low-cost laser adjuvant device.

In this study, we report that skin exposure of B6 mice with the FDA-approved
nonablative fractional diode laser (PaloVia laser) followed by an intradermal delivery of
a herpes peptide vaccine safely induced potent and sustained HSV-specific CD8� T
cells, detected in both the draining lymph nodes (DLN) and in the vaginal mucosa (VM).
More HSV-specific effector memory CD8� T cells (TEM cells) and tissue-resident CD8� T
cells (TRM cells) were detected locally in the vaginal mucocutaneous tissues of laser-
treated and peptide-vaccinated mice than in non-laser-treated and peptide-vaccinated
mice. This was associated with lower virus titers and decreased overt signs of genital
herpes disease following intravaginal HSV-2 challenge. No local or systemic side effects
were noticed in vaccinated mice, besides an increase in DC infiltrates around the
laser-treated skin area, suggesting involvement of activated skin-resident mature DCs in
the immunogenicity of laser-assisted intradermal peptide vaccines. To the best of our
knowledge, our study is the first to show that a laser-assisted adjuvant herpes peptide
vaccine delivered intradermally induces a robust antiviral CD8� T cell-dependent
protective immunity against genital herpes. The findings underscore the potential of a
chemical-free “laser-assisted adjuvant” as an attractive potential strategy to enhance
immune responses against infectious pathogens, with greater safety than the currently
used chemical- or biological-adjuvant-based vaccines. These findings have important
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implications for the development of efficient peptide immunization strategies against
widespread viral pathogens, such as HSV-1 and HSV-2.

RESULTS
Brief exposure of skin to laser light triggers mobilization of local dendritic

cells. We first explored whether skin exposure to laser would affect mobilization of skin
dendritic cells (DCs). To this end, we used CD11c/eYFP (where eYFP is enhanced yellow
fluorescent protein) transgenic mice for in vivo tracking of skin-resident eYFP-labeled
DCs (16, 17). Female CD11c/eYFP transgenic mice (n � 20) were shaved on the dorsal
lower back area, over the area of the spinal cord and the dorsal root ganglia (DRG). The
next day, all animals received a topical skin treatment with 5% imiquimod cream (here
referred to as imiquimod cream 5%) over the shaved area and were then divided into
two groups. The first group of mice (n � 10) were exposed to the FDA-approved
nonablative diode laser (PaloVia laser) (“laser adjuvant” group) for 60 s, while the
second group of control mice (n � 10) were left untreated (“mock” group) (Fig. 1A). As
shown in Fig. 1B, formation of small DC infiltrates was detected in the skin of
CD11c/eYFP transgenic mice along the laser-treated areas, as early as 24 h after laser
exposure. Higher numbers of DCs were mobilized in laser-treated skin of CD11c/eYFP
transgenic mice, on both day 1 and day 14 following laser exposure than in untreated
skin (P � 0.03 and P � 0.001, respectively) (Fig. 1C). CD11c/eYFP DCs appeared to be
colocalized or adjacent to CD8� T cells in the skin of CD11c/eYFP mice that received

FIG 1 Laser adjuvant mobilizes dendritic cells in the skin of CD11c/eYFP transgenic mice. Female CD11c/eYFP transgenic mice (n �
20) were shaved on the dorsal lower back area, over the area of the spinal cord and the dorsal root ganglia (DRG). (A) The next day,
all animals received a topical skin treatment with imiquimod cream 5% over the shaved skin area and then divided in two groups.
The first group of mice (n � 10) were exposed for 60 s to the FDA-approved nonablative diode laser (PaloVia Laser) (Laser Adjuvant).
The second group of control mice (n � 10) were left untreated (Mock). (B) Pictures of skin of laser-treated and -untreated mice were
taken 24 h later at various magnifications (�1, �5, and �10) to visualize CD11c/eYFP DCs in skin. Circles and arrows indicate the
formation of spots of DC infiltrates along the laser-treated areas. (C) Skin of CD11c/eYFP transgenic mice was left untreated or exposed
for 60 s to laser on day 1 and day 7. The DCs were quantified by FACS in a 9-cm2 skin tissue section harvested on day 1 (top) and
on day 14 (bottom) following laser exposure. Results are representative of three independent experiments. The P values were
determined by ANOVA test.
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LAP vaccine (not shown), suggesting that skin mobilization of DCs and CD8� T cells
may be occurring following skin exposure.

Together, these results indicate that a brief skin exposure to laser light drives a quick
mobilization of local DCs along the laser-treated areas, as early as 24 h after laser
exposure. We therefore asked whether laser exposure would also affect phenotypic and
functional maturation of DCs.

Exposure of immature dendritic cells to laser promotes their phenotypic and
functional maturation. We next determined whether exposure of immature DC to
laser would affect their phenotypic and functional maturation. For practical reasons, it
was not feasible to obtain sufficient numbers of skin-derived immature DCs to conduct
a systematic study of their maturation. Therefore, DC phenotype and function studies
were performed in vitro using bone marrow-derived DCs, which contained a mixture of
both myeloid and lymphoid DCs (18–21).

Immature bone marrow-derived DCs were derived from bone marrow stem cells
of female B6 mice using interleukin-4 (IL-4) and granulocyte-macrophage colony-
stimulating factor (GM-CSF), as described in Materials and Methods. Immature DCs were
left untreated or were treated with laser for 10 min and then cultured for 24 h with 50
�g of herpes peptide vaccine, as illustrated in Fig. 2A and B. Laser-treated and

FIG 2 Laser adjuvant induces phenotypic and functional maturation of dendritic cells and promotes production of proinflammatory cytokines. (A) Bone marrow
cells were harvested from B6 mice, and immature DCs were generated using IL-4 and GM-CSCF as described in Materials and Methods. Immature DCs were
then exposed to laser. The schematic shows the timing of 10-min laser exposure, a 24-h herpes peptide vaccine stimulation, and subsequent phenotypic and
functional DC analyses 48 h later. Untreated DCs (Mock) and LPS (1 �g/ml)-treated DCs (LPS) were used as negative and positive controls, respectively. (B)
Prototype of herpes peptide vaccine (LFP vaccine) used in the assay illustrated in panel A. (C) Expression levels of MHC-I, MHC-II, costimulatory molecules (CD80
and CD86), and CD40 on the surface of immature DCs that were exposed to laser and stimulated with LFP vaccine. Average mean fluorescent intensity (MFI)
depicts the level of expression of MHC, CD80, CD86, and CD40 on the surface of laser-treated DCs (Laser Adjuvant, black circles) and untreated DCs (Mock, white
circles). Each bar in panel C shows the averages � SD from two independent experiments. (D) DCs were exposed to laser or left untreated, as described for
panels A and C, and ELISAs were performed to determine the amount of proinflammatory cytokines IL-12 and TNF-� from culture supernatants collected at
24 h following laser exposure. The P values were determined using the ANOVA test. (E) Immature DCs exposed to laser demonstrated an increased ability to
stimulate HSV-specific CD8� T cells. DCs were exposed to laser or left untreated, as described for panels A, C, and D. Cells were then washed and treated with
mitomycin C, and the indicated numbers of DCs were incubated in duplicate for 72 h with 105 autologous CD8� T cells derived from HSV-2-infected B6 mice.
The number of HSV-specific CD8� T cells producing IFN-� was determined by an ELISpot assay. Results show the averages � SD from two independent
experiments. The P values were determined using the ANOVA test.
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untreated DCs were subsequently examined by flow cytometry for cell surface expres-
sion of major histocompatibility complex class I (MHC-I), MHC-II, and costimulatory
molecules CD80 and CD86 markers, which indicate DC phenotypic maturation. Un-
treated immature DCs and lipopolysaccharide (LPS)-stimulated DCs were included as
negative and positive controls, respectively. Figure 2A shows the average mean fluo-
rescent intensities (MFI) of cell surface expression of MHC and costimulatory markers
obtained in 10 B6 mice, with the horizontal bar representing the average � standard
deviation (SD). Laser-treated DCs displayed significant increases in cell surface expres-
sion of MHC-I, MHC-II, CD80, and CD86 molecules compared to untreated DCs (P �

0.005) (Fig. 2C). Laser exposure did not affect the surface expression of other DC
markers that are unrelated to DC maturation, such as CD40 or CD11c (not shown),
suggesting that DC maturation was not due to the global expression of cell surface
proteins. As expected, the highest levels of expression of maturation markers were
detected in LPS-stimulated DCs (not shown). Production of tumor necrosis factor alpha
(TNF-�) and IL-12 was quantified by a sandwich enzyme-linked immunosorbent assay
(ELISA) in DC supernatants taken 16 h after laser exposure, as described in Materials and
Methods. Exposure of laser produced significantly more TNF-� and IL-12 in immature
DCs than the levels observed in untreated immature DCs (P � 0.005) (Fig. 2D). As
expected, the largest amount of proinflammatory cytokines was detected in LPS-
stimulated DCs (not shown). These results indicate that exposure of immature DCs to
laser triggered their phenotypic maturation and further stimulated their capacity to
produce cytokines such as TNF-� and IL-12.

We further explored whether the laser-mediated activation of phenotypic matura-
tion of DCs would translate into a functional improvement in their ability to activate
HSV-specific CD8� T cells. Immature bone marrow DCs derived from B6 mice were
either left untreated or treated with the laser for 10 min and then cultured for 16 h with
50 �g of herpes peptide vaccine, as shown in Fig. 2B, as described above. Increasing
numbers of laser-treated DCs or untreated DCs were added to a constant number (105)
of autologous HSV-specific CD8� T cells isolated from the spleen of HSV-2-infected B6
mice, 35 days postinfection. The gamma interferon (IFN-�)-producing CD8� T cells were
quantified by enzyme-linked immunospot (ELISpot) assay. The laser-treated DCs in-
duced significantly more IFN-�-producing CD8� T cells than untreated DCs, and this
occurred in a dose-dependent manner (P � 0.05) (Fig. 2E).

Collectively, these results demonstrate that exposure of immature DC to laser
promotes their phenotypic and functional maturation.

A brief exposure of skin to laser adjuvant augments HSV-specific CD4� and
CD8� T cell responses. Since skin exposure to laser appeared to affect both mobili-
zation and maturation of local DCs, we explored whether skin exposure would affect T
cell responses to the herpes peptide vaccine in Fig. 2B, which contained the immuno-
dominant HSV-2 glycoprotein B CD8� T cell epitope (HSV-gB498 –505) covalently linked
with the promiscuous glycoprotein D CD4� T cell epitope (HSV-gD49 – 89). We first
performed a dose-response study in B6 mice of the herpes peptide vaccine using 50,
100, or 200 �g delivered intradermally (i.d.) in adjuvant-free saline on days 0 and 7. All
three doses induced a similar magnitude of T cell responses in genital tract draining
lymph nodes (GT-DLN) (data not shown). There were no obvious herpes peptide
vaccine-related severe side effects at any of the three doses tested, as evaluated by lack
of weight loss and lack of apparent skin lesions (data not shown). Accordingly, all
subsequent experiments were carried out using the middle dose of 100 �g for the LAP
vaccine.

Female B6 mice (n � 40) were shaved on the dorsal lower back area, over the area
of the spinal cord and the dorsal root ganglia (DRG), the sites of herpes virus latent
infection. The next day, all animals received a topical skin treatment with imiquimod
cream 5% over the shaved area and were then divided in four groups (n � 10). The first
group of mice were exposed to the FDA-approved nonablative diode laser (PaloVia
laser) for 60 s and then immunized intradermally within the shaved area with 100 �g
and 50 �g of herpes peptide vaccine on day 1 and day 7, respectively. This group was
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designated laser-assisted peptide vaccine or “LAP vaccine.” The second group of mice
were not exposed to laser but were immunized i.d. with the same amount of herpes
peptide vaccine. This group was designated laser-free peptide vaccine or “LFP vaccine.”
The third group of control mice were exposed for 60 s to laser but were not immunized
(“Laser alone”). The fourth group of mice (control) were mock treated and mock
immunized (“Mock”) (Fig. 3A). A fifth group of mice (n � 10) were shaved on the dorsal
lower back area (as described above); the next day, they received a sham topical skin
treatment with phosphate-buffered saline (PBS) over the shaved area (instead of
imiquimod cream) and laser exposure alone followed with i.d. immunization with the
same amount of herpes peptide vaccine (i.e., laser control, in the absence of imiquimod
treatment).

CD4� and CD8� T cell responses were analyzed in draining lymph nodes, using
several immunological parameters, on day 15 and day 85 (i.e., during the memory
phase) after the first immunization. Compared to the LFP vaccine, the LAP vaccine
induced significantly more IFN-�-producing CD8� T cells, and this occurred both on
day 15 and day 85 after the first immunization (P � 0.003) (Fig. 3B). When assessed on
day 85, only the LAP-vaccinated mice had significant IFN-�-producing CD8� T cell
responses compared to mock-immunized mice (P � 0.002). However, during this
memory phase, no significant IFN-�-producing CD8� T cell responses were detected in

FIG 3 Potent and long-lasting CD4� and CD8� T cell responses detected in DLN following i.d. immunization with chemical-free laser adjuvant peptide vaccine
(LAP vaccine). (A) Schedule of immunization with herpes peptide vaccine (see Fig. 2B) with (LAP vaccine) and without (LFP vaccine) laser adjuvant and timing
of subsequent T cell assays. B6 mice, 5 to 6 weeks old, were treated with imiquimod and left untreated (LFP vaccine, n � 10) or treated with laser adjuvant
(LAP vaccine, n � 10) and then immunized intradermally (i.d.) on days 0 and 7 with 100 �g of HSV peptide vaccine. Draining lymph nodes (DLN) were collected
on days 15 and 85 following the first immunization. DLN cell suspensions were stimulated with DC pulsed with HSV-gB498 –505 (for CD8� T cells) or with the
promiscuous HSV-gD49 – 89 peptide. (B) Cells collected on day 15 and day 85 after the first immunization and stimulated with HSV-gB498 –505 peptide were double
stained with anti-mouse CD8 MAb and IFN-�. The percentages of IFN-�-producing CD8� T cells were analyzed by FACS. (C) Draining lymph nodes cells collected
on day 15 after the first of immunization and stimulated with HSV-gB498 –505 or HSV-gD49 – 89 peptides were double stained with anti-mouse CD4 or CD8 MAb
and carboxyfluorescein succinimidyl ester (CFSE). The percentages of proliferating CFSE(�) CD4� cells and CFSE(�) CD8� cells were determined by FACS. (D and
E) HSV-gB498 –505 peptide-stimulated cells were triple stained with anti-mouse CD8 MAb, HSV-gB498 –505/tetramers, and anti-mouse GzmB MAb. Representative
percentages of HSV-gB498 –505-epitope-specific CD8� T cells expressing GzmB were determined by FACS (left panels). The averages � SD of percentages of
HSV-gB498 –505-epitope-specific CD8� T cells expressing GzmB detected in 10 mice are shown (right panels). The results are from two independent experiments,
each done in duplicate. The P values were determined using the ANOVA test.
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the LFP-vaccinated mice (P � 0.002). As expected, no significant T cell responses were
detected in LAP-vaccinated mice or in LFP-vaccinated mice against the irrelevant
OVA257–264 target peptide, demonstrating the gB495–505 specificity of the CD8� T cell
responses induced by either type of vaccine (data not shown).

Moreover, significantly higher percentages of proliferating carboxyfluorescein suc-
cinimidyl ester (CFSE)(�) CD4� cells and CFSE(�) CD8� cells were detected in the DLN
of LAP vaccine mice 7 days after the final immunization than in the DLN of LFP vaccine
mice, which did not receive the laser exposure (P � 0.005) (Fig. 3C). More-frequent
HSV-gB498 –505 epitope-specific CD8� T cells (P � 0.02) (Fig. 3D) and GzmB(�) CD8� T
cells (P � 0.01) (Fig. 3E) were also detected in DLN of LAP vaccine mice than in DLN of
LFP vaccine mice. As expected, no significant T cell responses were detected in the fifth
group of mice, which received laser exposure together with i.d. immunization with the
herpes peptide vaccine, but in the absence of imiquimod treatment (i.e., laser control,
in the absence of imiquimod treatment) (data not shown). No local or systemic side
effects were noticed in LAP vaccine mice, besides an increase in inflammatory cells,
including DC infiltrates around the laser-treated skin area, suggesting involvement of
activated skin-resident DCs in the immunogenicity of LAP vaccine.

Altogether, these results demonstrate that intradermal immunizations with the
peptide vaccine together with imiquimod treatment alone, in the absence of laser (i.e.,
LFP vaccine control) or with laser exposure alone, in the absence of imiquimod, were
both unable to significantly boost HSV gB498 –505-specific CD8� T cell responses. In
contrast, intradermal immunization with peptide vaccine together with a combination
of imiquimod and laser (i.e., the LAP vaccine) induced significant HSV gB498 –505-specific
CD8� T cell responses. These results suggest an additive or a synergistic effect between
the imiquimod and laser that boosted potent and long-lasting HSV-specific CD4� and
CD8� T cell responses.

Immunization with laser-assisted peptide vaccine induces strong protection
against genital herpes compared to immunization with its homologous peptide
vaccine alone. Since immunization with the LAP vaccine induced stronger HSV-specific
CD4� and CD8� T cell responses than the homologous LAF vaccine, it was of interest
to determine whether it could also better protect against genital herpes.

Four groups of 20 age-matched B6 mice (n � 20) were either (i) exposed to laser
and immunized i.d. with the LFP vaccine (LAP vaccine), (ii) not exposed to laser but
immunized i.d. with the LAF vaccine (LAF vaccine), (iii) exposed to laser but not
immunized (Laser), or (iv) mock treated and mock immunized (Mock) (Fig. 4A). One
week after the final immunization, all mice were treated with Depo-Provera to syn-
chronize the ovarian cycle and increase susceptibility to herpes infection. The mice
were divided into two groups of 10 and subsequently challenged intravaginally with
either (i) 5 � 106 PFU (200 � 50% lethal dose [LD50] for survival analysis) or (ii) 5 � 104

PFU (for virus titer and disease analysis) of HSV-2 (strain 333), as we previously
described (22).

Mice immunized with the LAP vaccine showed 85% survival, in contrast to mice
immunized with the homologous LAF vaccine, of whom only 40% survived, 25 days
postchallenge (P � 0.05, one-way analysis of variance [ANOVA] test), and to mock-
vaccinated mice, of whom 0% survived, 15 days postchallenge (P � 0.005, one-way
ANOVA test) (Fig. 4B). The clinical scores observed in the LAP vaccine group were also
much lower than those of all the other three groups (P � 0.05 for all, one-way ANOVA
test) (Fig. 4C). Additionally, viral titers measured in the vaginal washes on day 7
postchallenge showed that the LAP vaccine group had significantly lower viral loads
than the other three groups (P � 0.05) (Fig. 4D). In agreement with the protective
efficacy of LAP vaccine, a fast virus clearance (within 3 to 4 days) was noticed in the VM
of the LAP vaccine group, in contrast to much slower virus clearance in the LAF vaccine
group and the mock-vaccinated group (not shown).

To assess the involvement of CD4� and CD8� T cell subsets in the protection
induced by LAP vaccine, in vivo depletion of either CD4� or CD8� T cells was performed
by administrating specific antibodies in immunized mice before virus challenge, as
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detailed in Materials and Methods. Depletion of CD8� T cells, but not of CD4� T cells,
significantly abrogated the protection induced by immunization with the LAP vaccine
(P � 0.005) (Table 1), suggesting that in this system, CD8� T cells are required for
protection against lethal genital herpes.

FIG 4 Intradermal immunization with chemical-free laser adjuvant peptide vaccine (LAP vaccine) confers protection against genital
herpes infection and disease. (A) Time course for immunization, challenge, and protection analysis in B6 mice. Four groups of
age-matched B6 female mice were left untreated and immunized i.d. with the herpes peptide vaccine (LFP vaccine) or treated with
laser and then immunized i.d. with the herpes peptide vaccine (LAP vaccine) as described for Fig. 3. Control mice were untreated and
not immunized (Mock) or laser treated but not immunized (Laser). One week after the final immunization, mice in each group were
treated with Depo-Provera and were then challenged intradermally, on day 15, with 5 � 106 PFU (200� LD50 for survival analysis) or
with 5 � 104 PFU (for virus titers and disease analysis) of HSV-2 (strain 333), as described in Materials and Methods. (B) Mice were
observed daily from day 15 to day 45 postchallenge for mortality. (C) Mice were also observed daily for genital disease and clinically
scored from 0 to 5. (D) The presence of infectious virus in vaginal washes was detected 7 days postchallenge. The data are expressed
as means � SD of virus load (PFU/sample). The results are representative of two independent experiments. The P values were
determined using the ANOVA test.

TABLE 1 Laser-assisted LAP vaccine induced a CD8� T cell protective immunity against
genital herpes in micea

Treatment of
LAP-immunized mice

% of T cells in
spleen

No. protected/
no. tested % Survivalb P valuecCD4� CD8�

No treatment 17.2 5.9 17/20 85
Anti-CD4 MAb 0.3 5.5 15/20 75 �0.05
Anti-CD8 MAb 19.4 0.2 3/20 50 0.002
Irrelevant IgG control 20.1 5.7 16/20 85 �0.05
aLAP-vaccinated B6 mice were left untreated or depleted of CD4� or CD8� T cells following intraperitoneal
injections of corresponding MAb as described in Materials and Methods. Control mice received
intraperitoneal injections with an isotype control IgG.

bResults are representative of two independent experiments.
cP values comparing virus titration recorded in LAP-vaccinated untreated mice to the anti-CD4 MAb-, anti-
CD8 MAb-, or IgG-treated mice as determined using ANOVA.
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Altogether, these results indicate that immunization with LAP vaccine in the
progestin-treated mouse model of genital herpes decreased virus replication at the site
of infection and decreased overt signs of genital herpes disease. CD8� T cell-mediated
immunity was involved in the protection. The results suggest that laser adjuvant has a
beneficial effect for the induction of an effective protective immunity against genital
herpes.

Frequencies of CD8� TEM and TRM cells in laser-assisted peptide-vaccinated
mice correlated with protection from genital herpes. Vaginal mucocutaneous tis-
sues were collected 10 days after the second immunization (i) from the LAP-immunized
and infected mice (LAP vaccine), (ii) from the LFP-immunized and infected mice (LFP
vaccine), (iii) from laser-treated nonvaccinated and infected mice (Laser), and (iv) from
mock-immunized mice (Mock). Sections of vaginal mucocutaneous tissues from LAP-
immunized and infected mice showed more infiltration of CD8� T cells than did those
from LFP-immunized and infected mice (Fig. 5A), detected by immunofluorescence
microscopy, as described in Materials and Methods. The arrowheads in Fig. 5A indicate
that more CD8� T cells were accumulating at the vaginal epithelium of LAP-immunized
and infected mice. Vaginal mucocutaneous tissues were collected from protected and
nonprotected mice, and the percentages of central memory CD8� T cells (TCM cells),
TEM, and TRM cells were determined by fluorescence-activated cell sorter (FACS).

FIG 5 High percentages of CD8� TEM and TRM cells detected in the vaginal mucosa of LAP vaccine immunized and infected mice correlated with protection
from genital herpes. (A) Vaginal mucocutaneous tissues were collected 10 days after the second immunization from the LAP vaccine-immunized and infected
(LAP vaccine), LFP vaccine-immunized and infected (LFP vaccine), laser-treated, nonvaccinated, and infected mice (Laser), and mock-immunized mice. Sections
of vaginal mucocutaneous tissues were stained with fluorescein isothiocyanate-conjugated anti-CD8 antibody (green), and the nuclei were visualized by
staining with DAPI (blue). CD8� T cells were detected by immunofluorescence microscopy, as described in Materials and Methods. Arrowheads indicate CD8�

T cells accumulating at the vaginal epithelium. (B) Vaginal mucocutaneous tissues were collected from protected and nonprotected mice, and the percentages
of CD8� TCM, TEM, and TRM cells were determined by FACS. Increased numbers of CD8� T cells were detected in the vaginal mucosa of HSV-2-infected and
protected mice compared to nonprotected mice. (C, D, and E) Increased numbers of CD8� TEM and TRM cells were mobilized in the vaginal mucosa of
LAP-vaccinated and protected compared to LFP-vaccinated unprotected mice. B6 mice (n � 10) that received either LAP vaccine or LFP vaccine were euthanized
on day 10 postinfection, and single-cell suspensions from vaginal mucosa (VM), dorsal roots ganglia (DRG), and draining lymph nodes (DLN) were stained for
the three major subsets of memory CD8� cells (i.e., TCM, TEM, and TRM cells) and analyzed by FACS. (C) Percentages (pie charts) of the average frequencies of
CD44high CD62Lhigh CD8� TCM cells detected in the VM, DRG, and DLN from 10 LAP-vaccinated mice and 10 LFP-vaccinated mice. (D) Average frequencies
of CD44high CD62Llow CD8� TEM cells detected in the VM, DRG, and DLN from 10 LAP-vaccinated mice and 10 LFP-vaccinated mice. (E) Average frequencies of
CD103high CCR7low CD62Llow CD8� TRM cells detected in the VM, DRG, and DLN from 10 LAP-vaccinated mice and 10 LFP-vaccinated mice. Differences between
the groups were identified by ANOVA multiple-comparison procedures. Results are representative of two independent experiments.
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Increased levels of protection correlated with increased numbers of CD8� T cells
detected in the vaginal mucosa of HSV-2-infected mice (Fig. 5B). To determine the
subtypes of CD8� T cells that are involved in protection, B6 mice (n � 10) that received
either LAP vaccine or LAF vaccine were euthanized on day 10 postinfection, and
single-cell suspensions from vaginal mucosa (VM), dorsal roots ganglia (DRG), and
draining lymph nodes (DLN) were stained for the three major subsets of memory CD8�

cells (i.e., TCM, TEM, and TRM cells) and analyzed by FACS. Significantly higher frequencies
of both CD44high CD62Llow CD8� TEM cells and CD103high CCR7low CD62Llow CD8� TRM

cells were observed in the VM and DRG of LAP-vaccinated and protected mice than in
LFP-vaccinated nonprotected mice (P � 0.05) (Fig. 5C and D). However, similar fre-
quencies of CD44high CD62Lhigh CD8� TCM cells were detected in the VM, DRG, and DLN
from the LAP- and the LFP-vaccinated mice (Fig. 5E). These results indicate that, at least,
frequent CD8� TEM and TRM cells in the VM and DRG from the LAP-vaccinated mice
were associated with a significant decrease in genital herpesvirus titers and severity of
genital herpes lesions.

DISCUSSION

Herpes simplex virus 1 and 2 infections have been prevalent since the ancient Greek
times. To this day, they still affect a staggering number of over 3.7 billion individuals
worldwide. While prophylactic and therapeutic HSV vaccines have remained urgently
needed for centuries, their development has been difficult. In the present study, we
demonstrated a laser adjuvant system capable of improving antiviral CD8� TEM and TRM

cell responses associated with protective immunity against genital herpes infection and
disease. The induced long-lasting HSV-specific CD8� T cell responses persisted in the
vaginal mucosa for up to 3 months postimmunization with the laser adjuvant-assisted
herpes peptide vaccine. The findings underscore the potential of a safe and easy-to-use
chemical- and biological-free laser vaccine adjuvant for inducing T cell immunity to
protect against genital HSV-2 infection in mice. This approach could be useful against
the widespread human HSV-1 and HSV-2 infections.

The lack of immunological adjuvants that are safe, easy to handle, and effective is
an important obstacle for the development of mass vaccination against many infec-
tious pathogens (11). No adjuvants have yet been approved for use with intradermal
vaccines (11). Subunit vaccines usually fail to prime T cell responses unless they are
delivered together with a potent chemical or biological adjuvant (23–25). Peptide-
based vaccines have been emulsified with a variety of adjuvants, including Freund’s
(23–26), Montanide’s ISA-51 and ISA-720 (20, 27–31), MF59 (32–34), and QS-21 (35)
adjuvants. Others fail to reproduce in humans the results obtained in mice (reviewed in
reference 36). Some of these limitations have been, in part, circumvented by chemical
conjugation to viral (20) or bacterial (37) carrier proteins, by incorporation into lipo-
somes (38, 39), proteasomes (40), or immunostimulating complexes (41), by synthesis
of larger constructs such as multiple antigenic peptides (27), or by linkage to lipid
moieties (20, 21, 27, 28, 30, 42–50). These different vaccine approaches often increase
the immunogenicity of the antigen (Ag), at least with respect to antibody production,
the main immunological parameter often used to assess their immunogenicity.

Many development stage chemical and biological adjuvants cause significant side
effects. Some of these adjuvants tested in small laboratory animals have limitations due
to toxicity. The ultimate goal of this study was to investigate an alternative to currently
used chemical and biological adjuvants. We report, for the first time, that a brief (60-s)
exposure of skin to laser light was sufficient to enhance protective T cell responses to
herpes peptide vaccination in mice. However, this laser adjuvant requires coadminis-
tration of imiquimod cream 5% to induce a sufficiently increased immunological
response. Nevertheless, we showed that non-tissue-damaging laser light given, in a
brief (60-s) exposure, to small areas of the skin increased both CD4� and CD8� T cell
responses to herpesvirus epitopes. This resulted in improved survival to a lethal
challenge in the mouse model of genital herpes and led to a reduction in both genital
herpes infection and disease. These provocative findings raise the following three
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important areas for further investigation, which we will address in future reports: (i)
whether therapeutic LAP vaccine enhances long-term recall memory TEM and TRM cell
responses to skin-based vaccination using our established herpes mouse models of
induced reactivation; (ii) besides the involvement of laser in DC mobilization and
maturation, reported here, identifying the underlying cellular and molecular mecha-
nisms of action of the LAP vaccines; and (iii) the use of LAP vaccines in other routes,
including mucosal routes. The translatability of this discovery is enhanced by the
current availability of mature, safe, compact, and relatively simple low-voltage laser
technology, making it possible to economically produce a portable (handheld) low-cost
device for mass vaccination.

Despite the availability of many interventional strategies, such as sexual behavior
education, barrier methods, and the costly guanine nucleoside antiviral drug therapies
(e.g., acyclovir and derivatives), controlling the spread of genital herpes remains a
challenge (1, 22, 51–55). The current medical opinion is that an effective clinical vaccine
would constitute the best approach to protect the human populations from genital
herpes (54, 56, 57). Such a vaccine would likely have a great impact in both developed
and developing regions of the world (54, 56, 57). To date, however, no clinical vaccines
for the prevention or treatment of genital herpes are available (58). Considering the
limited success of recently tested clinical herpes vaccines using protein-in-chemical or
biological adjuvants, the finding in the present study that a laser-assisted peptide
vaccine induces CD8� T cell-mediated protective immunity against genital herpes is
rather interesting. T cell responses to HSV-2 antigens in the VM might be suboptimal
due to the unique immune vaginal environment (59). Direct experiments in animal
models (22, 37, 60) and indirect evidence in humans (61, 62) suggest that the successful
control of herpes infection is associated with the induction of robust antiviral CD8� T
cells within the vaginal submucosal tissues (63). Thus, the present findings are encour-
aging, as they offer a safe and relatively low-cost strategy to provide a T-cell-based
vaccine for clinical trials. Which T cell epitopes will be protective in humans have yet to
be determined. Our inability to efficiently deliver Ags to stimulate strong local mucosal
HSV-specific CD8� T cell responses remains a critical roadblock in the development of
an effective herpes vaccine. The present study is the first to show that a laser-assisted
herpes peptide vaccine formulation administered i.d. induced robust, sustained CD8�

T cells locally in both DLN and the VM. The induced CD8� T cells appeared to be mostly
CD8� TEM and TRM cells that produced cytotoxic activity and IFN-�, two main effectors
of immunity that are associated with a significant decrease in genital herpes simplex
virus titers and lesions. This result, together with the observation of a high frequency
of HSV-specific CD8� T cells within healed human genital lesions (64) strongly suggests
that local HSV-specific CD8� T cells may be important immune effectors in the
reduction or clearance of genital herpes.

Clearance of HSV-2 from recurrent genital lesions is associated with increased
infiltration of both HSV-2-specific CD4� and CD8� T cells (61, 65) to the vaginal tissue
(66, 67). CD4� T cells specific to envelope and capsid proteins are thought to be among
the main mediators of protective immunity during recurrent genital herpes (68–71).
Following CD4� T cells, HSV-2-specific CD8� T cells persistently infiltrate healed genital
herpes lesions (72). CD8� T cells also a critical role in surveillance functions that limit
virus reactivation and expansion (61, 65, 73–76). Furthermore, local infiltration of
HSV-specific CD8� T cells correlates with clearance of infectious virus particles in
humans during recurrent genital herpes (61, 65). In mice, HSV-2-specific CD8� T cells
infiltrate acute and latently infected ganglia and mediate control over viral reactivation
in an IFN-�-dependent manner (77). Depletion of CD8� T cells impaired clearance of
virus from sensory neurons, whereas adoptive transfer of T cell receptor (TCR) trans-
genic CD8� T cells, specific for gB498 –505 epitope, into naive mice lacking other
components of adaptive immunity results in viral clearance (78, 79). In agreement with
the above-mentioned studies (78, 79), in the present study, depletion of CD8� T cells,
but not of CD4� T cells, abrogated the protection induced following immunization with
LAP vaccine (80).
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Once the acute infection is cleared in the skin and vaginal mucosa, the sites of acute
infection, the virus stays dormant in DRG, the site of latent infection. In LFP-vaccinated
mice, we detected higher levels of viral replication in the vaginal mucosa and a higher
level of latency in DRG than in LAP-vaccinated mice. The differences in viral load in the
vaginal mucosa and DRG of LFP-vaccinated mice versus LAP-vaccinated mice might be
associated with quantitative and qualitative differences in mobilization of memory
CD8� TRM cells. Since low numbers of neuronal cells are latently infected in DRG, fewer
T cells are likely sufficient in the DRG compartment than in the vaginal mucosa
compartment to reduce the level of latent viral load. Thus, although a lower frequency
of CD8� TRM cells was detected in the DRG than in the vaginal mucosa of LAP-
vaccinated mice, these fewer cells seem to be sufficient to reduce the level of latent
viral load in DRG. However, in the skin and vaginal mucosa, where there is an
abundance of infected cells, more CD8� TRM cells might be required to significantly
reduce the level of viral load. Moreover, it is likely that laser exposure of skin might not
be the only factor that operates in attracting TRM cells to the skin and vaginal mucosa.
Besides laser exposure, imiquimod might also be involved in T-cell recruitment to the
skin and vaginal mucosa. Hence, imiquimod might synergistically or additively operate
with laser to attract TRM cells to the skin and vaginal mucosa.

The cellular and molecular mechanisms by which laser adjuvant delivered intrader-
mally enhances protective T-cell responses remain to be fully elucidated. The success
of the LAP vaccine is also highlighted by its ability to induce and facilitate the
mobilization and establishment of effector memory CD8� TEM cells and tissue-resident
CD8� TRM cells in the genital mucosal tissue (VM). Infiltrates of IFN-�-producing CD8�

TEM and CD8� TRM cells were detected in the VM of LAP-vaccinated and protected mice,
but not of LFP-vaccinated unprotected mice, suggesting a preferential induction of
memory CD8� T cell subpopulations by the LAP vaccine. Several explanations are
possible for the apparent differences in CD8� TEM and TRM cell mobilization by LAP
peptide versus LFP vaccines. LAP vaccine might be more efficient in inducing matura-
tion and mobilization of DCs from the skin, which then migrate to the neighboring DLN
and VM, where they present the gB498 –505 peptide to CD8� TEM and TRM cells,
respectively. The size of the CD8� TEM cell subpopulation expanded more prominently
following LAP vaccine, but not following LFP vaccine, indicating the importance of laser
adjuvant in the mobilization of memory CD8� TEM cells. However, similar frequencies
of CD8� TCM cells were induced by LAP vaccine and LFP vaccine. CD8� TEM cells likely
migrate from the DLN to the vaginal mucosa, since the vaginal submucosa does not
contain mucosa-associated lymphoid tissue (MALT) in the steady state (40). Generally,
effector memory (TEM) cells circulate throughout the peripheral tissues, such as the VM,
whereas central memory (TCM) cells reside in the secondary lymphoid tissues, such as
DLN. Thus, regardless of the site of antigen encounter, HSV-specific memory CD8� TEM

cells must be found in various tissues, including the VM and DLN. The mucosa of
vaginal canal is drained by several lymph nodes, including the common iliac, interiliac,
external iliac, and inguinal femoral lymph nodes (in descending order, designated in
this report DLN) (reviewed in reference 81). LAP vaccine likely induced tissue-resident
CD8� TRM cells locally in vaginal mucosa. Induction of both CD8� TEM and TRM cells by
LAP vaccine might occur through vaginal submucosal dendritic cells (DCs), which
efficiently take up the LAP vaccine.

Another cellular mechanism behind the strong immunogenicity of laser-assisted
peptide vaccine delivered intradermally appears to be associated with mobilization and
maturation of skin-resident DCs. Dendritic cells are professional Ag-capturing and
-presenting cells with the unique ability of priming naive T cells (1, 3). During recent
years, it has become increasingly clear that manipulation of the immune system for
vaccination purposes against intracellular viral, bacterial, and parasitic pathogens, as
well as cancers, requires immunogenic formulations allowing targeting, Ag uptake, and
maturation of dendritic cells at their site of uptake to cause immune induction (1, 3–5).
Immature DCs reside in the periphery, where they serve as sentinels, and their inter-
action with foreign Ags and microbial molecules induces the so-called DC maturation
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program, which results in the expression of surface MHC and costimulatory molecules,
production of proinflammatory cytokines, and migration to secondary lymphoid tis-
sues, where potent interactions with T cells initiate cell-mediated immunity (6). Since all
the mechanisms listed above are not mutually exclusive, it is possible that they all play
a role in the T cell immunogenicity of the LAP vaccine, but additional experiments will
be needed to assess the relative proportion of each mechanism.

In this study, using granulocyte/macrophage colony-stimulating factor (GM-CSF)
and interleukin-4, we have derived dendritic cell (DC) lines from bone marrow of mice
and demonstrated that they maintained phenotypes and functions characteristic of
immature DCs. These results are in agreement with our previous report in which we
showed that mouse bone marrow-derived DCs generated following treatment with
GM-CSF plus IL-4 are generally immature (i.e., they do not express high levels of
markers of maturation) (44, 45). Unlike peripheral blood-derived human DCs treated
with GM-CSF plus IL-4, which appeared to maintain expression of MHC-I, MHC-II, CD80,
and CD86 molecules (82), in our study bone marrow-derived mouse dendritic cells
expressed low levels of these molecules. It is likely that there exist differences in the
level of expression induced by GM-CSF plus IL-4 on human versus mouse dendritic cells.
Regardless of the differences in the level of maturation between mouse and human
DCs, it is striking that a short exposure of these DCs to laser was efficient in inducing
their phenotypic maturation with the expression of high levels of MHC-I and -II, CD80,
and CD86 molecules. The functional consequences of the short contact with laser
resulted in an increase in the T cell-stimulatory capacity of DCs presenting HSV peptide
to specific T cells. In ongoing experiments, we are now comparing the immunogenicity
and protective efficacy of LAP vaccine to parenteral vaccination using a variety of
adjuvant solutions. Results from those studies will be presented in future reports.

In conclusion, this study demonstrates that a short, 60-s exposure to a laser, using
the FDA-approved nonablative diode, (i) triggered mobilization of dendritic cells in the
skin, which formed small spots along the laser-treated areas and (ii) induced pheno-
typic and functional maturation of dendritic cells. Moreover, the study shows for the
first time the ability of a novel laser-assisted genital herpes peptide vaccine to (iii)
stimulate long-lasting HSV-specific effector memory CD8� TEM cells and tissue-resident
CD8� TRM cells locally in the vaginal mucocutaneous tissues and (iv) induce protective
immunity against genital herpes infection and disease. The findings underscore the
potential of “laser vaccine adjuvant” to provide an accessible chemical-free and
biological-free safe adjuvant for genital herpes vaccines and presumably for vac-
cines against other sexually transmitted diseases.

MATERIALS AND METHODS
Mice. CD11c/eYFP transgenic mice originally developed by Michel C. Nussensweig (Rockefeller,

University) were kindly provided to us by James T. Rosenbaum from Oregon Health & Science University.
CD11c/eYFP transgenic mice have been successfully used for in vivo tracking of activated DCs (16, 17).
C57BL/6 (B6) mice, 5 weeks old, were purchased from the Jackson Laboratory (Bar Harbor, ME). Animal
studies conformed to the Guide for the Care and Use of Laboratory Animals published by the U.S.
National Institutes of Health. Mice were maintained at the University of California Irvine Animal Care
Facility. The UCI Committee on Animal research approved all procedures (ID number 2002-2372).

Virus and cell lines. Plaque-purified HSV-2 strain 333 was prepared as we described previously (22).
Rabbit skin (RS) cells, used to prepare virus stocks and to culture virus from vaginal swabs, were grown
in Eagle’s minimum essential medium (EMEM) supplemented with 5% fetal calf serum (FCS; Invitrogen,
Grand Island, NY). Heat-killed virus was made by heating the virus solution at 100°C for 5 min. HSV
inactivation was confirmed by the inability to produce plaques when tested on Vero cells, as we
described previously (83). The virus stock was aliquoted and stored at 	80°C.

Laser adjuvant-assisted peptide vaccination. The H2Kb SSIEFARL CD8� cytotoxic T lymphocyte
(CTL) target peptide (HSV-gB498 –505) (84) and the promiscuous glycoprotein D CD4� T helper cell epitope
(HSV-gD49 – 89) QPPSLPITVYYAVLERACRSVLLNAPSEAPQIVR (85) were synthesized in tandem as Th-CTL
chimeric epitopes (Fig. 1A), as we previously described (18, 85). This Th-CTL epitope chimera is
designated laser-free peptide vaccine (LFP vaccine).

Female B6 mice were shaved on the dorsal lower back area, over the area of the spinal cord and the
dorsal root ganglia (DRG), the sites of herpes latent infection. The next day, all animals received a topical
skin treatment with imiquimod cream 5% over the shaved area (Fougera Pharmaceuticals Inc., Lexington,
KY) and were then exposed for 60 s to the nonablative diode laser (PaloVia Laser) as shown in Fig. 1B.

Laser Adjuvant-Assisted Herpes Peptide Vaccine Journal of Virology

April 2018 Volume 92 Issue 8 e02156-17 jvi.asm.org 13

http://jvi.asm.org


Mice were then immunized intradermally (i.d.) within the shaved area with 100 �g and 50 �g of herpes
peptide vaccine, on day 1 and day 7, respectively.

Quantification of eYFP� dendritic cells in the skin. Female CD11c/eYFP transgenic mice were
shaved on the dorsal lower back area, over the area of the spinal cord and the dorsal root ganglia (DRG).
The next day, all animals received a topical skin treatment with imiquimod cream 5% over the shaved
area and were then divided into two groups. One group of mice were exposed to the FDA-approved
nonablative diode laser (PaloVia Laser) for 60 s, while the second group of mice (control) were left
unexposed to laser (Fig. 1A). CD11c/eYFP mice were treated with calcium- and magnesium-free
phosphate-buffered saline for whole-body perfusion prior to skin tissue harvest, as previously described
(40, 86). The DCs were quantified by FACS in a 9-cm2 skin tissue section harvested on day 1 and on day
14 following laser exposure. Skin tissues were digested in 2 mg/ml collagenase D (Roche, Indianapolis,
IN) and 0.5 mg/ml DNase (Roche) for 2 to 3 h at 37°C. Cell suspensions were triturated in 20 mM EDTA
and then passed through a 70-�m filter (BD Falcon; Becton-Dickinson, Franklin Lakes, NJ), as described
previously (86). Cells were incubated with Fc blocking antibody at 4°C in 0.5% bovine serum albumin
(BSA). They were subsequently labeled with phycoerythrin (PE)-Cy7-conjugated CD11c (clone HL3; BD
PharMingen) for 30 min in 0.5% BSA at 4°C in the dark. Aliquots were made in parallel for respective
staining with the appropriate isotype control. All samples were washed and reconstituted in 0.5% BSA.
Determination of the absolute numbers of eYFP-positive dendritic cells (eYFP� CD11c� cells) in the skin
of laser-exposed and nonexposed individual mice was accomplished by extrapolation based on frequen-
cies determined by FACS analysis.

Generation of bone marrow-derived dendritic cells. Bone marrow-derived DCs were generated
from B6 mice, as we previously described (19, 20). Briefly, single-cell suspensions of bone marrow cells
were cultured in 100-mm petri dishes (Falcon 1029) at an initial density of 2 � 105 cells/ml in a final
volume of 10 ml RPMI 1640 medium supplemented with 50 ng/ml murine GM-CSF and 50 ng/ml IL-4
(PeproTech Inc., NJ). After 8 to 10 days, over 90% of the nonadherent cells had acquired typical dendritic
morphology and were at an immature stage. Routinely, 
6 � 107 cells were obtained from one mouse.
Differentiation of bone marrow cells into DCs that contained a mixture of both plasmacytoid DC and
myeloid DC subsets (19, 20) was followed by flow cytometry analysis of different surface markers.

Immunohistochemistry. Mice were euthanized, and the vaginal mucosal tissues were collected and
fixed with 2% paraformaldehyde. After overnight fixation, the VM samples were cut into small longitu-
dinal bands. Then, samples were blocked with anti-FcRg antibody (US Biological Inc., Swampscott, MA)
at a dilution of 1:100 and in goat serum-PBS overnight. The anti-CD8 antibody conjugated to FITC at a
dilution of 1:100 and 14.3 mM DAPI (4=,6-diamidino-2-phenylindole; Molecular Probes, Thermo Fisher
Scientific, Waltham, MA) were applied overnight at 4°C. Then, samples were mounted in 50% glycerol-
PBS. Confocal microscopy was performed with a laser confocal and multiphoton microscope system with
a conventional laser confocal microscope (LSM 510 META; Zeiss, Jena, Germany) equipped with a
femtosecond titanium laser (Chameleon; Coherent, CA).

Isolation of vaginal mucosal lymphocytes. Lymphocytes were isolated from the female genital
tract (GT) mucosal tissues. Mice were treated with calcium- and magnesium-free phosphate-buffered
saline for whole-body perfusion prior to tissue harvest, as previously described (40). The female GT
included the ovaries, fallopian tubes, uterus, and vagina (37). GT tissues were digested following a 2-h
treatment with 2.5 �g/ml of collagenase type A (Roche catalogue number 1088 785) and 5 units/ml of
DNase I (Roche catalogue number 104 159) suspended in RPMI 1640 with 5% fetal bovine serum,
penicillin-streptomycin, and HEPES. Mucosal GT tissues were pooled from five mice per immunization
group to provide sufficient cells to perform replicates of each experiment (IFN-� ELISpot) and to allow
for accurate measurement of immune responses in each immunization group. The average yield of cells
per mouse was 4 � 106 cells/female reproductive tract.

Cytokine dosage by ELISA. The supernatant was harvested from infected DCs at 24 h after peptide
and/or LPS stimulation, and the concentrations of IL-12 and TNF-� cytokines were determined by ELISA
as we previously described (20, 38, 39, 41).

IFN-� ELISpot assay. Genital tract draining lymph nodes (GT-DLN) and genital tract mucosal cells
were cultured in 24-well plates for 5 days in a humidified 5% CO2 atmosphere with HSV-gB498 –505 peptide
alone (10 �g/ml), the irrelevant OVA257–264 CD8� T-cell peptide (10 �g/ml), or autologous HSV-2 infected
stimulator cells and subsequently analyzed in an IFN-�-ELISpot assay. Functional T-cell recognition
IFN-�-ELISpot assays were performed with the mouse IFN-�-ELISpot monoclonal antibody (MAb) pair (BD
PharMingen, San Diego, CA). Briefly, on day 4, 96-well multiscreen immunoprecipitation (IP) plates were
coated overnight at 4°C with 100 �l (1:250) of anti-IFN-� capture MAb. Plates were then blocked with
RPMI 1640 medium supplemented with 10% FCS for 2 h at room temperature. Cells (5 � 104/well) were
added in triplicate to MAb-coated plates, and the plates were incubated for 18 to 24 h at 37°C, 5% CO2.
Plates were then washed with PBS supplemented with a detection peroxidase-labeled antibody followed
by a substrate according to the manufacturer’s instructions. The developed spots were counted under
a light microscope. Controls included cells cultured in medium in the absence of peptide stimulation. The
frequency of IFN-� spot-forming cells (SFCs) in control wells (typically �10 IFN-� SFCs/106 cells) was
subtracted from the frequency of IFN-� SFCs detected in the peptide-stimulated cells for the calculation
of antigen-specific IFN-� responses.

Flow cytometry. Standard flow cytometry was employed, as we previously described (20, 27, 28, 51),
to assess surface expression of various markers using the following MAbs directly conjugated with either
PE or FITC: FITC-CD4, FITC-CD8, and PE HSV-gB tetramer (PharMingen, San Diego, CA). IgG isotype-
matched control Abs were used in all experiments. After staining, cells were washed and fixed in 1%
buffered paraformaldehyde before being acquired on a Becton Dickinson FACSCalibur instrument
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(Mountain View, CA). Gating was on large granular cells, and for each sample, 20,000 events were
acquired on a FACSCalibur and analyzed with CellQuest software, on an integrated Macintosh G4 (Becton
Dickinson, San Jose, CA).

Tetramer assay. gB498 –505 tetramers were prepared and used as described previously (22). A total of
0.1 to 0.2 �g of phycoerythrin-labeled gB498 –505 tetramer complexes and allophycocyanin-labeled
anti-mouse CD8 (Ly-2; Caltag, South San Francisco, CA) monoclonal antibody was used to identify
gB498 –505-specific CD8� T cells. Samples were analyzed with tetrameric gB498 –505 tetramer complexes for
the percentage of CD8� T cells by two-color flow cytometry with a FACSCalibur (Becton Dickinson,
Mountain View, CA) system.

Monitoring virus replication in vaginal tissue. Two weeks after the final immunization, mice were
treated with progesterone (Depo-Provera) to synchronize the ovarian cycle and increase susceptibility to
herpes infection, after which they received an intravaginal HSV-2 challenge. The HSV-2 strain 333,
described earlier (87), was used. The infection of the genital tract in the progesterone-treated mouse
model appears to be similar to the initial infection in humans, the main difference being that the
susceptible epithelial cells in mice are present in both vagina and cervix whereas in humans, they are
mainly in the cervix (88). An inoculum of 5 � 104 PFU of HSV-2 or 5 � 106 PFU (� 200� LD50 for survival
analysis) in 10 �l tissue culture medium was placed into the vaginal canal of immunized and control
mice. To quantify vaginal HSV-2, the vaginal canal of immunized and control mice was swabbed once
daily (days 1 to 10 postinfection) with a Dacron swab, and each swab was placed in a 75-mm culture tube
containing 0.5 ml of RPMI medium. Aliquots (100 �l) of 10-fold serial dilutions were placed on confluent
monolayer of RS cells in 6-well plates, incubated at 37°C for 1 h, and overlaid with medium containing
1% methylcellulose. The plates were incubated at 37°C for 3 days and stained with 1% crystal violet, and
the viral plaques were counted.

In vivo depletion of CD4� and CD8� T cells. In some experiments, beginning 7 days after the
second dose of peptide vaccine, mice were intraperitoneally (i.p.) injected with six doses of 100 �l of PBS
containing MAb GK1.5 (anti-CD4), a MAb 2.43 (anti-CD8), or hamster immunoglobulin-treated control
(NCCC, Minneapolis, MN). Depletion of T cells was assessed by flow cytometric analysis of splenocytes at
the end of the experiment.

Statistical analysis. We examined the distribution of each immunological parameter. In the case of
two-group comparisons, we used the parametric two-sample t test or the nonparametric Wilcoxon rank
sum test, as appropriate. Differences between the groups were identified by ANOVA multiple-
comparison procedures, as we previously described (22). Data are expressed as the means � SD. Results
were considered to be statistically significant at P values of �0.05. Flow cytometry data were analyzed
with FlowJo software (TreeStar). For analysis, we used SAS v.9.4 (Statistical Analysis System, Cary, NC).
Graphs were prepared with GraphPad Prism software (San Diego, CA). Data are expressed as the
means � SD. Error bars show standard errors of the means (SEM).
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