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Humoral and cellular immunity, associated with long-term protective immunological memory, defines the
efficacy of a given vaccine formulation. However, few vaccines achieve this target without the aid of a suitable
adjuvant. Molecular adjuvants in vaccination against infectious agents offer a noninvasive means of enhancing
the immune response against target antigens. To examine the potency of two �-chemokines as immunomodu-
lators, plasmid DNA encoding �-chemokines CCL19 and CCL21 (CCR7L) was codelivered intranasally with
plasmid DNA or recombinant vaccinia virus encoding herpes simplex virus (HSV) gB (HSV-gB) in a prime-
and-boost vaccination strategy. This vaccination regimen increased serum and vaginal immunoglobulin G
(IgG) and IgA, respectively, as well as the numbers of HSV-gB498-505 peptide-specific gamma interferon-
producing CD8� T cells. Distinctively, a high number of cytotoxic T lymphocytes was achieved when pCCR7L
was applied at both prime and boost as opposed to omission of pCCR7L. A rapid-recall response was induced
in the genital tract upon challenge with the HSV McKrae strain, affording a high level of protection and
survival of vaccinated mice. Our results demonstrate that high innate immune kinetics and distribution of
adaptive response induced in the nasal mucosa appears to be key factors in generating protective memory
responses against HSV. Thus CCR7L expressed ectopically may serve as a molecular adjuvant to boost the
immune response to a codelivered antigen in mucosal surfaces.

Herpes simplex virus (HSV) is transmitted via mucosal sur-
faces, such as the genital and the oral mucosae (6, 19, 20).
Accordingly, enhancement of immunity at such sites would
protect against HSV infection. Therefore, development of a
vaccine that would not just protect against but would prevent
infection at mucosal surfaces remains a major goal in HSV
vaccinology. The respiratory tract mucosa offers an attractive
site for induction of mucosal immunity owing to the common-
mucosa system concept (16, 41). However, a major problem
with effecting protective mechanisms at mucosal surfaces is
lack of appropriate immunomodulating systems to enhance a
mucosal immune response. Encouraging results in the search
for a suitable adjuvant have been reported recently (35): 3-O-
deacylated monophosphoryl lipid A was used successfully with
recombinant HSV glycoprotein D to induce immunity against
HSV type 2 (HSV-2) when applied in aluminum hydroxide.
However, the vaccine is effective only in women who are se-
ronegative to both HSV-1 and -2. It is not known yet if 3-O-
deacylated monophosphoryl lipid A can be applied to the re-
spiratory mucosa to achieve a similar level of protection. Other
immunomodulators with the potential to induce sufficient im-
mune response include CpG containing unmethylated
dideoxynucleotides. When coadministered with HSV antigen,
CpG enhanced both systemic and mucosal immune responses,
which provided protection upon challenge with HSV during
the primary immune response (13, 14). However, the memory
arising therefrom is not durable. Several studies have shown
improvement in immune responses when cytokines are in-

cluded as molecular adjuvants (34, 36). A more recent study
demonstrated the efficacy of interleukin-15 (IL-15) in inducing
a long-term memory when included in the vaccination regimen
(33). Chemokines are proinflammatory molecules that play a
major role in leukocyte migration, which allows the immune
reaction to be focused on invading foreign antigens (reviewed
in references 24 and 32). In particular, CCR7 ligands
(CCR7L), i.e., CCL19 (Epstein-Barr virus-induced molecule 1
ligand chemokine) and CCL21 (secondary lymphoid tissue
chemokine), participate in the interaction of dendritic cells
(DCs) and T cells in secondary lymphoid tissue, which even-
tually gives rise to antigen-specific T cells capable of counter-
acting an infection (3, 10). CCR7L have also been reported to
repair functional defects of CD8� T cells in lymphotoxin-�-
deficient mice (8) and to immunopotentiate DNA vaccination
(9).

It is now becoming clear that the outcome of an immune
response to a foreign antigen relies on the early innate envi-
ronment established during the induction of that response.
Consequently, this may require stimulation that can specifically
alter the biology of antigen-presenting cells, leading to higher
expression of costimulatory molecules, cytokines, and other
auxiliary molecules, which in turn lower the threshold for stim-
ulation of T-cell responses (4). In this study we hypothesized
that if the kinetics of immune induction are combined with
distribution of the response arising from a mucosal heterolo-
gous prime-and-boost (prime/boost) strategy of immunization,
heightened immunity against HSV would result. In such a
scenario plasmid DNA-encoded CCR7L would favorably in-
fluence the kinetics of T-cell priming by promoting immuno-
competent cell migration to the site of immunization. Con-
versely, the intranasal route of immune induction would
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advantageously exploit the common-mucosa concept to distrib-
ute the response distally. To prove this hypothesis, first we
explored the intranasal route of immunization and incorpora-
tion of plasmid DNA-encoded CCR7L at both prime and
boost stages of immunization. Second, we examined the extent
and duration of the immunity generated when this prime/boost
strategy is used for vaccination against HSV. Indeed, using the
mucosal route of immunization we have previously shown (7)
that a robust mucosal and systemic immune response is
achieved when mice are primed with recombinant vaccinia
virus encoding glycoprotein B (rVVgB) of HSV and boosted
with plasmid DNA encoding the same protein. Our results
show that plasmid DNA-encoded chemokines may modulate
the influx of immunocompetent cells to the site of immuniza-
tion and therefore lead to enhanced induction of the immune
response against HSV. When applied in a mucosal heterolo-
gous prime/boost strategy of immunization against HSV,
pCCR7L was capable of directing a highly protective immune
response at a distal mucosal site. Moreover, the protective
efficacy of this vaccination approach appears to be long term.

MATERIALS AND METHODS

Mice and viruses. Female C57BL/6 mice purchased from Harlan Sprague-
Dawley (Indianapolis, Ind.) were used at age 5 to 6 weeks in all experiments
described in this report. Animals were housed at the Laboratory Animal Facility
of the University of Tennessee. All experimental procedures on mice adhered to
the institutional and national guidelines on experimental animal care. HSV-1
KOS strain, rVVgB, and HSV McKrae strain (American Type Culture Collec-
tion, Manassas, Va.) were grown and titrated as PFU in Vero cells. Viruses were
aliquoted and stored at �80°C until use.

Plasmid DNA. CCL19- and CCL21-encoding cloning plasmids were a kind gift
from A. Zlotnik (DNAX Research Institute, Palo Alto, Calif.) and J. G. Cyster
(University of California, San Francisco). They were inserted into expression
vector pCI-neo as described elsewhere (8). Plasmid DNA encoding gB of HSV-1
KOS has been described in detail elsewhere (25). Plasmid DNA was prepared as
described by Kuklin et al. (21) with a slight modification. Briefly, following
precipitation with polyethylene glycol the plasmid DNA was further subjected to
endotoxin removal as follows. A 3 M solution of sodium acetate was added to
plasmid DNA at a ratio of 1:10 and brought to a total volume of 1.0 ml with
endotoxin-free water. The plasmid DNA was then incubated on ice for 5 min.
Triton X-114 (0.03 volumes; Sigma, St. Louis, Mo.) was added to the samples,
which were thoroughly mixed and then incubated at 50°C for 5 min. The aqueous
phase containing DNA was removed following centrifugation at 14,000 rpm in an
Eppendorf 5415c centrifuge. DNA samples were subjected to another round of
Triton X-114 and finally precipitated with 96% ethanol. The result of the Limu-
lus amebocyte lysate test (Charles River Endosafe, Charleston, S.C.) was 0.11
endotoxin unit/ml.

Peptide synthesis. HSV-gB498-505 (SSIEFARL), specific for major histocom-
patibility complex class I (MHC-I) (H-2b)-restricted CD8� T cells was synthe-
sized by Genemed Synthesis Inc. (South San Francisco, Calif.). The peptide was
dissolved in phosphate-buffered saline (PBS), aliquoted, and stored at �20°C
until use. Unless otherwise stated the peptide was used at a concentration of 5
�g/2 � 106 cells.

Immunization. Female C57BL/6 mice were divided into six groups. Group 1
was immunized intranasally at day 0 (prime) with 107 PFU of rVVgB/mouse and
100 �g of plasmid DNA encoding a CCR7L (pCCL19 or pCCL21), and then at
day 14 (boost) mice were boosted with 100 �g of pCCR7L and 100 �g of plasmid
DNA encoding glycoprotein B of HSV (pgB). Groups 2 to 6 were immunized
intranasally with rVVgB (prime) and pgB (boost), �-galactosidase (�-Gal; both
prime and boost); UV-inactivated HSV-1 KOS (107 PFU before inactivation)
(prime only), and PBS (prime and boost), respectively. Primary responses were
measured at day 14 postboost, and memory responses were measured at day 60
postboost. Serum samples and genital tract wash fluids were also collected at
days 14 and 60 postboost for antibody analysis.

Preparation of spleen, LN, lung dendritic, and genital tract cell suspensions.
At various times lungs, spleens, lymph nodes (LN; appropriately peribronchial,
cervical, mesenteric, and iliac), and genital tracts were removed. Spleens and LN
were minced and passed through a metal sieve, and finally red blood cells (RBC)

were lysed with RBC lysis buffer (Sigma) and washed three times in RPMI 1640
supplemented with 10% fetal calf serum. Genital tracts were surgically removed,
minced, and digested with 1 mg of collagenase D (Roche, Penzberg, Germa-
ny)/ml for 45 min at 37°C with agitation. Finally the cells were washed and
suspended in RPMI 1640. Lung DCs were prepared by digesting lungs with 0.5
mg of collagenase D/ml. CD11c� DCs were positively selected with anti-CD11c�

magnetic microbeads by magnetic activated-cell sorting (MACS) (Miltenyi Bio-
tec, Auburn, Calif.).

IFN-� enzyme-linked immunospot (ELISPOT) assay. MultiScreen HA sterile
plates (Millipore, Bedford, Mass.) were coated overnight with a capture anti-
gamma interferon (IFN-�) antibody (BD Biosciences Pharmingen, San Diego,
Calif.) in carbonate buffer, pH 9.6. Before plating the cells, the plates were
washed with PBS three times and blocked with RPMI 1640 (Sigma) supple-
mented with 10% fetal calf serum. Responder cells (106) from spleens, LN, or
lungs of immunized and control mice were added to each first well and further
serially diluted twofold. A constant number (2.5 � 105 cells) of stimulator cells
was added to each well, followed by 20 U of IL-2 (Hemagen, Columbia, Md.).
Stimulator cells were prepared from naive mouse spleens and pulsed with HSV-
gB498-505 for 1.5 h at 37°C and finally X-irradiated (3,000 rads). Plates were
placed at 37°C in an incubator for 48 to 72 h. Subsequently, plates were washed
with PBS-Tween, followed by addition of biotinylated IFN-� (BD Biosciences
Pharmingen) and incubation at 4°C overnight. Afterwards plates were washed in
PBS-Tween, followed by addition of peroxidase-conjugated streptavidin (Jack-
son Immunoresearch, San Francisco, Calif.) and incubation at 37°C for 1.5 h.
Finally plates were washed and incubated with 9-amino-9-ethylcarbazole (Sigma)
for 10 to 20 min or until color developed. Spots were enumerated under dissect-
ing microscope.

Intracellular cytokine staining. Spleen or LN cells from vaccinated and con-
trol mice were added to a 96-well plate at a concentration of 106 cells per well
and stimulated with 2.5 �g of HSVgB498-505 in the presence of GolgiPlug (BD
Biosciences Pharmingen) and 50 U of IL-2 (Hemagen) for 5 h at 37°C. Further,
the cell samples were processed basically as described by Kumaraguru and Rouse
(22). The anti-CD8 fluorescein isothiocyanate (FITC) antibody was purchased
from Caltag Laboratories, Burlingame, Calif. All other antibodies were pur-
chased from BD Biosciences Pharmingen.

Antibody ELISA. A standard enzyme-linked immunosorbent assay (ELISA)
was done to quantitate the gB-specific antibody in the serum and genital wash
fluids as described previously (7). Briefly, ELISA plates were coated overnight at
4°C with gB protein (Chiron, Emeryville, Calif.). For standards goat anti-mouse
IgG or rabbit anti-mouse IgA was used for coating plates. Subsequently, the
plates were washed with PBS containing Tween 20 three times and blocked with
3% skim milk. Mouse IgG was added to standards, and test samples were serially
diluted twofold, incubated for 2 h at 37°C, and then incubated with goat anti-
mouse IgG-conjugated horseradish peroxidase (HRP) (IgG-HRP) for 1 h. All
antibodies were purchased from Southern Biotechnology Associates, Birming-
ham, Ala. For measurement of IgA levels in genital tract lavage fluid, biotinyl-
ated goat anti-mouse IgA was first added for 2 h at 37°C and then peroxidase-
conjugated streptavidin (Jackson ImmunoResearch, West Grove, Pa.) was
added. Finally, ABTS [2,2�-azinobis(3-ethylbenzthiazolinesulfonic acid)] was
added, and plates were incubated at room temperature for 10 min. After color
development antibody concentrations were calculated with an automated ELISA
reader (Spectra MAX340; Molecular Devices, Sunnyvale, Calif.).

Cytotoxic T-lymphocyte (CTL) assay. A standard 4-h 51Cr release assay was
performed to assess cytolytic activity of the CD8� T cells isolated from immu-
nized and control mice as described elsewhere (8). Briefly, splenocytes or LN
cells from immune or control mice were expanded in vitro for 5 days by restimu-
lation with irradiated syngeneic HSV-gB498-505-pulsed (5 �g/2 � 106 cells)
splenocytes. After expansion effector cells were then incubated with MHC-
matched target cells (MC38; mouse colon adenocarcinoma) pulsed with HSV-
gB498-505 at various effector-to-target cell ratios for 4 h. Total release was deter-
mined by adding 5% Triton X-100 (Sigma) to target cells. 51Cr release was
assessed in a gamma counter (LKB-Wallac, Turku, Finland), and data were
corrected by the formula [(experimental release � spontaneous release)/(total
release � spontaneous release)] � 100.

Virus challenge. Mice are irregularly susceptible to genital infection with HSV
unless synchronized into diestrus (11, 18). To synchronize the ovarian cycle, mice
were injected subcutaneously with 2 mg of medroxyprogesterone (Pharmacia &
Upjohn, Kalamazoo, Mich.)/mouse. Five days later each mouse was anesthetized
with avertin and infected intravaginally with 107 PFU of HSV MacKrae. Every
day a specimen of the genital tract lavage was collected for virus titration and
antibody assay. Mice were monitored daily for clinical illness and pathology,
scored according to criteria reported by Gallichan et al. (13) as follows: 0, no
apparent infection; 1, mild inflammation of the external genitals, redness, and
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moderate swelling of external genitals; 3, severe redness and inflammation; 4,
genital ulceration and severe inflammation; 5, hind limb paralysis and death.

Statistics. Appropriate significant differences were calculated with Student’s t
test. P values �0.05 were considered to be statistically significant.

RESULTS

To investigate the potential of pCCR7L as an immuno-
modulator, we designed a prime/boost strategy of immuniza-
tion similar to the one reported earlier (7) in which mucosal
priming with rVVgB and mucosal boosting with pgB produced
a considerably robust immune response. Mice were immunized
intranasally with codelivery of plasmid DNA encoding either
CCL19 or CCL21 at prime and boost stages.

Lung DCs increase in number upon administration of
pCCR7L. DCs highly express CCR7 upon activation and mi-
grate to the peripheral LN, where they participate in naive-T-
cell priming. Hence, coadministration of pCCR7L intranasally
was primarily targeted at manipulating respiratory tract DCs so
as to enhance the antigen uptake and presumably augment
priming of T cells. We first assessed the numbers of DCs in the
lung upon administration of pCCR7L, this being the primary
site, among others, at which immune induction initiates after
intranasal immunization. Mice were instilled plasmid DNA
encoding CCR7L alone or together with rVVgB or rVVgB and
pgB separately in both nares. Lungs and peribronchial LN
(PBLN) were removed for assessment each day until 5 days to
show the effect of ectopic expression of pCCR7L in the respi-
ratory tract. Indeed there was a notable increase in the
CD11c� DCs, with numbers rising approximately 3.5-fold for
pCCL19 and pCCL21 individually and 7-fold for mice given
pCCR7L and rVVgB on days 3 and 4 (Fig. 1A). More CD11c�

DCs accumulated in the lungs when pCCR7L was codelivered
with rVVgB than when pCCR7L was delivered alone.
pCCL21, in comparison to pCCL19 induced slightly larger
mobilization of DCs, as was evident from day 2 after admin-
istration, although the differences between means were insig-
nificant (P � 0.05). However, the increase in number of
CD11c� DCs in all groups treated with pCCR7L was signifi-
cantly higher (P � 0.05) than that for control animals which
received the plasmid vector encoding the irrelevant protein
�-Gal or naive mice that were given PBS. The numbers of
CD11c� DCs in PBLN (Fig. 1B) were higher in the first 48 h
following immunization but decreased thereafter. This coin-
cided with high accumulation of CD11c� DCs in the lungs on
the third day onwards. The accumulation of CD11c� DCs
observed in our study is therefore attributed to the expression
of pCCR7L in the lung environment.

Consequently, we tested whether the DCs isolated from the
respiratory tract were capable of presenting antigen adminis-
tered intranasally (i.n.). Mice were first administered pCCR7L
and 3 days later were immunized with rVVgB i.n. Lungs were
removed after 7 days for isolation of lung DCs by MACS. The
DCs were then incubated with splenocytes isolated from HSV-
primed mice in an ELISPOT assay. The DCs from mice ad-
ministered pCCR7L and later immunized with rVVgB were
capable of stimulating T cells from HSV-primed mice (Fig.
2A). The numbers of spot-forming cells in splenocytes incu-
bated with DCs from lungs and PBLN were comparable, sug-
gesting that the functional status of CD11c� DCs from PBLN
was not altered despite reduced total cell numbers. Further-

more, the CD8� T cells isolated from lungs of pCCR7L-
treated mice and restimulated in vitro with HSV-gB498-505 pro-
duced IFN-� (Fig. 2B). This observation suggests that
additional antigen presentation upon codelivery of pCCR7L
may take place in the lungs. However, additional data are
required to support this observation. Collectively, these data
show that ectopic expression of pCCR7L affects the mobility
and function of DCs in the respiratory tract, more so because
the DCs isolated from lungs of mice immunized with rVVgB
and pCCR7L were functional antigen-presenting cells, as dem-
onstrated by their ability to activate the splenocytes from HSV-
primed mice.

Coadministration of pCCR7L increases antibody levels both
in serum and genital tract lavage fluid. Experiments were
performed to compare the serum antibody levels in mice im-
munized with rVVgB and pgB to those of mice immunized
with coadministration of pCCR7L. Serum samples were col-

FIG. 1. Administration of pCCR7L i.n. increases the numbers of
lung DCs. C57BL/6 mice 5 to 6 weeks of age were given i.n. 100 �g of
plasmid DNA encoding CCR7L (pCCL19 or pCCL21) with or without
rVVgB, vector plasmid DNA encoding �-Gal, or PBS. Lungs and
PBLN were removed on days 1 to 5, and DCs were isolated by positive
selection with CD11c� microbeads by MACS, stained with a mono-
clonal antibody against CD11c FITC, and analyzed by flow cytometry.
(A) Comparison of lung CD11c� DCs from various treatment groups
on days 1 to 5; (B) CD11c� DCs in PBLN following i.n. codelivery of
pCCR7L.

12744 TOKA ET AL. J. VIROL.



lected at 14 days postboost for primary response and at 60 days
postboost for memory response and analyzed by ELISA for
reactivity to HSV-gB antigen. In the primary immune response
a clear difference between mice coadministered pCCR7L and
mice not treated with pCCR7L was observed. Preliminary ex-
periments showed higher responses when pCCR7L was ap-
plied at both prime and boost. This option was adopted
throughout the vaccinations described in subsequent sections.
The primary IgG response in serum in all vaccinated mice,
irrespective of the protocol of immunization, differed signifi-
cantly (P � 0.05) from those in nonimmunized mice, which did
not generate antibody levels above background (Table 1). The
highest IgG concentration was observed in serum of mice im-
munized with inactivated HSV. We particularly focused on the
defense mechanisms engaged at distal mucosal sites following
i.n. immunization. Accordingly, we examined the antibody lev-
els in the genital tract of pCCR7L-treated and non-pCCR7L-
treated mice. Codelivery of pCCR7L at both prime and boost
led to a clear increase in the genital tract IgA and IgG (Table

1) compared to no pCCR7L treatment. However, the genital
tract antibody levels were lower than serum antibody levels.
Because the vaccinated animals did not develop overt patho-
logical lesions, we assumed that the antibody may have con-
tributed to virus resolution. This suggests that Ig found in the
genital tract after the primary immune response to vaccination
may participate in neutralizing infecting virus. However, IgA
levels in serum measured at the memory phase decreased
about threefold in mice immunized with rVVgB and pgB and
those coadministered pCCR7L. Even then the pCCR7L-
treated mice had at least twofold-higher levels of serum IgG
than non-pCCR7L-treated animals. Surprisingly, very little or
no antigen-specific IgA was found in the genital tract in the
memory phase. It appears that pCCR7L influenced the IgG
and IgA levels in both mucosal and systemic compartments in
the primary responses. In the studies described above we did
not directly examine the neutralizing capacity of the antibodies
generated against HSV using the described vaccination proto-
col.

FIG. 2. CD11c� DCs isolated from lungs and PBLN of pCCR7L-treated mice are capable of activating CD8� T cells from mice previously
primed with HSV. Mice were treated with pCCR7L, �-Gal, or PBS i.n., and 3 days later pCCR7L-treated mice were immunized i.n. with rVVgB.
One group was infected with rVVgB only. An IFN-� ELISPOT assay was performed to quantitate the functional capability of CD11c� DCs
originating from lungs and PBLN of pCCR7L-treated and control mice. Seven days following immunization lungs and PBLN were removed and
CD11c� DCs were prepared, purified by MACS, and incubated with splenocytes from mice primed earlier with HSV. CD11c� DCs (2 � 104) were
added to 105 splenocytes per well. (A) Spot-forming cells after stimulation with lung or PBLN CD11c� DCs; (B) IFN-� secretion by CD8� T cells
isolated from lungs of pCCR7L-treated mice upon restimulation in vitro with HSV-gB498-505. Intracellular staining for IFN-� was performed as
described in Materials and Methods.
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pCCR7L treatment modulates cellular immune responses
against HSV-1 antigen. To determine whether pCCR7L coad-
ministration affected the virus-specific CD8� T-cell function,
we investigated the capability of CD8� T cells generated in this
vaccination strategy to secrete IFN-� and their potential to lyse
HSV-gB498-505-pulsed targets. At 14 days after boosting with
pgB or pgB and pCCR7L, splenocytes and mesenteric LN
(MLN) cells were isolated and stimulated in vitro with HSV-
gB498-505 for 5 h and then stained intracellularly for IFN-� or
were stimulated with syngeneic irradiated splenocytes pulsed
with HSV-gB498-505 for 72 h in an IFN-� ELISPOT assay. Both
assays demonstrated that the T-cell population isolated from
pCCR7L-treated mice contained CD8� T cells that were ca-
pable of secreting IFN-� upon restimulation in vitro (Fig. 3).
However, in the acute immune response (Fig. 3A) the differ-
ence between mice primed with rVVgB and boosted with pgB
only and those that were coadministered pCCR7L was not as
clear as the difference in serum Ig levels, on which pCCR7L
boost codelivery appeared to have exerted a synergistic effect.
A possible explanation could be that rVVgB itself induces a
strong immune response and as such appears to overshadow
the effect of pCCR7L, at least in the primary phase. However,
the responses measured in the memory phase (Fig. 3B) dif-
fered significantly between the groups that were given
pCCR7L and the mice treated with rVVgB and pgB only (Fig.
3B). There was at least a threefold reduction in the number of
IFN-�-producing cells among immune cells isolated from mice
immunized with rVVgB and pgB only compared to the number
among cells isolated from mice in the same group but analyzed
in the primary phase. The pCCL19-coadministered mice
showed nearly a twofold reduction, and the pCCL21-coadmin-
istered mice showed only a slight decrease compared to similar
response in the same group analyzed in the primary phase.
Interestingly, memory CD8� T cells from pCCR7L-treated
mice rapidly responded to short-term ex vivo restimulation
(5-h intracellular cytokine staining assay) with HSV-gB498-505

by secreting IFN-� (Fig. 4). Therefore, it appears that pCCR7L
codelivery may give rise to functional memory CD8� T cells.

CTLs derived from pCCR7L-treated mice efficiently lyse
antigen-specific targets. The hallmark of an enhanced immune

FIG. 3. CD8� T cells isolated from mice treated with pCCR7L
have the capacity to produce more IFN-� than CD8� T cells from
non-pCCR7L-treated mice. IFN-� secretion by CD8� T cells isolated
from spleen, MLN, and genital tract was assessed by in vitro stimula-
tion with splenocytes pulsed with gB498-505 in ELISPOT assays. CD8�

T cells were examined at 14 (A; acute phase) and 60 days (B; memory
phase) after boost. Data are from a representative experiment of two
performed.

TABLE 1. pCCR7L codelivery with rVVgB and pgB influences serum and genital tract wash fluid antibody levelsa

Group

Response (ng/ml)

Primary in: Memory in:

Serum Vaginal tract wash fluid Serum Vaginal tract wash fluid

IgA IgG IgA IgG IgA IgG IgA IgG

rVVgB � pgB 47 	 12 29,138 	 1,002 24 	 2 1,869 	 213 15 	 7 3,896 	 256 NDb 569 	 49
pCCL21 � rVVgB � pgB 60 	 8 48,883 	 1,201† 57 	 12 2,188 	 121 21 	 9 5,986 	 564 ND 745 	 213
pCCL19 � rVVgB � pgB 58 	 6 54,765 	 7,753†† 87 	 16 2,371 	 446 22 	 8 5,265 	 143 ND 629 	 146
p�-Galc 19 	 1 103 	 11 13 	 5 24 	 21 0 0 ND 0
UV-HSVd 201 	 23 73,872 	 14,036††† 146 	 18 2,972 	 602 34 	 6 13,003 	 123 ND 1,092 	 97
PBS 0 28 	 19 0 29 	 18 0 0 ND 0

a Mice were immunized with rVVgB and pgB with or without codelivery of pCCR7L. Serum samples and genital tract wash fluid were collected at 14 days after boost
(primary response) and 60 days after boost (memory response). ELISA for antibody detection was performed as described in Materials and Methods. Data represent
means 	 standard deviations for four animals per group in one experiment from two performed. †, P � 0.05 in comparison to rVVgB-, �-Gal-, and PBS-treated mice;
††, P � 0.05 in comparison to rVVgB-, �-Gal-, and PBS-treated mice; †††, P � 0.05 in comparison to all groups.

b ND, not detected.
c p�-Gal, plasmid DNA encoding �-Gal.
d UV-HSV, UV-inactivated HSV.
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FIG. 4. Spleen memory CD8� T cells from pCCR7L-treated mice secreted IFN-� upon restimulation ex vivo more rapidly than CD8� T cells
from non-pCCR7L-treated mice. The cells were isolated at 60 days postboost and assayed for IFN-� production ex vivo by intracellular cytokine
staining. Spleen cells (106) were incubated in the presence of 2.5 �g of HSV-gB498-505, 50 U of IL-2, and GolgiPlug for 5 h and subsequently stained
with anti-CD8�-FITC and anti-IFN-�–phycoerythrin (PE) antibodies (except for groups treated with UV-inactivated HSV and PBS, for which
IFN-�–FITC and CD8�-PE were used). FITC-conjugated rat anti-IgG was used for the isotype control (data not shown). Cytometry and data
analysis were performed with FACScan and Cell Quest, respectively. Figures show representative data from two independent experiments.

FIG. 5. Induction of SSIEFARL-specific cytolytic activity in mice vaccinated intranasally with rVVgB with or without codelivery of pCCR7L.
Splenocytes and MLN were isolated on the 14th (primary phase) and 60th (memory phase) days postboost from vaccinated and control mice and
expanded in vitro with syngeneic irradiated splenocytes pulsed with gB498-505 (specific for MHC-I-restricted CD8� T cells) for 5 days, followed by
a 51Cr release assay using MHC-matched MC38 (mouse colon adenocarcinoma) cells pulsed with gB498-505 as the targets. Data were corrected with
the formula described in Materials and Methods. E:T ratio, effector-to-target cell ratio.
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response to an antigen is its impact on the functionality of the
effector cell population generated, e.g., the capability of CTLs
to efficiently kill the target. Accordingly, we investigated how
incorporation of pCCR7L in the immunization protocol influ-
ences the function of CTLs against targets pulsed with the
HSV immunodominant epitope. CTL activity was directed
against HSV-gB498-505, and this effector activity was associated
with the CD8� T-cell population. The CTL activity was de-
tected in cells isolated from the spleen and LN draining the
gastrointestinal tract in both the primary and memory phases
(Fig. 5). Although no ex vivo cytolytic activity could be dem-
onstrated, this function of CD8� T cells was more pronounced
in the in vitro expanded population of splenocytes isolated in
the primary phase than in that isolated in the memory phase.
We noted that in the memory phase immune responses in mice
treated with pCCL21 were slightly higher than those in mice
treated with pCCL19. However, there was a degree of variabil-
ity from animal to animal as concerns reactivity to the plasmid-

encoded chemokines. Again, the capacity to lyse targets of
CD8� T cells from mice immunized with rVVgB and pgB only
was lower than that of CD8� T cells derived from mice vacci-
nated with codelivery of pCCR7L at both prime and boost
stages. This indicates an immune-enhancing effect of pCCR7L
when coexpressed locally with antigen.

We next evaluated the CTL responses in vaccinated mice
after challenge with a lethal dose of HSV McKrae. Sixty days
after the boosting dose the female C57BL/6 mice were chal-
lenged genitally with 107 PFU of HSV McKrae/ml. This virus
dose was preliminarily determined to be lethal for C57BL/6
mice. Five days following challenge, iliac LN and spleens were
removed and T cells were isolated for CTL analysis. Whereas
the memory levels of CD8� CTL activity were lower, within 5
days of challenge high cytolytic activity was observed in mice
that received pCCRL7 coadministration (Fig. 6) compared to
that in mice vaccinated with rVVgB and pgB and controls. This
illustrates the efficacy of pCCR7L codelivery in generating a
CTL population that is capable of rapid expansion following
infection with HSV. However, the capability of CTLs to ex-
pand after infection with HSV was also a characteristic pos-
sessed by CD8� T cells from animals that were not given
pCCR7L, although these T cells had less capability than those
from pCCR7L-treated mice. Besides having high cytolytic ac-
tivity, restimulated populations of CD8� T cells isolated from
iliac LN after challenge harbored a large population of IFN-
�-secreting CD8� T cells that could rapidly respond upon
peptide stimulation at short term (Fig. 7). The IFN-� levels
observed in these CD8� T cells may suggest that the enhanced
potential to secrete IFN-� has a notable protective role against
mucosal challenge with a highly pathogenic strain of HSV.

Protection against mucosal challenge. The levels of protec-
tive immunity resulting from immunization with rVVgB and
pgB and coadministration of pCCR7L were compared to those
for a well-established approach involving immunization of live
or UV-inactivated HSV-1. Mice were immunized as described
earlier and subsequently challenged with 107 PFU of HSV
McKrae. The virologic course of primary infection was moni-
tored by isolation of virus from the genital tract wash fluids
collected at days 1 to 9 postinfection. Mean log10 titers of virus
are shown in Table 2. Nonimmunized mice displayed symp-
toms of clinical illness beginning on day 5 or 6 and usually died
by day 8. As expected no signs of illness were evident in mice
immunized with inactivated virus. Death was mainly due to
encephalitis (hunched posture and hind limb paralysis). In
such mice virus was not cleared at all. High titers were ob-
served on the third day after infection, especially in nonimmu-
nized groups. Pathological lesions were more severe in nonim-
munized mice than in mice immunized with rVVgB and pgB,
but no visible lesions could be detected in mice immunized
with inactivated virus as well as in those coadministered
pCCR7L. The survival rate (Fig. 8) was higher for the groups
receiving pCCR7L and inactivated virus than for the groups
not coadministered pCCR7L. Postchallenge anti-HSV CTL
activity (Fig. 6) was highest in mice coadministered pCCR7L.
Correspondingly, large numbers of IFN-�-producing CD8� T
cells (both in the ELISPOT assay [data not shown] and intra-
cellular cytokine staining) were detected in genital tract cell
suspension, as well as the iliac LN and spleen (Fig. 7). How-
ever, irrespective of the vaccine combination assessed, virus

FIG. 6. Postchallenge cytolytic potential of CD8� T cells isolated
from pCCR7L-immunized mice. The CTL assay was performed as
described in Materials and Methods. Cells were isolated from mice at
5 days postchallenge. This is a representative experiment of two per-
formed. E:T ratio, effector-to-target cell ratio.
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still replicated in the genital tract epithelium, indicating that no
complete prevention of infection was achieved by the vaccina-
tion, although the titers were drastically reduced in pCCR7L-
coadministered animals and those that were given inactivated
virus.

When Ig levels were assessed postchallenge, both IgA and
IgG were found to be lowest at initiation of infection, but levels
gradually increased coincident with virus resolution. This indi-
cates that gB-specific antibody-secreting cells were rapidly mo-
bilized to the genital tract following infection and possibly
participated in virus clearance. Similar data on the postchal-
lenge levels of IgA and IgG have been reported previously by
Gallichan and Rosenthal (12).

DISCUSSION

A number of studies has shown the potential of recombinant
vaccinia virus and plasmid DNA encoding various viral pro-
teins as vaccines (26, 39, 40). Appropriate combination of the
two into what is termed the heterologous prime/boost strategy
of immunization more than likely may emerge as a potential
vaccination strategy capable of controlling HSV infection. In
this study we have attempted a mucosal heterologous prime/
boost vaccination against HSV infection in mice, using plas-
mids expressing �-chemokines as molecular adjuvants. The
responses generated were protective in both primary and
memory exposure to HSV. The mechanism of immune en-

FIG. 7. Postchallenge IFN-� secretion by CD8� T cells. Sixty days after the boosting dose (memory phase) mice were synchronized with 2 mg
of medroxyprogesterone/mouse and 5 days later were infected with McKrae at 107 PFU/mouse intravaginally. Five days later mice were sacrificed
and CD8� T cells were isolated from the iliac LN and spleen. To assess IFN-� production by intracellular cytokine staining, 106 cells were
stimulated with 2.5 �g of HSV-gB498-505 for 5 h in the presence of brefeldin A and IL-2 and stained with anti-IFN-�–FITC and anti-CD8�-
phycoerythrin and then analyzed by flow cytometry. Data are representative of two independent experiments performed.

TABLE 2. Mean log10 titers of virus in the genital tract wash fluid collected each day for 9 days following challenge with 107 PFU of the
McKrae strain of HSV/mouse

Groupa
Mean log10 titer on day:

1 2 3 4 5 6 7 8 9

1 3.30 	 0.19 3.40 	 0.21 2.78 	 0.11 2.18 	 0.32 0.00 0.00 0.00 0.00 0.00
2 3.08 	 0.09 3.86 	 0.22 2.90 	 0.13 0.00 0.00 0.00 0.00 0.00 0.00
3 3.26 	 0.12 4.15 	 0.11 4.18 	 0.98 3.70 	 0.23 3.24 	 0.29 2.30 	 0.03 1.70 	 0.02 0.00 0.00
4 4.48 	 0.32 5.18 	 1.21 5.00 	 0.99 4.85 	 1.07 4.34 	 0.92 —b — — —
5 2.48 	 0.41 3.00 	 1.02 2.11 	 0.7 0.00 0.00 0.00 0.00 0.00 0.00
6 4.61 	 0.31 5.04 	 0.20 4.95 	 1.1 4.63 	 1.2 4.54 	 0.68 — — — —

a 1, rVVgB-pCCL19 plus pgB-pCCL19 at boost; 2, rVVgB-pCCL21 plus pgB-pCCL21; 3, rVVgB plus pgB; 4, vector encoding �-Gal; 5, UV-inactivated HSV-1; 6,
naive PBS.

b —, death.
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hancement appeared to be mediated by the large number of
DCs and T cells in the local environment, i.e., the respiratory
tract in particular, caused by pCCR7L overexpression. Con-
cerning the numbers of DCs our results are in line with a
recent report (23) in which it was shown that, upon intranasal
infection of mice with influenza virus, there is a rapid migra-
tion of CD11c� DCs to the PBLN lasting for only 2 days.
However, this report does not indicate whether there is accu-
mulation of CD11c� DCs in the lungs thereafter or not. It is
highly probable that, upon instillation of plasmid DNA encod-
ing the CC chemokines, there is an interaction between the
CpG motif likely constituted in the plasmid backbone and the
lung DCs through Toll-like receptor 9, facilitating high expres-
sion of CCR7 on the DCs, which in turn respond to the present
CCR7L. The effect reported might also result from induction
of other � chemokines. Jones et al. (17) have reported in-
creased expression of macrophage inflammatory protein 1�
(MIP-1�) and MIP-1� mRNA in lungs of mice following in-
fection with influenza virus. Therefore, the efficient induction
of cellular immune responses observed was presumably orches-
trated by the strong interaction of the lung DCs and T cells.

It is required that DCs migrate to T-cell areas of secondary
lymphoid organs in order to present antigen and prime naive T
cells, resulting in development of an antigen-specific adaptive
immunity (5). However, our studies show that this might not be
an absolute prerequisite since antigen presentation can take
place in nonlymphoid tissue too (2). A recent report (37) shows

that exogenously applied CCL21 and CCL19 were capable of
recruiting green fluorescent protein� CD44low T cells to non-
lymphoid tissue. In the LN the stromal cells create an environ-
ment where CCR7� naive T cells and CCR7� DCs are brought
together at local high concentration of CCL21, thus establish-
ing a physical interaction leading to T-cell activation (3). DCs
isolated from the lungs of pCCR7L-treated mice were capable
of activating CD8� T cells to produce IFN-� just as CD8� T
cells isolated from the same lungs were capable of responding
to specific peptide stimulus. This effect was observed relatively
early in the immune response, suggesting that these immune
cells acquired these capabilities within the site of immune
induction. However, irrespective of the protocol used, vacci-
nation resulted in detectable response in the distal target mu-
cosa, since antigen-specific responses could be detected in the
distal mucosa during the primary phase. It is surprising that
antigen-specific CD8� T cells appeared in the genital mucosa
at considerable levels relatively quickly after exposure to virus
challenge, i.e., 3 to 5 days postexposure, compared to their
appearance in naive animals, in which the immune response
resembled that to a primary infection. Most likely the memory
CD8� T cells do not reside exclusively in the genital mucosa
but are rapidly recruited to this site since we did not detect
these cells in the prechallenge genital tracts, i.e., 60 days post-
boost. A similar suggestion has been reported before (28, 30).
When the cellular responses in the prechallenge phase, i.e., at
60 days, were measured, cytolytic and IFN-�-producing CD8�

FIG. 8. Survival rates for pCCR7L-vaccinated and non-pCCR7L-vaccinated mice after intravaginal challenge at 60 days after boost immuni-
zation. Four mice were used per group and were synchronized by injecting 2 mg of medroxyprogesterone per mouse subcutaneously. Five days later
each mouse was anaesthetized with avertin and infected intravaginally with 107 PFU of HSV MacKrae. Each day a specimen of the genital tract
wash fluid was collected for virus titration. Mice were monitored daily for clinical illness and pathology, scored according to criteria reported by
Gallichan et al. (13) as follows: 0, no apparent infection; 1, mild inflammation of the external genitals and redness and moderate swelling of
external genitals; 3, severe redness and inflammation; 4, genital ulceration and severe inflammation; 5, hind limb paralysis and death.
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T cells could be detected in lymphoid tissue, spleen, and MLN.
The cell-mediated immune response generated against anti-
gen-specific targets is the most efficient form of immunity. The
fact that highly cytolytic CD8� T cells could be detected in the
spleen indicates the potential of mucosal vaccination to induce
systemic responses as well. A recent report (1, 38) shows that
central memory CD8� T cells that develop after antigen has
disappeared regain the capability to home to secondary lym-
phoid tissue. These memory cells are characterized by reex-
pression of CD62L and CCR7 and are highly proliferative
upon reencounter with antigen. This could explain the rapid
recall of CD8� T cells to the genital tract mucosa after chal-
lenge with HSV McKrae. What remains unexplained is the
lack of these cells within the genital mucosa in the absence of
infection. It is clear from these results that upon virus chal-
lenge immunized mice are capable of mobilizing the CD8� T
cells to the genital tract to combat the infection, indicating an
unconditional requirement for T cells in mediating protection
of the genital mucosa. Although data indicating the CD4�

T-cell contribution to protection were not included in this
report, the protective role of CD8� T cells only should not be
overstated since this activity of T cells is shared between CD4�

and CD8� T cells in HSV infection. T-cell depletion studies
(31) showed that both CD4� and CD8� T cells are involved in
vaginal mucosa immunity against HSV-2, but CD4� T cells
were more important in protection against primary infection
while CD8� T cells appeared to be of significance largely
during the memory response (27, 29). On the other hand Ha-
randi et al. (15) showed that in CD4�/� mice virus-specific
IFN-� production and delayed-type hypersensitivity responses
were impaired, which led to rapid death of CD4�/� mice upon
challenge with HSV-2. The observed effect of vaccinating with
rVVgB and pgB and codelivery of pCCR7L is consequently the
interplay between the kinetics of the resulting immune re-
sponse provided for by the enhancing effect of pCCR7L ex-
pression and the distribution accounted for by the common-
mucosa system concept, allowing homing of responding
immune cells to distal mucosa surfaces.

Our results show that ectopic expression of CCR7L at the
site of immunization enhances the immune response against
HSV, with CCR7L acting as a molecular adjuvant. This is
characterized by a high frequency of functional CD8� T cells.
Although the levels of acute immune response in both
pCCR7L-coadministered and non-pCCR7L-treated mice are
comparable, the memory responses are different, bringing into
question what CD8� T-cell-priming mechanism is engaged
upon pCCR7L coadministration. While previous work (9)
showed the efficacy of pCCR7L in studies involving DNA-only
immunization, we have extended those studies in a more ro-
bust heterologous prime/boost vaccination strategy and show
that a mucosal approach with incorporation of pCCR7L elicits
a distal mucosal memory response that is long term and capa-
ble of protecting the mice during a vaginal challenge with a
lethal dose of HSV McKrae. Also what remains to be assessed
is the precise role in this vaccination setup of CD4� T cells,
which appear to be involved in the immune response (not
shown). Whatever the mechanism employed, it appeared to
favor the development of a memory CD8� T-cell pool that is
capable of protecting the mice upon challenge with infectious
HSV.
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