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Oligodeoxynucleotides (ODN) containing unmethylated CpG motifs exert powerful adjuvant activity in vivo
and in vitro. Administered with antigen they induce a population of antigen-specific CD8* T cells. In this study
we immunized C57BL/6 mice with bioactive CpG ODN combined with an immunodominant epitope derived
from herpes simplex virus (HSV) glycoprotein B (amino acids 498 to 505; SSIEFARL) and analyzed the
magnitude and durability of the peptide-specific response. The effectiveness of the CD8* T-cell response as
measured by peptide-specific tetramers, peptide-induced intracellular gamma interferon expression, and
resistance to systemic and mucosal challenge during the acute and memory phases was compared with the
response induced by immunization with recombinant vaccinia virus encoding SSIEFARL as a minigene
(VvgB,95.505)- Confirming the reports of others, our results demonstrate that the CpG ODN-peptide approach
generates an antigen-specific CD8* T-cell population, but the frequency of CD8" T cells is lower than that
induced by VvgB,o4 50s. Nevertheless, the protection level was comparable when mice were systemically and
mucosally challenged during the acute phase. However, such responses by both groups waned with time and
were functionally less effective. Still, our results indicate that the CpG ODN-peptide immunization system

holds promise as a means of selectively inducing a CD8" T-cell response against HSV.

Several prevalent viral pathogens still lack effective vaccines:
human immunodeficiency virus and most human herpesviruses
represent examples. In such infections, T-cell-mediated immu-
nity, particularly that mediated by CD8™" cells, appears as the
dominant means of defense (24, 29, 30). Given the background
of disappointment with several conventional vaccines evalu-
ated against herpes simplex virus (HSV), novel approaches are
needed. The current focus is on DNA vaccines, since such
vaccines may act as powerful inducers of T-cell immune mech-
anisms judged crucial for infection control (8). The immuno-
genicity of DNA vaccines appears due in part to their intrinsic
adjuvant activity (8) caused by their content of unmethylated
CpG in the context of particular flanking sequences found in
the bacterial DNA that encodes the immunogen (8). Several
groups have prepared synthetic CpG motifs containing oli-
godeoxynucleotides (ODN) and shown them to act as powerful
stimulants of leukocyte function in vitro and in vivo (1, 9, 12,
13, 21, 22, 30). Most interestingly, such ODN-containing CpG
motifs exert powerful adjuvant activity when used along with
protein antigens, with responses sometimes exceeding those
achieved by Freund’s complete adjuvant (5, 17, 33). Further-
more, it appears that CpG ODN administration alone en-
hances innate immunity such that animals may resist several
infections at least for a 2- to 3-week period (6, 16, 38). More-
over, one study has shown that preadministration of CpG
ODN may result in cytotoxic T lymphocyte (CTL) responses to
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free peptide antigens given at the same site several weeks later
(19). Although published studies are few, it would seem that
immunization with CpG peptide complexes represents a valu-
able means of inducing immunity to individual epitopes recog-
nized by CD4™ or CD8" T cells.

With HSV infections, it remains unclear why some, but not
all, latently infected persons suffer periodic clinically evident
recurrences. However, from observations of the frequency and
severity of HSV lesions in human immunodeficiency virus-
positive patients, it appears that a robust CD8* T-cell response
best correlates with minimal lesions (26). Accordingly, boost-
ing CD8" T-cell responses represents a promising approach
for the management of HSV infections. Since CpG-peptide
complexes induce notable CD8* responses in some systems
(17, 25, 32, 37), this approach merits evaluation. In the mouse
system, one immunodominant CD8" peptide epitope is well
recognized (36). This is the glycoprotein B (gB),05.505 peptide
that is the target for around 90% of the CTL response gener-
ated by C57BL/6 (B6) mice following infection by HSV type 1
(HSV1) or HSV2 (4, 36). In addition, immunity to only the
gB,os.s0s peptide is sufficient to protect mice against HSV
challenge by either the systemic or mucosal routes. Previously,
studies showed that CD8*-mediated immunity was induced
against gB,o5 505 €ither by live virus infection, gB protein and
adjuvant immunization, or by the use of a recombinant vac-
cinia virus vector that expressed the gB,os.505s minigene (4, 7,
36). The latter approach induced CD8" T-cell responses that
were quantitatively and qualitatively comparable to those in-
duced by virus infection (4). In the present report, we have
immunized mice with bioactive CpG 1826 plus SSIEFARL and
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compared the magnitude and durability of the peptide epitope-
specific response at systemic and mucosal sites with those of
VvgB,og.50s immunization. Our results show a good systemic
CD8* T-cell response to CpG-gB 5505 immunization and re-
sistance to vaginal HSV challenge when measured 1 to 2 weeks
after immunization. However, when mice were infected several
weeks after immunization, animals challenged systemically and
vaginally succumbed to infection after a delay of clinical signs.
Our results are discussed in terms of additional procedures
worth pursuing to improve the duration of immunity from
CpG-peptide immunization.

MATERIALS AND METHODS

Mice. Female C57BL/6 mice (6 weeks old) were purchased from Harlan
Sprague Dawley (Indianapolis, Ind.). In conducting the research described in this
work, the investigators adhered to the Guide for the Care and Use of Laboratory
Animals, as proposed by The Committee on Care of Laboratory Animal Re-
sources, Commission on Life Sciences, National Research Council. The facilities
are fully accredited by the American Association for Accreditation of Laboratory
Animal Care.

Reagents. The CpG oligonucleotides bioactive CpG 1826 (5'-TCCATGACG
TTCCTGACGTT-3' [immunostimulatory motifs are in boldface and under-
lined]) and control CpG 1982 (5'-TCCAGGACTTCTCTCAGGTT-3") were
provided by Coley Pharmaceutical Group (Wellesley, Mass.) and had undetect-
able endotoxin levels. The peptide HSVgB (amino acids [aa] 498 to 505), peptide
SSIEFARL, and chicken egg ovalbumin (aa 257 to 264) were synthesized and
supplied by Genemed Synthesis, Inc. (South San Francisco, Calif.). The viruses
HSV-1 strain KOS, HSV-1 strain 17, and HSV-1 strain McKrae were grown on
Vero cell monolayers. The recombinant vaccinia virus encoding the minigene
SSIEFARL (VvgB,og.505) Was grown on CV1 monolayers. This virus was pro-
vided to us by S. S. Tevethia (4). All viruses were titrated and stored in aliquots
at —80°C until used. The following monoclonal antibodies (MAD) either conju-
gated with fluorescein isothiocyanate or phycoerythrin or biotinylated were pur-
chased from BD Pharmingen (San Diego, Calif.) were used for fluorescence-
activated cell sorter (FACS) staining: CD4, CD8a, CD11b, CD11c, Grl, CD22,
NKI1.1, and gamma interferon (IFN-vy). For the third color development, strepta-
vidin conjugated with peridinin chlorophyll protein was used. Major histocom-
patibility complex (MHC) class I (H2") tetramers (to measure SSIEFARL-
specific T cells) were provided to us by the National Institute of Allergy and
Infectious Diseases Tetramer Facility (Rockville, Md.).

Cell cultures and culture media. Vero (African green monkey kidney cell
line), CV1 (African green monkey kidney cell line), MC38 (H2® adenocarcino-
ma), and EMT-6 (H2¢ mammary adenocarcinoma) cell lines were cultured in
Dulbecco’s modified Eagle’s medium (MediaTech Cellgro) supplemented with
10% (vol/vol) heat-inactivated fetal bovine serum (FBS; GIBCO) and antibiotics
(100 IU of penicillin/ml and 100 IU of streptomycin/ml). Freshly isolated cells
from spleens and draining lymph nodes (DLN) were cultured in RPMI 1640
(Sigma) supplemented with 10% (vol/vol) heat-inactivated FBS, 1.5 mM L-
glutamine, 50 pM 2-mercaptoethanol, and antibiotics (100 IU of penicillin/ml
and 100 TU of streptomycin/ml).

Immunization. In all experiments, C57BL/6 mice were immunized in the hind
footpads (fp) with 100 pg of SSIEFARL combined with either 30 pg of bioactive
CpG 1826 or control CpG 1982 or with 10° PFU of VvgB,gg.50s. Cells were
harvested for further experiments from DLN (popliteal and inguinal) and from
spleens. For generation and establishment of the kinetics of immunodominant
CTL responses in DLN and spleens, mice were immunized once in the hind fp
and cells were isolated on days 3, 5, 7, 9, 12, and 14 postimmunization (p.i.). For
priming of cytotoxic peptide-specific CD8™" T cells in the spleen and DLN, mice
were immunized twice in the hind fp on days 0 and 7, and 7 days (acute phase)
or 60 days (memory phase) after the second immunization the DLN and spleens
were aseptically removed. Mice immunized with UV-inactivated HSV-1 strain
KOS (UV-HSV-1) served as a positive control, while mice immunized with
SSIEFARL peptide only were used as a negative control.

Preparation of cell suspensions. (i) Responders. Spleens and popliteal and
inguinal LN were pressed through a metal sieve and washed in RPMI 1640.
Erythrocytes from the spleen were removed by lysis with NH,CI-Tris buffer and
washed twice in RPMI 1640. After the final washing, cells were counted and the
viability was assessed by trypan blue exclusion.
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(ii) Stimulators. For in vitro restimulation of primed lymphocytes, spleen cells
from naive C57BL/6 mice were prepared and pulsed with SSIEFARL (5 pg/2 X
10°cells) for 3 h at 37°C and then irradiated with 3,000 rads.

(iii) In vitro expansion for CTLs. Cells isolated from the DLN and spleens
were mixed with cells pulsed with peptide in a 2:1 ratio, 10 U of recombinant
interleukin-2 (rIL-2)/ml was added, and they were cultured in 24-well tissue
culture plates for 5 days at 37°C with 5% CO,. Later, a °'Cr release assay was
performed.

(iv) Isolation of vaginal lymphocytes. The vaginal tracts (VT) from infected
mice were isolated and washed three times in Hanks balanced salt solution
(HBSS) supplemented with 0.5 mM EDTA (final concentration) and once in
RPMI 1640. VT were cut into small pieces and suspended in a solution of
collagenase D (Sigma) in RPMI 1640 at a concentration of 1 mg/ml and incu-
bated in an orbital shaker for 1 h at 37°C. After incubation, VT were meshed
through the metal sieve and the cells were washed once in RPMI 1640 mixed with
HBSS-EDTA in a 1:1 ratio. Finally, they were passed through a nylon-wool
column.

ELISA assay. For in vitro cytokine measurements, supernatant was collected
at 24-h increments from incubated cells. Ninety-six-well EIA/RIA plates (Costar)
were coated with 2 g of purified anti-IFN-y and IL-4 (Pharmingen) MAb per ml
in 0.1 M NaH,PO, and incubated overnight at 4°C. Then, capture antibody
solutions were removed, and plates were blocked with 3% nonfat dry milk in
phosphate-buffered saline (PBS) for 1 to 2 h in 37°C and washed with PBS
supplemented with 10% FBS and 0.05% Tween 20 (PBS-FBS-Tween) (Sigma).
After washing, culture supernatants and standards were serially diluted in PBS-
FBS-Tween and incubated for 2 to 4 h at room temperature or overnight at 4°C.
Plates were washed with PBS-FBS-Tween and overlaid with 1 pg of either
biotinylated anti-IFN-y or IL-4 MAb per ml for 1 h at room temperature and
then treated with a 1:1,000 dilution of streptavidin-conjugated horseradish per-
oxidase for 30 min at room temperature. After the final wash the cytokines were
detected by addition of ABTS substrate solution [11 mg of 2,2'-azino-bis(3-
ethylbenzthiazoline-6-sulfonic acid) in 20 ml of 0.1 M citric acid, 30 ml of 0.1 M
sodium phosphate, and 10 pl of hydroxyperoxide] (Sigma). The concentration of
cytokine was calculated with an automated enzyme-linked immunosorbent assay
(ELISA) reader (SpectraMAX 340; Molecular Devices, Sunnyvale, Calif.).

Flow cytometry. A total of 10° cells from all groups was fixed with a 1%
solution of paraformaldehyde and preincubated on ice for 5 min with anti-CD16,
anti-CD32 MAb to block Fc receptors. Then, they were washed once with
staining buffer (PBS containing 3% FBS and 0.1% sodium azide) and incubated
with the indicated MAD conjugates for 45 min at 4°C in a total volume of 100 pl
of staining buffer. After staining, cells were washed twice with staining buffer, and
double- or three-color fluorescence analysis was performed using a FACScan
flow cytometer and CellQuest software.

ICG. To enumerate the number of IFN-y-producing cells, intracellular cyto-
kine staining was performed. Freshly expanded cells from DLN and spleens were
cultured in U-bottom 96-well plates. Cells were left untreated or stimulated with
1 pg of SSIEFARL/10° cells in the presence of 1 g of brefeldin A (to facilitate
intracellular accumulation) and 50 U of rIL-2 for 5 h at 37°C with 5% CO,.
Surface staining was then performed using anti-CD8 MADb followed by intracel-
lular IFN-y (ICG) staining, with a Cytofix/Cytoperm kit (BD Pharmingen, San
Diego, Calif.) in accordance with the manufacturer’s instructions. Double- or
three-color fluorescence analysis was performed using a FACScan flow cytome-
ter and CellQuest software.

Tetramer staining. A total of 10° cells was suspended in FACS buffer and
stained for surface markers using anti-CD8 MAb and tetramers. They were
incubated for 45 min to 1 h at 4°C and washed, and double- or three-color
fluorescence analysis was performed using a FACScan flow cytometer and Cell-
Quest software.

SICr release assay. The °'Cr release assay was performed as follows. MC38
and EMT-6 target cells were pulsed with the appropriate peptide (SSIEFARL
and SIINFEKL, respectively) at 5 ug/2 X 10° cells and incubated at 37°C for 1 h.
In the last 30 min, cells were labeled with 100 wCi of >'Cr (ICN Biomedicals,
Inc.). Peptide-untreated cells and cells pulsed with SIINFEKL served as speci-
ficity controls, and EMT-6 cells pulsed with SSIEFARL peptide served as an
MHC-mismatched control. After pulsing the target with peptides and loading
with 3ICr, the cells were washed and added to effector cells at an E/T ratio of
100:1. Plates were incubated for 4 h at 37°C with 5% CO,. *'Cr released from the
lysed cells was measured in supernatant fluid, and the percent specific lysis was
determined by the following equation: [(effector release — spontaneous release)/
(total release — spontaneous release)] X 100%. The spontaneous (medium
control) release from the target cells ranged from 9 to 15% of the total release.

Protection assay for HSV-1 infection. (i) Mucosal model. C57BL/6 mice were
immunized twice in the hind fp with VvgB,o5.505, SSIEFARL combined with
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FIG. 1. Analysis of cellularity, cell types, IFN-y production, and cytotoxic ability in relation to time. C57BL/6 female mice were immunized with
a single dose of SSIEFARL or with peptide plus bioactive CpG 1826 or control CpG 1982. Cells from DLN and spleens were isolated at indicated
times after immunization. Harvested cells were counted, stained for surface markers, and analyzed in a flow cytometer. The rest of the cells were
restimulated as described in Materials and Methods and cultured in vitro for an additional 5 days, and then lytic activity against MC38 cells pulsed
with SSIEFARL was scored in standard >'Cr release assays. The data show mean specific lysis at a 50:1 effector/target ratio (n = four mice/time
point). Controls that were included and but are not shown consisted of MHC-mismatched irrelevant peptide targets. After 72 h of in vitro culture,
supernatants from each time point were collected for detection of IFN-y. Cytokine levels were determined by standard ELISA. The figure shows
results from DLN. (A) The kinetics of cellularity in DLN after single-dose immunization. (B) The increase of specific cell types in DLN of mice
immunized. (C) In vitro production of IFN-y by CD8" T cells isolated from DLN of mice immunized. (D) The kinetics of SSIEFARL-specific CTL

precursors after immunization.

bioactive CpG 1826 or control CpG 1982, UV-HSV-1, CpG alone, or SSIEF-
ARL alone or were unvaccinated. After 7 days (acute phase) or 60 days (memory
phase), mice were intravaginally challenged with 10° PFU of HSV-1 strain
McKrae/mouse. Five days before challenge, to synchronize the estrous cycle,
mice were injected subcutaneously (s.c.) with Depo-Provera (Upjohn Co.,
Kalamazoo, Mich.) at a concentration of 2 mg/mouse in 50 pl of distilled water
(dH,0). Mice were examined daily for vaginal inflammation, neurological ill-
ness, and death. Clinical severity was graded as follows: 0, no apparent infection;
1, mild inflammation of external vagina; 2, redness and moderate swelling of
external vagina; 3, severe redness and inflammation; 4, genital ulceration, severe
inflammation, hair loss of genital and surrounding tissue, paresis; and 5, death.

(ii) Zosteriform model. Zoster challenge experiments were performed as de-
scribed by Manican et al. (20). Briefly, prior to challenge, the left flank area of
the animal was shaved. The animals were anesthetized with avertin (2,2,2,-
tribromoethanol, 2-methyl-2-buthanol; Sigma) and a total of 20 scarifications
were made on an approximately 4-cm? area. To such scarification, 10 ul con-
taining 10° PFU of HSV-1 strain 17 were added and gently massaged. Animals
were inspected daily for the development of zosteriform ipsilateral lesions, gen-
eral behavior changes, encephalitis, and mortality. The severity of the lesions was
scored as follows: 1, vesicle formation; 2, local erosion and ulceration of the local
lesion; 3, mild to moderate ulceration with spreading; 4, severe ulceration, hind
limb paralysis, and encephalitis; 5, ultimate death (mice that were moribund and
hence euthanized).

Statistical analysis. The data were analyzed with Student’s 7 test.

RESULTS

Profile of in vitro immune response after vaccination.
Groups of mice were immunized in the rear fp with a single
dose of SSIEFARL peptide or with peptide plus 1826 ODN
(bioactive) or plus 1982 ODN (nonbioactive). Sample mice
were killed at intervals to quantify both cell numbers and types
present in LN and spleens as well as for evidence of peptide-
specific CD8" T-cell responses. The results shown in Fig. 1A
indicate that immunization with CpG 1826 plus SSIEFARL
caused a rapid increase in LN (but not spleen) cellularity, with
the peak effect evident at 3 days p.i. Increased cellularity per-
sisted until at least 14 days (latest time tested). The increase in
LN cellularity involved numerous cell types. Early on, dendritic
cell and CD4™" T-cell counts were most elevated over con-
trols (peptide recipients alone and control CpG 1982 plus
SSIAFARL). The peak CD8" T-cell increase was evident at 5
days p.i. (Fig. 1B). Other cell types accounting for the increase
of cellularity of LN included macrophages, neutrophils, and B
cells (data not shown).

Nonquantitative assays were used to measure the presence
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FIG. 2. Functional analysis of cells isolated from mice during acute and memory phases. C57BL/6 female mice were immunized twice with
VvgB,o5.50s 0 SSIEFARL plus CpG 1826 or CpG 1982. Mice immunized with live HSV-1 strain KOS served as a positive control, and animals
immunized with only SSIEFARL were the negative control (data not shown). Seven days (acute phase) or 60 days (memory phase) postimmu-
nization, cells from DLN and spleens were isolated and stimulated with 1 wg of SSIEFARL/10° cells in the presence of brefeldin A and 50 U of
IL-2/100 pl for 5 h. After that time, the production of IFN-y was determined by intracellular staining. The figure shows the results of analysis of
splenocytes gated on CD8" T cells. The results are representative of at least three independent experiments.

of peptide-specific CD8" T cells in both DLN and spleens.
Such responses were only detectable in mice immunized with
CpG 1826 plus SSIEFARL, and then only in DLN. Moreover,
the strongest responses as measured by the >'Cr release assay
and by peptide-induced IFN-y production from a known num-
ber of cells were evident at the time of peak DLN CD8*
cellularity (Fig. 1C and D). No IL-4 production was observed,
indicating Th1 immune response polarization. By day 12 these
responses were markedly reduced, perhaps indicating that sin-
gle-dose immunization with CpG plus SSIEFARL induced
only marginal CD8" T-cell responses that were minimally per-
sistent.

In a second series of experiments, animals were immunized
twice with peptide or peptide with bioactive or control CpG
ODN (day 0 and day 7). In addition, extra groups of animals

were immunized with recombinant vaccinia virus that ex-
pressed SSIEFARL as a minigene (VvgB,4og 505) and with live
HSV-1. Furthermore, quantitative assays of peptide-specific
CD8™ T-cell responses were used to measure DLN and splenic
responses both in the acute phase (7 days post-second immu-
nization) and memory phase (60 days post-second immuniza-
tion). The results are shown in Fig. 2 and Table 1. The follow-
ing major points are to be noted.

Firstly, positive CD8" T-cell responses (measured by tet-
ramers, peptide-induced intracellular IFN-y production)
were evident only in mice immunized with CpG 1826 plus
SSIEFARL, VvgB,ys50s, and HSV. Secondly, responses to
both CpG 1826 plus SSIEFARL and VvgB,g_s05s Were present
both in DLN and spleen, with the former having a quantita-
tively higher response (Table 1). Thirdly, the responses to

TABLE 1. Frequency of CD8*/IFNy* and CD8"/Tet" cells in DLN and spleens during the acute and memory phases postimmunization

% Cells with marker in:

Immunogen Phase DLN Spleen
CD8* IFN-y* CD8* Tet* CD8" IFN-y* CD8* Tet*
CpG 1826 + SSIEFARL Acute 4.0 39 6.0 5.8
Memory 0.7 0.7 1.1 1.0
CpG 1982 + SSIEFARL Acute <0.1 <0.1 0.4 <0.1
Memory <0.1 <0.1 <0.1 <0.1
VvgB,os_s0s Acute 1.1 1.2 13.8 13.5
Memory 0.6 0.7 4.0 4.1
HSV-1 Acute 13 1.2 8.0 7.8
Memory 0.5 0.6 2.5 2.6
SSIEFARL Acute <0.1 <0.1 <0.1 <0.1
Memory <0.1 <0.1 <0.1 <0.1
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FIG. 3. The induction of protective immunity against zoster challenge with HSV following systemic immunization. C57BL/6 female mice were
immunized twice (days 0 and 7) in the hind fp with either VvgB,og 505, SSIEFARL combined with bioactive CpG 1826 or control CpG 1982,
UV-HSV-1, CpG 1826 alone, or SSIEFARL alone or unimmunized (negative control). Seven days (acute phase) or 60 days (memory phase) after
boosting, zoster challenge experiments were performed. Animals were inspected daily for the development of zosteriform ipsilateral lesions,
general behavior changes, encephalitis, and mortality. The severity of the lesions was scored as follows: 1, vesicle formation; 2, local erosion and
ulceration of the local lesion; 3, mild to moderate ulceration with spreading; 4, severe ulceration, hind limb paralysis, and encephalitis; 5, ultimate
death (mice that were moribund and hence euthanized). The figure shows the results for mice immunized with VvgB,gs.50s, CpG 1826 plus
SSIEFARL, or CpG 1982 plus SSIEFARL and nonimmunized mice. (A) Clinical scores and survival rate of C57BL/6 mice systemically challenged
during the acute phase. a = significantly different from values obtained for mice immunized with control CpG 1982 plus SSIEFARL and
unimmunized mice (negative control) (P < 0.01). (B) Clinical scores and survival rates of C57BL/6 mice systemically challenged during the memory
phase. b = not significantly different from values obtained for mice immunized with control CpG 1982 plus SSIEFARL and unimmunized mice

(negative control) (P > 0.05).

VvgB,o5.505s Were twofold higher than those to CpG 1826 plus
SSIEFARL in the acute phase. Moreover, responses measur-
able by either tetramers or ICG were similar, indicating that
both forms of vaccination yielded functionally equivalent pep-
tide-specific CD8* responses. Fourthly, markedly different
quantitative responses to VvgB,oss0s and CpG 1826 plus
SSIEFARL were evident in the memory phase. In both groups,
responses were significantly reduced compared to those in the
acute phase. The response to CpG 1826 plus SSIEFARL de-
creased 5-fold, whereas in the VvgB,og 50s-immunized group
the decrease was 3.3-fold in the spleen and 2-fold in DLN.
Responses measurable both by tetramers and ICG to CpG
1826 plus SSIEFARL and VvgB,q.50s at the memory phase
were approximately equal, indicating no functional difference
in the memory population resulting from CpG 1826-plus-
SSIEFARL or VvgB,og.50s immunization (Table 1).
Resistance to challenge by immunized mice. Mice were im-
munized via the fp on days 0 and 7 with the vaccine prepara-

tions described previously. In addition, groups of mice were
vaccinated with UV-HSV-1 or ODN 1826 alone without pep-
tide or were unvaccinated. Animals were challenged both in
the acute phase (7 days post-second immunization) or memory
phase (60 days post-second immunization) by either the sys-
temic or mucosal routes with five and three times the 50%
lethal dose, respectively. Following systemic challenge, high
levels of resistance were evident in animals immunized with
CpG 1826 plus SSIEFARL, VvgB, 95 505, or UV-HSV-1. None
of the animals developed clinically apparent lesions (scores
ranged from 0 to <1), and the survival rates were 77% in mice
immunized with bioactive CpG 1826 plus SSIEFARL, 90% in
animals immunized with VvgB,oq 505, and 100% in the UV-
HSV-1-immunized group (data not shown). Even mice that
died of encephalitis did not show any skin lesions, in contrast
to control animals. Animals immunized with free peptide, con-
trol CpG 1982 plus SSIEFARL, or even CpG 1826 alone
without peptide failed to resist challenge (data not shown). All



VoL. 76, 2002

CpG-SSIEFARL PROTECTION AGAINST HSV CHALLENGE 6573

Mucosal model

(A) ;- Acute phase 100- Acute phase
4- 80+
3 60~
—
0 X
92' ~ 40-
o 2
3] ©
N - a = 90-
© ®
.go -2 0
£ 0
:= 5.| Memory phase gloo— Memory phase
(B)o 77
4- 80~
3 60
2- c 40-]
1- 20
0_ ¥ T T 1] 0 1
0 2 4 6 8 10 12 0 5 10 15

Time post challenge (days)

—®— CpG 1826 + SSIEFARL
—0O— CpG 1982 + SSIEFARL

° VVGB 55505

—4&— Negative control

FIG. 4. The induction of protective immunity against vaginal challenge with HSV following systemic immunization. C57BL/6 female mice were
immunized twice (days 0 and 7) in the hind fp with either VvgB,og 505, SSIEFARL combined with bioactive CpG 1826 or control CpG 1982,
UV-HSV-1, CpG 1826 alone, or SSIEFARL alone or were unimmunized (negative control). Seven days (acute phase) or 60 days (memory phase)
after boosting, mice were intravaginally challenged with 10° PFU of HSV-1 strain McKrae/mouse. Depo-Provera (2 mg/mouse in 50 pl of dH,0)
was injected s.c. 5 days before challenge to synchronize the estrous cycle. Mice were examined daily for vaginal inflammation, neurologic illness,
and death. Clinical severity was graded as follows: 0, no apparent infection; 1, mild inflammation of external vagina; 2, redness and moderate
swelling of external vagina; 3, severe redness and inflammation; 4, genital ulceration, severe inflammation, hair loss of genital and surrounding
tissue, paresis; 5, death. The figure shows the results from mice immunized with VvgB,os 505, CpG 1826 plus SSIEFARL, or CpG 1982 plus
SSIEFARL and nonimmunized mice. (A) Clinical scores and survival rate of C57BL/6 mice intravaginally challenged during acute phase. a =
significantly different from values obtained for mice immunized with control CpG 1982 plus SSIEFARL and unimmunized mice (negative control)
P < 0.01. (B) Clinical scores and survival rate of C57BL/6 mice intravaginally challenged during memory phase. b = significantly different from
values obtained for mice immunized with control CpG 1982 plus SSIEFARL (P < 0.05); ¢ = not significantly different from values obtained for
unimmunized mice (negative control) (P > 0.05); d = not significantly different from values obtained for mice immunized with control CpG 1982
plus SSIEFARL and unimmunized mice (negative control) (P > 0.05).

developed skin lesions, and levels of mortality were similar to
that in unvaccinated mice (Fig. 3).

Impressive levels of immunity to vaginal challenge in the
acute phase were also evident after immunization with CpG
1826 plus SSIEFARL, VvgB,os.s0s (Fig. 4), or UV-HSV-1
(data not shown). In these experiments, the level of immunity
induced by immunization with CpG 1826 plus SSIEFARL ap-
peared comparable to that engendered by VvgB,os 505 immu-
nization. Accordingly, in contrast to unimmunized or peptide-
immunized animals, vaginal challenge of animals immunized
with bioactive CpG 1826 plus SSIEFARL or VvgB,gs.505 T€-
sulted in no clinical lesions, and 100 and 92% of animals
survived challenge, respectively. In such experiments, control
animals, including those immunized with CpG 1826 but with-
out peptide (data not shown), all developed severe vaginal
lesions following challenge and >90% died after developing
encephalitis (Fig. 4).

Whereas immunization with CpG 1826 plus SSIEFARL pro-

vided a potent protection against systemic or mucosal chal-
lenge in the acute phase, in the memory phase animals were
less resistant to challenge (Fig. 3 and 4). Moreover, immunity
was more persistent in the VvgB,og_50s-immunized mice than
in those immunized with CpG 1826 plus SSIEFARL. For in-
stance, following systemic challenge of the CpG 1826 plus
SSIEFARL-immunized animals at 60 days p.i., 100% suc-
cumbed to encephalitis. The average day of death was delayed
by 1 day compared with that in control groups. For compari-
son, 60% of the VvgB,o5 sos-immunized animals developed
encephalitis and the average day of death was delayed by 3
days.

In the mucosal model, groups of mice infected during the
memory phase succumbed to the infection, but the disease in
the VvgB,ogs0s and bioactive CpG 1826 plus SSIEFARL
groups was mild compared to that in control mice (clinical
scores, 1.5 and 2.5, respectively), with survival rates of 62 and
54%, respectively. The onset of death in both groups was
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FIG. 5. Infiltration of antigen-specific cells to the VT following intravaginal challenge with HSV. C57BL/6 female mice were twice immunized
(days 0 and 7) in the hind fp with VvgB,gs50s or SSIEFARL combined with bioactive CpG 1826 or control CpG 1982 or were unimmunized
(negative control). Seven days (acute phase) or 60 days (memory phase) after boosting, mice were intravaginally challenged with 10° PFU of HSV-1
strain McKrae/mouse. Depo-Provera (2 mg/mouse in 50 wl of dH,O) was injected s.c. 5 days before challenge to synchronize the estrous cycle. At
days 2 and 5 postchallenge, lymphocytes were isolated from VTs as described in Materials and Methods. Isolated cells were stained with tetramer
to determine antigen specificity. (A) Infiltration of antigen-specific cells to the VT 2 days postchallenge during the acute phase. The figure shows
analysis of an enriched population of lymphocytes gated on CD8" T cells. (B) Infiltration of antigen-specific cells to the VT 2 days and 5 days

postchallenge (p.c.) during the acute and memory phases.

delayed compared to that in control groups, in which disease
developed rapidly and with full clinical signs. Such results in-
dicate that, whereas the CpG 1826 plus SSIEFARL immuni-
zation approach does induce a protective CD8" T-cell re-
sponse that functions both systemically and mucosally, the
duration of protective immunity is brief.

Since it was somewhat surprising to observe mucosal immu-
nity after systemic immunization with bioactive CpG 1826 plus
SSIEFARL, vaginal tissues were isolated in both the acute and
memory phase to determine if antigen-specific CD8" cells
were demonstrable in tissue prior to or soon after challenge.
Using tetramer staining, the epitope specificity of the infiltrat-
ing CD8" T cells was determined. Analysis of tissue revealed
no such cells prior to challenge during both the acute and
memory phases. However, by 2 days postchallenge in the acute
phase, peptide-specific CD8" T cells were present. Such cells
were more abundant in VvgB,gs 5os-immunized animals than
in animals immunized with CpG 1826 plus SSIEFARL. By 5
days, cell numbers had increased in both groups of animals and
such cells were also present in low numbers in control animals.
In the memory phase, peptide-specific CD8™ cells could not be

demonstrated at 2 days in animals immunized with either
VvgB 95505 0 CpG 1826 plus SSIEFARL. Once again, how-
ever, cells were present at 5 days, although they were less
numerous than at the acute phase. These results are expressed
in Fig. 5.

DISCUSSION

The present study assesses the efficacy of systemic immuni-
zation of mice with immunostimulatory CpG ODN mixed with
the peptide (gB.os.505) that represents the epitope recognized
by C57BL/6 mice exposed to HSV. The CpG-peptide immuno-
gen was compared to a recombinant vaccinia virus vector that
encoded gB,ys.505 as @ minigene as well as to other control
immunogens. Whereas a single intradermal immunization led
to only a fleeting CD8" T-cell response confined to the DLN,
two immunizations 1 week apart induced notable specific
CD8™" T-cell responses detectable in both local and distal lym-
phoid tissue. As measured by tetramers, as well as ICG, the
CpG-peptide-induced responses were around 50% of those
occurring after immunization with VvgB,oq 50s. However, the
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CpG peptide-induced responses were sufficient to protect
against systemic and mucosal HSV challenge at least in the
acute phase. In contrast, whereas VvgB 45 5os-immunized mice
still showed significant resistance to mucosal challenge 60 days
p.i., most CpG-immunized mice succumbed to such a challenge
at this time. Accordingly, our results confirm the observations
of others (25, 35) that CpG-peptide mixtures can induce CD8™
T-cell immunity, but at least in the HSV system levels of
functional immunity lack the potency of immunization by the
VvgB,og.505 System.

Many observations have shown that CpG ODN act as excel-
lent adjuvants in mice for numerous protein antigens (17, 18,
23, 28, 31). In addition, slightly different formulations of CpG
ODN also appear as promising adjuvants in primate systems
(3, 9), making it likely that these adjuvants, which have mini-
mal toxicity, will be acceptable for human use (10). In the
present report, we elected to investigate the value of CpG
ODN along with a peptide that represents the immunodomi-
nant epitope recognized by B6 mice after infection with HSV
(4, 36). The approach was chosen since studies in humans
indicate that the CD8" T-cell aspect of immunity may be
principally involved in limiting the severity of recurrent HSV
lesions (15, 26, 27). Accordingly, vaccines that can selectively
enhance functionally relevant CD8" T-cell responses hold
promise as therapeutic vaccines. This concept can only be
tested in animal models, however; although CD8" peptide
epitope targets in humans are beginning to be identified (14),
immunization with such peptides is not under consideration at
present.

Our results demonstrate that CpG-peptide immunization
does induce CD8" T-cell responses against an immunodomi-
nant epitope, supporting the work of two previous groups that
used different systems (7, 35). The previous reports did not
compare the effectiveness of CpG-peptide immunization with
other approaches, nor in fact was the duration of the immune
responses addressed. Both issues were addressed in this report.
Our findings show that the CpG-peptide approach, as currently
used, lacked the potency of a VvgB,gs 505 immunization sys-
tem. This applies to the magnitude of the CD8* T-cell re-
sponse induced and especially to the level of protection against
mucosal challenge in the memory phase. The suboptimal im-
munogenic activity of the CpG-peptide combination could
have several explanations. In part, it may relate to the need for
both the CpG adjuvant and the cognate peptide to coengage
the inducing antigen-presenting cells and responder T cells in
lymphoid tissue. Thus, in some systems, incorporating CpG
antigen mixtures in alum gels (10) or even covalently linking
antigens to CpG ODN results in superior immunogenicity (34).
The influence on immunity of physical association within gels
of CpG and the gB,o4.505 peptide is currently being evaluated
in our laboratory.

An alternative explanation for the suboptimal immunoge-
nicity of CpG-peptide may be that the CD8* T-cell response to
the gB,ogs.505 peptide is helper cell dependent. Such helper cell
effects might be supplied in part by the vaccinia virus vector
system, since a CD4" T-cell response to multiple vaccinia
proteins will be occurring simultaneously in lymphoid tissue.
This could explain the greater magnitude of the VvgB,og 505
response. Bioactive CpG ODN are well known to induce an-
tigen-presenting dendritic cells to become mature and express
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molecules deemed essential for superior antigen presentation
(2, 11, 12, 30, 31). Indeed, in at least some situations the CpG
adjuvant is advocated to replace the need for help mediated,
for example, by the CD40-CD40L interaction (32, 37). Curi-
ously, the only previous study that investigated CpG as an
adjuvant in any herpesvirus system used the gB protein of HSV
given along with CpG (7). In this instance, the CTL response,
measured by a standard >'Cr release assay, was induced very
moderately and was even below the level of detection in some
animals. Using CpG along with gB protein, they also induced
production of neutralizing antibody and generation of CD4™ T
cells, and so it was not clear which component was responsible
for protection. In our studies, all acquired immunity would
seem to be attributed to CD8"* T-cell function. We clearly
show that the antigen-specific CD8" T-cell induction with
functional ability in spleen and DLN followed immuniza-
tion with VvgB,ys.505s and bioactive CpG 1826 along with
SSIEFARL. This immunization induced both primary and
memory CTL responses directed against this epitope. The dif-
ference between our results and those of Rosenthal’s group
can be explained by using different methods of immunization.
Thus, immunization with CpG alone, which in some situations
nonspecifically protects animals against a variety of pathogens
(6, 16, 38), failed to protect against mucosal challenge by HSV.
Following systemic immunization with VvgB o5 505 and bioac-
tive CpG along with the CD8 epitope, we demonstrated a
significant reduction of disease severity following mucosal
HSV challenge in both the acute and memory phases. Al-
though mortality occurred during the memory phase, the onset
and deaths were delayed. Furthermore, CD8" T cells that
produced IFN-y upon peptide stimulation were directly de-
monstrable in vaginal tissue in the acute phase soon after
challenge with HSV. Our results suggest the possibility that the
epitope-specific CTLs limit HSV replication at the initial site
of infection and thus prevent viral dissemination. These find-
ings indicate the importance of CD8" T cells in the control of
HSV infection.

In conclusion, our results indicate that the CpG-peptide
immunization system holds promise as a means of selectively
inducing a CD8" T-cell response against HSV. Further ma-
nipulations are required to make the approach achieve maxi-
mal efficacy. Such studies are currently under way in our lab-
oratory.
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