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Recently, prokaryotic DNAs containing unmethylated CpG motifs have been shown to be intrinsically im-
munostimulatory both in vitro and in vivo, tending to promote Th1-like responses. In contrast, CpG dinucle-
otides in mammalian DNAs are extensively methylated on cytosines and hence immunologically inert. Since the
herpes simplex virus (HSV) genome is unmethylated and G�C rich, we predicted that CpG motifs would be
highly prevalent in the HSV genome; hence, we examined the immunostimulatory potential of purified HSV
DNA in vitro and in vivo. Mouse splenocyte cultures treated with HSV DNA or HSV-derived oligodeoxyribo-
nucleotides (ODNs) showed strong proliferative responses and production of inflammatory cytokines (gamma
interferon [IFN-�], tumor necrosis factor [TNF], and interleukin-6 [IL-6]) in vitro, whereas splenocytes
treated with mammalian CV-1 DNA or non-CpG ODN did not. After immunization with ovalbumin (OVA),
only splenocytes from mice immunized with HSV DNA or HSV-ODN as the adjuvants proliferated strongly and
produced typical Th1 responses, including CD8� cytotoxic T-lymphocyte responses, upon restimulation with
OVA. Furthermore, HSV-ODN synergized with IFN-� to induce nitric oxide (NO), IL-6, and TNF production
from macrophages. These results demonstrate that HSV DNA and HSV-ODN are immunostimulatory, driving
potent Th1 responses both in vitro and in vivo. Considering that HSV DNA has been found to persist in
nonneuronal cells, these results fuel speculation that HSV DNA might play a role in pathogenesis, in partic-
ular, in diseases like herpes stromal keratitis (HSK) that involve chronic inflammatory responses in the ab-
sence of virus or viral antigens.

Historically, DNA has been viewed as immunologically in-
ert. However, numerous recent studies have established that
bacterial, but not mammalian, DNAs can activate both innate
and adaptive immune responses. This indicates that the verte-
brate immune system has evolved to discriminate basic struc-
tural differences between invertebrate and mammalian DNAs
(27, 62). The motifs that mediate immunostimulation and dis-
crimination of bacterial DNAs have been identified in Esche-
richia coli DNA as nonmethylated CpG dinucleotides flanked
by specific bases (32). CpG dinucleotides are present at 25% of
the expected frequency in mammalian DNA, and when they
occur, they are invariably methylated on cytosines and usually
flanked by bases that constitute immune-neutralizing rather
immunostimulatory motifs (6, 31) Nonmethylated CpG DNA
induces direct activation of professional antigen-presenting
cells (APCs), including dendritic cells, macrophages, and B
cells, but not T cells. CpG DNA upregulates expression of
major histocompatibility complex (MHC) class II and costimu-
latory molecules (e.g., B7-1 and B7-2), induces cytokine pro-
duction by macrophages and DCs, and additionally promotes
polyclonal activation of B cells (26, 30, 32), but it does not
directly activate T cells (27). Synthetic oligodeoxyribonucleoti-
des (ODNs) containing unmethylated consensus CpG motifs
can mimic immunostimulatory bacterial DNAs, and, remark-
ably, a single nucleotide change as in the case of GpC or
methylation of the cytosine within the CpG motif is sufficient

to abolish immunostimulatory activity (36, 37). It is now estab-
lished that innate defense mechanisms are triggered by host
reactions to pathogen-associated molecular patterns that dis-
tinguish infectious entities from the host itself and additionally
discriminate among different invading pathogens (3, 41). Sev-
eral studies have implicated members of the Toll-like receptor
(TLR) family (originally identified in Drosophila) as the recep-
tors for pathogen-associated molecular patterns. Thus, TLR4
and TLR2 react to lipopolysaccharides (LPS) in gram-negative
bacteria and peptidoglycans and lipopeptides in gram-positive
bacteria, respectively. Hemmi et al. (18) recently demonstrated
that cells from TLR9-deficient mice fail to respond to CpG
DNA but remain fully responsive to bacterial LPS. In contrast,
inactivation of TLR4 blocked responses to LPS but not CpG
DNA (22). These results show that unmethylated CpG motifs
in bacterial DNAs are yet another molecular pattern for which
specific reactions via TLR9 trigger innate immune responses
(2, 13). Although human TLR9 also reacts to nonmethylated
CpG DNAs, mouse TLR9 does not react to optimal CpG
motifs for human TLR9 and vice versa, which suggests that
evolutionary divergence between TLR9 molecules determines
species-specific reaction to foreign DNAs (16, 58).

Although bacterial DNAs elicit the most potent responses,
mammalian cells also react to Saccharomyces cerevisiae, nem-
atode, insect, and viral genomic DNAs but, remarkably, mam-
malian DNA is relatively inert even when unmethylated (2). To
date, there is no evidence for a role of viral CpG-containing
genomes in virus infections as most published studies have
reported on the adjuvant effects of CpG motifs in viral vectors
deployed in DNA vaccination strategies (33). However, con-
sidering that TLR4 and CD14 mediate innate responses to
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respiratory syncytial virus (17) and that vaccinia virus encodes
agonists specific for host TLR and IL-1 signaling (7), it would
be surprising if TLR9 signaling were not involved in the host
response to infection with DNA viruses. We report here that
herpesvirus genomic DNAs show considerable variation in the
frequencies of immunostimulatory CpG motifs; for example,
CpG motifs were profoundly suppressed in the gammaherpes-
viruses Epstein-Barr virus (EBV) and herpesvirus saimiri
(HVS) compared to alphaherpesviruses such as herpes simplex
virus (HSV), in which CpG motifs were relatively enriched.
Furthermore, we showed that HSV genomic DNA and CpG-
containing ODNs derived therefrom are potent immune re-
sponse activators both in vitro and in vivo. Considering the
intrinsic immunostimulatory capacity of HSV DNA and its
tendency to persist in a variety of tissues besides latently in-
fected neurons, we speculate that in addition to initiating host
innate responses, HSV DNA might be involved in the patho-
genesis of HSV disease.

MATERIALS AND METHODS

Mice. C57BL/6 female mice purchased from Taconic Inc. (Germantown, N.Y.)
were maintained in the COH vivarium and used when they were 8 to 10 weeks
of age.

Computer-based scans of herpesvirus genomes for stimulatory and inhibitory
CpG motifs. Inhibitory CpG motifs that neutralize stimulation by CpG motifs in
cis and trans have recently been identified in the genomes of adenovirus sero-
types 2 and 5 but not serotype 12 (31). We used computer-assisted scans of
selected herpesvirus and adenovirus genomes to determine frequencies for stim-
ulatory and inhibitory CpG motifs. Published consensus hexamer sequences for
stimulatory and inhibitory CpG motifs defined for E. coli and adenovirus DNAs,
respectively, were used in this analysis. We derived a CpG index designed to
facilitate comparison of immunostimulatory potentials regardless of genome
size, G�C content, and overall CpG suppression; this was not done in a prior
study with adenoviruses (31). The actual frequencies of stimulatory and inhibi-
tory motifs relative to the respective theoretical frequencies (as determined on
the basis of genomic G�C content) were used to calculate a ratio of stimulatory
to inhibitory motifs (e.g., for HSV type 1 [HSV-1], 1.049/0.948 � 1.107). This
value was multiplied by the total number of CpG motifs found in the genome and
then normalized to a 100-kb-sized genome to allow comparisons between dif-
ferent viruses.

DNA and ODNs. HSV-1 DNA was prepared from virions isolated from CV-1
cells infected with HSV-1 strain F, McKrae, or KOS at low multiplicity of
infection of 0.1 PFU/cell. When �90% of the cells showed cytopathic effects
(usually by day 3 postinfection), cell cultures were harvested by gentle tapping of
the flask to dislodge the cells that were then pelleted by low-speed centrifugation.
The culture medium containing released extracellular virions was stored at 4°C,
and the cell pellet was washed in ice-cold phosphate-buffered saline (PBS) in a
15-ml conical centrifuge tube. The cells were resuspended by vortexing in cold
reticulocyte standard buffer buffer (10 mM Tris-HCl [pH 7.4], 10 mM KCl, 1.5
mM MgCl2) containing 0.5% NP-40, placed on ice for 5 min, and then vortexed
again to promote lysis of the plasma membrane while preserving the nuclei
intact. This procedure facilitated isolation of cytoplasmic virions relatively free of
contamination with cellular DNA. Nuclei were pelleted by centrifugation at
800 � g and 4°C for 10 min, and the supernatant was combined with medium
supernatant. The nuclei were washed with cold reticulocyte standard buffer by
centrifugation, and the wash supernatant was combined with the medium. Viri-
ons in the supernatant medium were pelleted by centrifugation for 1 h at 25,000
rpm in a Ti60 rotor and a Beckman ultracentrifuge. The virus pellet was resus-
pended in 0.8 ml of 10 mM Tris-HCl (pH 8.4)–10 mM MgCl2. Contaminating
cellular nucleic acids were removed by digestion for 2 h at 37°C with DNase I
(200 �g/ml) and a mixture of RNase A plus T1. Virion DNA was released by
overnight incubation at 37°C with an equal volume of 2� lysis buffer (0.8 M
NaCl, 10 mM Tris-HCl [pH 8], 200 mM EDTA, 1% sodium dodecyl sulfate, 200
�g of proteinase K/ml). HSV-1 virion DNA was extracted twice with an equal
volume of phenol-chloroform (1:1 [vol/vol]) equilibrated with Tris-HCl (pH 7.5)
and twice with chloroform-isoamyl alcohol (24:1) before the DNA was precipi-
tated with a 2.5 volume of 95% ethanol chilled to �20°C. The DNA recovered
by centrifugation was rinsed once with 70% ethanol and dissolved in 10 mM

Tris-HCl–1 mM EDTA (pH 7.5) (TE buffer) prepared in pyrogen-free glass-
distilled water. DNA concentrations were determined spectrophotometrically
(optical density at 260 nm of 1 � 50 �g/ml; 260/280 ratio � 1.75 and � 2.0). DNA
quality was assessed by agarose gel electrophoresis of intact and BamHI-digested
DNA (5 �g) in a 0.8% Tris-acetate-EDTA-agarose gel.

CV-1 cell DNA was prepared similarly except that cellular DNA was extracted
from the nuclear pellet and commercially obtained E. coli DNA (Sigma, St.
Louis, Mo.) was further purified by phenol-chloroform extraction followed by
extraction with Triton X-114 to remove residual contaminating LPS. Unmodified
ODNs and ODNs with terminal phosphorothioate (PT) linkages (two at the 5�
end and three at the 3� end) (PT-ODN) to protect against nuclease degradation
were either synthesized at the DNA Synthesis Core Facility or were obtained
commercially (MWG Inc., Ebersberg, Germany). The purity of the ODNs was
verified by matrix-assisted laser desorption ionization–time of flight (mass spec-
trometry). All DNAs were tested (using a Limulus amebocyte assay [BioWhit-
taker, Walkersville, Md.]) for contaminating endotoxins; endotoxin levels were
�10 ng/mg for E. coli, CV-1, and HSV-1 DNAs and �1 ng/mg for synthetic
ODNs.

In vitro stimulation of mouse spleen cell cultures with CpG DNA. HSV-1
DNA and ODNs containing consensus CpG motifs derived from the gD and
ICP27 genes were tested for their ability to induce proliferation and cytokine
production in spleen cell cultures to determine immunostimulatory activity. E.
coli DNA and a previously described CpG ODN containing two immunostimu-
latory CpG motifs were used as positive controls (46). CV-1 DNA and an ODN
with a sequence identical to that of the CpG ODN but with an ApC or GpC
substituting for CpG were used as negative controls. The sequences of the ODNs
are given in Table 1. Spleens were removed from 6- to 8-week-old female
C57BL/6 mice (Taconic), and splenocytes prepared from mechanically dissoci-
ated spleens (15) were grown in cultures with various concentrations of DNA or
ODNs in RPMI 1640 supplemented with 10% fetal bovine serum (FBS), 50 �M
2-mercaptoethanol, 10 mM HEPES, 4 mM glutamine, 10 U of penicillin/ml, and
20 �g of streptomycin/ml (cRPMI-10). Cultures were tested for proliferation
after 24 h and for cytokine production by a standard enzyme-linked immunosor-
bent assay (ELISA) or enzyme-linked immunospot (ELISPOT) assay after 40 h
or by reverse transcriptase PCR after 72 h.

CpG DNA stimulation of macrophage cell cultures. Peritoneal exudate mac-
rophages were obtained by lavage of the peritoneal cavity of normal C57BL/6
mice with 10 ml of Hanks balanced salt solution. After washing, the cells were
adhered in 24-well dishes overnight and nonadherent cells were discarded to give
a relatively pure (�95%) culture of macrophages. To obtain bone marrow (BM)
macrophages, mice were sacrificed, their femurs were isolated, and BM was
flushed out with 3 ml of cRMPI 1640 medium supplemented with 10% low-
endotoxin FBS. The cell suspension was dispersed by repeated pipetting and then
passed through a cell strainer to remove large cellular aggregates. To obtain
macrophage cultures, the cells were plated at a density of 106 cells/well (in a
24-well dish) in cRPMI-10 supplemented with 10% granulocyte-macrophage
colony-stimulating factor and 50 �M 2-mercaptoethanol and the cultures were
fed with fresh medium every 48 h. On day 8 the cells were used to assess CpG
DNA effects. Primary macrophage cultures were CD11b�, CD11c�, and F4/80�,
and purity was estimated by FACS analysis to be �92%. The cultures were fed
with medium without granulocyte-macrophage colony-stimulating factor but sup-

TABLE 1. Oligonucleotides containing immunoregulatory
CpG motifs

ODNa Sequenceb

nCpG atAATAGAGCTTCAAGCaag
CpG atAATCGACGTTCAAGCaag
gD caTACCGGAACGCACCACaca
ICP27 gcCGTGCACGTACGGGGGggc

a HSV-derived ODNs were from the indicated HSV genes.
b Stimulatory CpG motifs are boxed, and inhibitory CpG motifs (NCCGNN

and NNCGRN) are singly underlined. The control ODN (nCpG) is similar to
CpG except that the stimulatory motifs have been eliminated (a second control
ODN in which the CpG motifs were reversed to GpC at both locations without
other sequence changes resulted in responses similar to those of the nCpG ODN
[data not shown]). The guanosine run in ICP27 is marked in bold. When 5�- and
3�-terminally modified PT oligonucleotides were used, the backbone linkages
indicated in lowercase letters were substituted and the names have been hyphen-
ated with PT (e.g., ICP27-PT). The sequences for the control nCpG and CpG
oligonucleotides are from reference 46.
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plemented with 10 U of gamma interferon (IFN-	)/ml, and the following day
CpG ODNs were added to the cultures at 1 to 3 mM final concentration.

The macrophage cell line RAW 264.7 (American Type Culture Collection,
Manassas, Va.) was plated at a density of 3.5 � 105 cells/well (in a 48-well dish)
in Dulbecco’s minimal essential medium supplemented with 10% low-endotoxin
FBS, 4 mM glutamine, and HEPES. The following day, cultures were fed with
550 �l of fresh medium supplemented with CpG ODN (1 to 3 �M) and IFN-	
(5 U/ml) or (as a positive control) purified LPS (10 to 100 ng/ml) (E. coli
0127:B8; Sigma). After 24 h, macrophage culture supernatants were assayed
(using a Greiss reaction) for NO and (using a standard ELISA) for TNF and
IL-6.

Determination of NO levels in macrophage cultures. NO levels in culture
supernatants were determined (using Greiss reagent: 1% sulfanilamide, 0.1%
N-[1-napthyl]ethylenediamine dihydrochloride, 2.1% phosphoric acid) as nitrite
concentration levels and quantitated by comparison to a standard curve gener-
ated using sodium nitrate (53). Briefly, a 100-�l aliquot of medium from the
macrophage cultures was mixed with an equal volume of Greiss reagent. After 5
min at room temperature, absorbance was read at 540 nm. The data presented
are averages of results for triplicate cultures 
 standard errors of the means and
are representative of three to six experiments.

CpG DNA as the adjuvant for immunization of mice with OVA. Female 8- to
10-week-old C57BL/6 mice (two mice per group) were immunized with ovalbu-
min (OVA) (50 �g/site) emulsified in mineral oil, namely, incomplete or com-
plete Freund’s adjuvant (IFA or CFA, respectively) with or without DNA (50 �g/
site) or ODN (25 �g/site). Deeply anesthetized (ketamine-xylazine) mice were
injected subcutaneously in the upper flank of each leg with 100 �l of the different
OVA formulations (55). All ODN preparations contained �1 ng of endotox-
in/mg of DNA, and CV-1 DNAs contained �10 ng of endotoxin/mg of DNA as
determined using the Limulus amebocyte assay (BioWhittaker). At 12 days after
immunization, mice were sacrificed, the draining lymph nodes (dLN) and spleens
were removed, and single-cell suspension cultures were prepared and used for
proliferation and cytokine production assays. Serum was collected for determi-
nation of antibody levels.

In vitro proliferation and cytokine production by T cells from OVA-immu-
nized mice. Splenocytes or dLN cells were cultured in 96-well round-bottom
plates (5 � 105 cells in 0.2 ml of medium; three to six replicates) with (i) medium
alone, (ii) concanavalin A (ConA) at 10 �g/ml, or (iii) OVA at 100 �g/ml. After
72 h, each well was pulsed with 1 �Ci of [3H]TdR and tritium incorporation into
DNA was measured 16 h later. Results were expressed either as counts per
minute of incorporation into DNA or as the stimulation index by comparison to
cells with medium alone.

A standard ELISA or ELISPOT assay was used to measure cytokine levels.
Cytokine-specific ELISPOT assays were done according to a protocol supplied
by Rafi Ahmed (Emory Vaccine Center, Atlanta, Ga.) Briefly, responder spleen
cells from immunized C57BL/6 mice (H2b) were cultured with medium alone,
ConA, OVA, or the OVA peptide SIINFEKL (to which class I MHC-restricted
CD8� cytotoxic T lymphocyte [CTL] reacts), presented on EL4 (H2b) cells or
EMT-6 (H2d) cells at effector-to-target cell ratios of 50:1, 10:1, 2:1, and 0.4:1 in
a 96-well Millipore HA filter plate coated with 2 �g of anti-IFN-	 monoclonal
antibody (MAB 78; R&D Systems, Minneapolis, Minn.)/ml. Syngeneic spleen
cells from nonimmunized mice were added to the cultures to maintain cell
density between 5 � 105 and 6 � 105 cells/well, and IL-2 was added to achieve
a final concentration of 2 U/ml. Cells were grown in cultures for 40 h to accu-
mulate secreted IFN-	, the cells were washed off the membrane, and bound
IFN-	 was detected using a biotinylated mouse anti-IFN-	 monoclonal antibody
(BAF 485; R&D Systems) using streptavidin-horseradish peroxidase and nickel-
enhanced 3,3�-diaminobenzidine as the substrate.

RESULTS

Detection of CpG motifs in herpesvirus genomes. Scans of
genomic sequences from HSV-1 and HSV-2 and other selected
herpesvirus family members revealed a wide variation in G�C
content, with evidence for CpG suppression in some virus
families comparable to that of eukaryotic DNAs (Table 2). To
gauge the potential for immunostimulatory effects of CpG-
containing herpesvirus DNAs, we derived a CpG index that
permits comparison of immunostimulatory potentials regard-
less of genome size, G�C content, and overall CpG suppres-
sion. The CpG indices for five human and two animal herpes-
virus and two adenovirus serotypes are given in Table 2.
Strikingly, there is considerable variation in CpG index values
even among members of the same family. Thus, considering
members of the alphaherpesvirus family, HSV-1 and HSV-2
have CpG indices of 24 and 25.8, respectively, which predicts
that both should be immunostimulatory. Varicella-zoster virus
(VZV), with an index of 4.8, should be weakly or possibly

TABLE 2. Sequence analysis of viral genomes

Virus Family
Genome

b CpG motif deviation (%)a

CpG indexh

Total CpGe
Consensus motifc

Methylated Size (kb) G�C (%) CpG per kbd Stimulatory f Inhibitoryg

HHV1 (HSV-1) Alpha No 152.3 68.3 235.4 100.9 104.9 94.8 24.0
HHV2 (HSV-2) Alpha No 154.7 70.4 262.1 105.8 106.2 96.9 25.8
HHV3 (VZV) Alpha No j 124.9 46.0 120.2 113.5 126.8 123.3 4.8
HHV4 (EBV) Gamma Yes 172.3 59.9 107.4 59.8 56.4 71.0 �9.4i

HHV5 (HCMV) Beta Yes/no 229.4 57.2 194.2 118.9 138.3 101.9 84.0

HVS Gamma Yes 112.9 34.5 19.6 33.0 43.3 26.7 1.1
BHV-1 Alpha No 135.3 72.4 311.9 118.9 134.1 94.0 148.7

Adenovirus (serotype 5) No 35.9 55.2 134.4 88.2 88.3 80.9 8.8
Adenovirus (serotype 12) No 34.1 46.5 87.9 81.2 116.6 74.4 30.1

a Deviations in specified motif occurrences relative to those expected based on genomic G�C content.
b GenBank accession numbers for genomes analyzed are HSV-1, GI9629378; HSV-2, GI9629267; VZV, GI9625875; EBV, GI9625578; human cytomegalovirus

(HCMV), GI9625671; HVS, GI60230; hepatitis A virus type 5 (HAV-5), GI9626187; HAV-12, GI9626621; and BHV-1, GI2653291.
c Consensus stimulatory and inhibitory CpG hexamer motifs are based on published analysis (31, 32). They are used in this table as indicators of the general

frequencies of stimulatory and inhibitory CpG hexamer motifs in each genome.
d Number of CpG hexamer motifs (NNCGNN) occurring in each genome normalized to 100 kb.
e Total frequency of CpG hexamer motifs (NNCGNN); expected number based on nucleotide composition of the genome.
f Frequency of consensus stimulatory hexamer motifs (RRCGYY).
g Frequency of consensus inhibitory hexamer motifs (NCCGNN and NNCGRN).
h Calculated from frequencies of stimulatory less inhibitory consensus hexamer motifs as an indicator of stimulation versus inhibition multiplied by total CpG number

(normalized to 1 kb) and the overall frequency of CpG (NNCGNN). As an example, the CpG index for HSV-1 is (1.049–0.948) � 235.4 � 1.009 � 24.0.
i The EBV CpG index is negative, since the frequency of inhibitory motifs exceeds the frequency of stimulatory motifs.
j Presumed nonmethylated based on other alphaherpesviruses.
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nonstimulatory compared to bovine herpes virus type 1 (BHV-
1), which had the highest CpG index of 149, ranking its DNA
as the most active. The slightly increased total CpG content for
the BHV genome compared to those of the VZV and HSV
genomes cannot account for the significantly higher BHV-1
CpG index value. Rather, it is the relative skewing toward
higher content of stimulatory versus inhibitory motifs in the
BHV-1 compared to the VZV and HSV genomes that drives
the CpG index higher.

Similarly, the relatively greater suppression of stimulatory
compared to inhibitory motifs in the genomes of the gamma-
herpesviruses Epstein-Barr virus (EBV) and HVS accounts for
their negative and neutral CpG indices, respectively, ranking
them as the least stimulatory of the herpesviruses analyzed
(Table 2). This view fits with the recent report that besides
CpG methylation, the relative ratio of stimulatory to inhibitory
sequences in vertebrate DNA is an important factor in ac-
counting for its lack of immunostimulatory activity (52). Pre-
viously, Krieg et al. (31) reported that despite comparable
frequencies of CpG dinucleotides, DNA from adenovirus se-
rotype 12 was stimulatory while DNA from serotype 5 was
nonstimulatory and actually inhibited stimulation by bacterial
DNA. Consistent with this result, the CpG index for the non-
stimulating serotype 5 is approximately 3.4-fold lower than that
for the stimulatory serotype 12 (Table 2), which suggests that
the calculated CpG index may have biological relevance.

Methylation status of HSV-1, CV-1, and E. coli DNAs. To
determine their methylation statuses, CV-1 (Fig. 1, lanes 1, 2,
and 3), HSV (lanes 4, 5, and 6), and E. coli (lanes 7, 8, and

9) DNAs were left undigested (lanes 3, 6, and 9) or digested
with the restriction enzymes MspI (lanes 1, 4, and 7) or
HpaII (lanes 2, 5, and 8), isoschizomers that are insensitive or
sensitive, respectively, to cytosine methylation at the cleavage
site (CC2GG). HpaII does not cleave when the cytosine ad-
jacent to the cleavage site is methylated. The digestion prod-
ucts were resolved by agarose gel electrophoresis and visual-
ized by ethidium bromide staining. Figure 1 shows that HSV-1
and E. coli DNA were equally sensitive to digestion with HpaII
and MspI, demonstrating that the majority of the CpG dinu-
cleotides were unmethylated. In contrast, CV-1 DNA was
largely resistant to digestion with HpaII (compare lanes 2 and
3) but sensitive to digestion with MspI (compare lanes 1 and 3),
confirming that (as expected) it is highly methylated. Discreet
digestion bands are observed with HSV but not CV-1 DNA
because of the difference in genome size (150 kb compared to
about 106 kb, respectively).

HSV-1 DNA drives proliferation and cytokine production in
spleen cell cultures. Spleen cells were cultured with ODNs at
10 to 30 �g/ml, and HSV-1, E. coli, and CV-1 DNAs were used
at 100 �g/ml. Spleen cells cultured with ConA alone (5 �g/ml)
or ConA supplemented with CpG ODN at 30 �g/ml were used
as positive controls; negative-control cultures were medium
alone or medium supplemented with non-CpG (nCpG) ODN.
As shown in Fig. 2A, HSV-1 F strain DNA and gD ODN were
as active as E. coli DNA and CpG ODN in stimulating prolif-
eration of naive splenocytes, while CV-1 DNA and nCpG
ODN failed to drive proliferation above the background level.
The ICP27 ODN was much less active than the gD or CpG
ODN and HSV-1 DNA or E. coli DNA in driving proliferation
of spleen cells. As expected, ConA was most active in stimu-
lating proliferation, and the addition of CpG ODN slightly
augmented the effect. To determine whether the calculated CpG
indices shown in Table 2 for different herpesvirus genomes
were biologically relevant, we compared proliferation induced
by different concentrations of HSV-1, BHV-1, E. coli, and CV-
1 DNA. Consistent with its having the highest CpG index,
BHV-1 DNA was significantly more potent than HSV-1 (Mc-
Krae) and even E. coli DNA at driving spleen cell proliferation
(Fig. 2B). CV-1 DNA was inactive at all concentrations and,
unexpectedly, so was HSV-1 KOS DNA; whether this was due
to differences in the CpG index for KOS compared to those for
McKrae and F is unknown, since the KOS genomic sequence
is unavailable.

ELISA of culture supernatants and reverse transcription-
PCR assay of total spleen cell RNA from the same cultures
used as described for Fig. 2 were used to assess cytokine pro-
duction in splenocyte cultures stimulated with CpG DNA. Fig-
ure 3A shows that HSV-1 DNA, E. coli DNA, gD ODN, and
CpG ODN cultures all induced significant amounts of IL-6
compared to cultures grown in medium alone. CV-1 DNA and
nCpG ODN, which were inactive in driving proliferation, both
induced low-level production of IL-6 protein at levels compa-
rable to ConA-treated cultures (Fig. 3A). In contrast, the in-
duction of IFN-	 mRNA and protein by DNA was strictly de-
pendent on the presence of CpG motifs in the DNA, as shown
in Fig. 3B and C; neither CV-1 DNA nor nCpG ODN induced
IFN-	 mRNA or protein.

Macrophages respond directly to CpG DNA. To verify that
HSV DNA can activate APCs, as shown for bacterial DNAs

FIG. 1. Methylation status of genomic DNAs. Genomic DNA from
CV-1 (lanes 1 to 3), HSV-1 (lanes 4 to 6), and E. coli (lanes 7 to 9)
were digested with the methylation-insensitive restriction enzyme MspI
(lanes 1, 4, and 7) or the methylation-sensitive enzyme HpaII (lanes 2,
5, and 8) or left uncut (lanes 3, 6, and 9). Size markers are given in
lanes M.
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and synthetic CpG ODNs (50, 51), production of NO and
cytokines was determined for the macrophage cell line RAW
264.7, peritoneal exudate, and BM-derived macrophage cul-
tures treated with HSV CpG ODNs. HSV-derived CpG ODNs
synergized with suboptimal levels of IFN-	 (10 U/ml) to acti-
vate RAW cells to produce NO and the inflammatory cyto-
kines TNF and IL-6. Representative results are shown in Fig.
4. The patterns of responses to CpG ODNs were similar for all
macrophage cells, although overall, lower responses were ob-

FIG. 2. In vitro proliferative responses to CpG DNA. (A) Naive
splenocytes were cultured in triplicate with various DNAs or ODNs for
24 h; the cultures were then labeled with tritiated thymidine for 18 h
before measurement of incorporation of the label into DNA. Negative
controls were medium alone, nCpG ODN, and CV-1 DNA; positive
controls were E. coli DNA, CpG ODN, and ConA. The number hyphen-
ated to each ODN indicates final concentration (in micrograms per mil-
liliter) in the culture. ConA was used at 5 �g/ml, and CV-1 and HSV-1
DNA were used at 100 �g/ml. Results are representative of results of five
experiments. (B) Proliferation in response to treatment with different
concentrations of DNA from two different HSV-1 strains and a strain of
BHV-1. E. coli DNA served as positive control and CV-1 DNA as neg-
ative control. Results are representative of results of two experiments.

FIG. 3. In vitro cytokine response to CpG DNA. Splenocytes were
cultured in the presence of ODNs or DNA for 48 h (which was deter-
mined to be the optimal time for cytokine production). Supernatants
were analyzed for secreted IL-6 (A) and IFN-	 (B) mRNA transcripts
or secreted protein (C). In panel B, the arrow marks the IFN-	 band
and the asterisk marks the internal GAPDH control band.
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served with primary macrophages. Suboptimal levels of IFN-	
alone (10 ng of IFN-	/ml in medium control as described for
Fig. 4) or LPS (0.3 ng/ml) or CpG ODN (data not shown)
alone were incapable of activating macrophages to produce
significant levels of NO, TNF, or IL-6. Interestingly, the nCpG
ODN induced RAW cells to produce significant levels of TNF
but no IL-6, which suggests that there may be additional motifs
besides CpG motifs in DNA that can activate specific immune
cells, as suggested by two recent reports (20, 34) and our
unpublished studies. These results confirm that HSV CpG
DNA can activate macrophages to produce effector molecules
that are normally induced upon encounter with bacterial or
viral pathogens or components derived from them. Depletion
of macrophages by treatment of HSV-infected mice with clad-
ronate-liposomes results in enhanced mortality, showing that
macrophages are important for resistance to HSV (E. Cantin,
unpublished results) as previously suggested by others (9, 25).
Hence, activation of macrophages by HSV DNA may play a
role in the induction of protective innate responses that could
also be detrimental if not appropriately regulated.

Proliferative responses of spleen cells from mice immunized
with HSV-1 DNA as the adjuvant. To determine the in vivo
immunostimulatory activity for HSV DNA, we used native
double-stranded viral DNA that had been mechanically
sheared by repeated passage through a 27-gauge needle to
reduce its size. For CpG ODNs, it was necessary to utilize
ODNs modified to protect against nuclease degradation in
vivo. We obtained complete PT ODNs as well as terminally
modified ODNs that contained two 5�- and three 3�-terminal
PT linkages with the internal central bases connected by phos-
phodiester linkages (5/3-PT ODN). The rationale for the
5/3-PT ODNs was to avoid perturbation of the CpG motifs. We
compared normal ODN to PT-modified ODNs (ODN-PT) for

stimulation of proliferation and production of cytokines in
naive spleen cell cultures. The results presented in Fig. 5 show
that complete PT ODNs behave very differently from PdE and
5/3-PT ODNs in that, overall, they drive weak proliferation
and cytokine production. It is also apparent that in vitro pro-
liferation does not correlate strictly with the capacity for cyto-
kine production for modified and unmodified ODNs. Hence, B
cells that proliferate respond differently to modified ODNs
compared to NK cells and APCs that elaborate cytokines. For
example, although gD and ICP27 PdE ODNs drive weak pro-
liferation, they are potent inducers of IFN-	 and IL-10
whereas CpG PdE ODN stimulates both proliferation and
cytokine production. These results show that the effects of
thiolation of the ODNs are obviously complex and unpredict-
able. Thus, the ICP27 5/3-PT ODN showed enhanced prolif-
eration and dramatically reduced IFN-	 but only slightly re-
duced IL-10 production, while for the gD and CpG 5/3-PT
ODNs, changes in these responses were less extreme. Com-
plete substitution of the gD and ICP27 ODNs with PT effec-
tively abolished their in vitro activity while it dramatically en-
hanced proliferation but not cytokine production by the CpG
ODN (Fig. 5). Similarly divergent immunological responses
have recently been reported for studies examining the re-
sponses of spleen cells and macrophages to PT-modified
ODNs with distinct CpG motifs (4, 48). Since the 5/3-PT ODN-
elicited responses were more similar to those obtained with
normal ODNs, they were used for in vivo studies.

Recently, several groups have demonstrated that bacterial
and insect DNAs containing unmethylated CpG motifs have
potent in vivo adjuvant activity that results from their enhanc-

FIG. 4. Macrophage responses to CpG ODNs. The RAW 264.7
macrophage cell line (A), primary C57BL/6 BM-derived macrophages
(B), and peritoneal exudate macrophages (C) were activated overnight
with recombinant IFN-	 (10 U/ml) prior to stimulation with the indi-
cated ODNs at 1 �M or with 100 ng of LPS/ml as the positive control.
RAW cells cultured with IFN-	 alone (10 U/ml) served as the negative
control (Med). NO levels were determined using the Griess reaction,
and cytokine levels were determined using conventional ELISAs (Bio-
Source). Results are representative of four (A and B) or two (C) ex-
periments..

FIG. 5. In vitro proliferative and cytokine responses to phosphodi-
ester and phosphorothioate modified ODNs. PdE, phosphodiester
ODN; 5/3-PT, ODN with terminal phosphorothioate linkages; cPTO,
completely phosphorothioate ODN. (A) Cytokine production in
spleen cell cultures treated with ODNs at 1.1 �M final concentration.
Medium-treated samples contained 909 
 22 pg of IFN-	/ml and no
IL-10. No IL-4 or IL-12 was detected in these samples (not shown). (B)
Proliferative response of splenocyte cultures treated with various con-
centrations of ODN. ODNs were tested in triplicate in 48-h splenocyte
cultures that were tritium labeled for the last 24 h. The stimulation
index (SI) was calculated as test sample/medium control. nCpG, open
circle; CpG, grey circle; gD, black square; ICP27, black circle. The SI
for PHA (9.4) is shown as a solid horizontal line in each panel.
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ing effects on APC functionality (21, 54, 60). To demonstrate in
vivo immunostimulatory activity, we compared CFA, com-
monly regarded as the “gold standard,” and HSV-1 DNA or
HSV-1-specific ODN as the adjuvants for OVA immunization.
An earlier study emphasized that the adjuvant effect of immu-
nostimulatory insect DNA was greater for DNA suspended in
mineral oil; soluble insect DNA was ineffective. In contrast,
CpG ODNs were shown to significantly enhance priming to
antigen suspended in CFA (IFA) compared to antigen in sa-
line, as determined by measuring proliferation and cytokine
production in dLN cultures established on day 9 after immu-
nization (55). Having confirmed that soluble CpG ODN was a
poor adjuvant (Fig. 6A), we elected to evaluate the adjuvant
properties of HSV DNA and ODNs using OVA suspended in
IFA. C57BL/6 female mice were immunized in the lower flank
of both hind limbs with OVA emulsified in IFA plus total
HSV-1 DNA or CV-1 DNA as the adjuvant or with OVA plus
CFA as the adjuvant. At 10 days after immunization, the mice
were sacrificed and spleen cell proliferation was determined
after in vitro restimulation with OVA. As shown in Fig. 6B,
spleen cells from mice immunized with HSV-1 DNA prolifer-
ated strongly in response to restimulation with OVA, whereas
proliferation was much reduced when CV-1 DNA was used as
the adjuvant. The gD and ICP27 PT ODN (ODN-PT) also
exhibited adjuvant activity when coinjected with OVA emulsi-
fied in IFA, while judging by the proliferative response of
spleen cells restimulated with OVA, the CpG ODN-PT was
somewhat less active (Fig. 6C). Additionally, the CpG, gD,
and ICP27 ODN-induced increases in immunoglobulin G2A
(IgG2a)/IgG1 ratios followed the pattern of induced prolifer-
ation, as shown in Table 3. In agreement with the results of
prior studies (55), HSV DNA and the CpG ODN-PTs were
more active than CV-1 DNA or the control nCpG ODN-PT in
augmenting the weak adjuvant effect of IFA.

Cytokine recall responses in mice immunized with HSV-1
DNA. To determine (using HSV CpG DNAs as the adjuvant)
the CD4� T-helper (Th) profile induced by immunization with
OVA, dLN were harvested on day 9 after immunization and
cytokine production levels were determined by ELISA in cul-
ture supernatants obtained 24 h after in vitro restimulation of
the dLN cells with OVA. Compared to the results with the
CFA adjuvant, HSV-1 DNA induced much higher levels of
IFN-	, while as expected, CV-1 DNA was inactive (Fig. 7A).
The gD ODN-PT stimulated IFN-	 production significantly
more than the ICP27 or CpG ODN-PTs, both of which in-
duced moderate levels of IFN-	 compared to those obtained
after immunization with nCpG-ODN-PT, which failed to in-
duce IFN-	 above background levels (Fig. 7C). Figures 7B and
D show that none of the mice immunized with any of the DNA
preparations produced IL-4, a characteristic Th2-type cyto-
kine, above background levels. The ratio of IFN-	 to IL-4
shows that HSV DNA and CpG ODNs derived therefrom
promoted strong Th1 responses (Fig. 7; ratios given between
upper and lower panels).

During Th1 responses, production of IgG2a antibody usually
predominates (10, 36); therefore, we determined whether this
occurs also in response to immunization with HSV-1 DNA and
ODNs as the adjuvants. IgG1 and IgG2a levels were measured
by ELISA in sera of mice collected on day 12 after immuni-
zation with OVA and various DNA preparations or CFA as

the adjuvant. As determined by measuring IgG2a/IgG1 ratios,
HSV-1 DNA, E. coli DNA, gD ODN, ICP27 ODN, and CpG
ODN preferentially stimulated IgG2a production, whereas
nCpG DNAs (CV-1 DNA and nCpG ODN) stimulated OVA-
specific IgG1 responses (data not shown). The biased Th1-type
cytokine responses and preferential induction of IgG2a pro-
duction after immunization with HSV-1 DNA and CpG ODN
as the adjuvants confirms that CpG motifs in HSV DNA drive
biased Th1 responses in vivo, as previously reported for insect
and bacterial DNAs (33, 36, 55).

Induction of T-cell responses in mice immunized with
HSV-1 DNA. To examine whether OVA immunization with
HSV-1 DNA as the adjuvant drives expansion of antigen-spe-
cific T cells in vivo, the frequencies of IFN-	- and IL-4-produc-
ing spleen cells were investigated by ELISPOT assay. When
grown in cultures with OVA, spleen cells from mice immu-
nized with HSV-1 DNA produced �5-fold more IFN-	-spe-
cific spot-forming cells (SFC) compared to those from mice
immunized with CV-1 DNA as the adjuvant for OVA (478
versus 88 SFC, respectively). No IL-4-specific SFC were pro-
duced above background levels (�10 SFC) for any of the
immunization groups, and as expected, in vitro activation of
spleen cells with phytohemagglutinin produced the greatest
number of SFC (data not shown). When splenocytes from OVA-
immunized mice were stimulated with MHC-matched EL4 cells
(H-2b) versus mismatched EMT-6 cells (H-2d) pulsed with the
OVA-specific, MHC class I-restricted CTL peptide epitope
SIINFEKL, 158 versus 86 SFC were obtained, respectively.

It has been shown that in vitro methylation of CpG dinucle-
otides in E. coli and plasmid DNAs or synthetic ODNs blocked
their immunostimulatory activity (29, 30). In our studies, di-
gestion of HSV DNA with MspI, which cleaves the CpG motif,
blocked its stimulatory activity in vitro, confirming that un-
methylated CpG dinucleotides are essential for immunostimu-
latory activity (data not shown). Although highly unlikely, it is
conceivable that the observed immunostimulatory activity of
genomic HSV-1 DNA is indirect and due to expression of viral
proteins from the injected DNA rather than to activation of
immune cells by CpG motifs. To exclude this possibility and
confirm the in vivo priming of HSV-specific CD8� CTL re-
sponses (Table 4), splenocyte cultures from mice immunized
with OVA plus HSV-1 DNA or CpG ODN as the adjuvant
were tested for specific responses to the immunodominant
HSV-1 gB CD8� CTL epitope SSIEFARL (43) and the OVA-
specific CD8� CTL epitope SIINFEKL (5). Table 4 shows that
the OVA-specific-CTL epitope (SIINFEKL) induced specific
SFC responses, whereas background levels of SFC resulted
from restimulation with the gB-specific CTL epitope (SSIEF-
ARL). This result is consistent with HSV-1 DNA not being
expressed in vivo, at least at levels sufficient to prime HSV-
specific CD8� T-cell responses. Thus, we conclude that the
immunostimulatory activity of HSV-1 DNA and HSV CpG
ODN is mediated by CpG motifs and that these drive potent
Th1- and Tc1-type responses in vivo. Table 4 shows that the
gD-PT and ICP27-PT ODNs are much better at inducing OVA-
specific CTL responses than the CpG-PT ODN, a result which
is opposite to those obtained by measuring proliferative re-
sponses to these ODNs in vitro (Fig. 5). Overall, the results
presented here demonstrate that HSV-1 DNA and ODNs are
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potent adjuvants, being superior to non-CpG DNA or even CFA
in priming in vivo CD8� CTL responses to OVA (Table 4).

DISCUSSION

It is now well established that unmethylated CpG motifs in
the genomes of bacteria, insects, and some viruses can directly
activate B cells and APCs in vitro and in vivo, resulting in the
production of effector molecules that induce potent adaptive
Th1-type responses (29, 62). We have shown that in contrast to
the results seen for vertebrate DNA like CV-1 DNA, in which
cytosines in CpG dinucleotides are extensively methylated,
CpG dinucleotides are grossly undermethylated in HSV-1
DNA purified from virions (Fig. 1). By deriving a CpG index
on the basis of the relative frequencies of stimulatory and

FIG. 6. Memory proliferative response after immunization using
CpG DNAs as the adjuvant. Mice were injected in both lower flanks
with OVA with or without DNA or ODN-PT as the adjuvant in PBS or
IFA. On days 10 to 12, three to four replicate splenocyte cultures
containing various concentrations of OVA were used to measure pro-
liferative memory responses. (A) Memory after immunization with
OVA alone (triangles), OVA with nCpG-PT (circles), and OVA with
CpG-PT (squares) either as solutes in PBS (gray lines) or emulsified in
IFA (black lines). (B) Mice were immunized with OVA in IFA with
either HSV-1 DNA (squares) or CV-1 DNA (circles). (C) Mice were
immunized with OVA in IFA with ICP27-PT (squares), gD-PT (cir-
cles), CpG-PT (diamonds), or nCpG-PT (triangles). Stimulation indi-
ces are normalized to medium controls for each set of mice (two to
three per group). Each panel is representative of two experiments.

FIG. 7. Memory cytokine response after immunization with CpG
DNA as the adjuvant. Mice were immunized as described for Fig. 6.
On days 10 to 12, splenocytes were cultured in the presence of OVA
(200 �g/ml) or medium. Supernatants were collected after 72 h and
analyzed by ELISA for IFN-	 and IL-4 levels (BioSource). The ratios
of secreted IFN-	 and IL-4 are given between the paired IFN-	 (A and
C) and IL-4 (B and D) panels. Asterisks indicate a ratio below 0.3.
Results are representative of two experiments.

TABLE 3. CpG ODN as adjuvant affects antibody isotope selection

ODN

Immunizationa OVA-specific antibody titerb

IFA CFA OVA IgG2a IgG1 IgG2a/IgG1
ratio

nCpG � � � 1:128 1:512 1:4
CpG � � � 1:2,048 1:1,024 2:1
gD � � � 1:2,048 1:1,024 2:1
ICP27 � � � 1:4,096 1:1,024 4:1

CFA control NAc � � 1:16,384 1:2,048 8:1

a Mice were immunized in the rear footpad with 100 mg of OVA and either
ODN, IFA, or CFA as the adjuvant.

b On day 12 postimmunization, serum was collected and OVA-specific anti-
body titers were determined by ELISA. Titers are reported as the highest dilu-
tion with an absorbance value greater than the background level.

c NA, not applicable.
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inhibitory motifs that is normalized to a 100-kb genome, it was
possible to compare the immunostimulatory potentials of se-
lected herpesvirus and adenovirus genomes independently of
genome size, G�C content, and overall CpG suppression. Ac-
cordingly, a CpG index of 24 to 25 for the HSV-1 and HSV-2
genomes predicts that both DNAs should be immunostimula-
tory. In contrast, a CpG index of �9.4 for EBV, the prototyp-
ical gammaherpesvirus, predicts this genome should inhibitory
rather than stimulatory whereas a CpG index of 149 predicts
that BHV-1 genomic DNA should be highly stimulatory (Ta-
ble 2). Considering that the CpG index for the nonstimulatory
serotype 5 adenovirus genome is approximately threefold low-
er those that for the immunostimulatory HSV-1 and HSV-2
genomes (Table 2), it remains uncertain whether viruses from
different families can be directly compared in this manner or
whether such comparisons are valid only for viruses within a
given family. Another possible shortcoming of this analysis is
the limitation to known specific consensus hexameric stimula-
tory and inhibitory motifs, as there may be other features of
DNA sequences that are relevant to their immunostimulatory
capacities. Indeed, this is suggested by the fact demethylated
mammalian DNA remains relatively immunologically inert and
by recent observations that mammalian double-stranded DNA
can activate APCs independent of CpG motifs or sequence
context (20, 28, 57). In addition, the consensus immunostimu-
latory CpG motifs used here were defined on the basis of
bacterial DNA effects on mouse immune cells; however, recent
studies have demonstrated that consensus immunostimulatory
motifs for primate immune cells are different (30). Despite
these limitations, it appears that the CpG index (as defined for
different herpesviruses in Table 2) does have predictive value
since BHV-1 genomic DNA was sixfold more active than
HSV-1 17� genomic DNA and unexpectedly even more active
than E. coli DNA, the gold standard (Fig. 2B).

The striking suppression of stimulatory CpG motifs in the
gammaherpesviruses (exemplified by EBV) (Table 2) suggests
a strong selective pressure against these motifs, as previously
reported (23). Indeed, the ratio of stimulatory-to-inhibitory
motifs is an important determinant of immunostimulatory ac-
tivity, as recently reported for demethylated mouse DNA (52).
It is conceivable that the tropism of these viruses for lymphoid
cells, some of which are directly responsive to CpG motifs,
provided the evolutionary driving force for suppression of CpG

motifs (19). Similar observations for adenoviruses were re-
ported earlier by Kreig and colleagues (31), who observed that
DNA from adenovirus type 12 was stimulatory while that from
adenovirus types 2 and 5 was not. These authors speculated
that differences in biology and, specifically, the propensity of
adenovirus 5 to establish persistent infections in lymphocytes
(which does not occur with adenovirus 12) might account for
suppression of immunostimulatory motifs in adenovirus 5 (31).

Consistent with its CpG index (Table 2), we found HSV-1
DNA to be highly immunostimulatory when tested in spleno-
cyte cultures, driving proliferation and the synthesis of inflam-
matory cytokines (IFN-	, TNF, and IL-6), whereas mamma-
lian DNA from CV-1 cells in which the virus was grown was
inactive. We also tested two CpG ODNs derived from the
HSV-1 gD and ICP-27 (ICP27) genes as well as control CpG
and nCpG ODNs that had previously been shown to be im-
munostimulatory when tested in vivo and in vitro (46). The gD
ODN was selected because, like the control CpG ODN that
was previously shown to cause inflammation of the lower re-
spiratory tract after intratracheal delivery in mice (46), it con-
tains an optimal stimulatory motif and an overlapping inhibi-
tory motif. The ICP27 ODN, which contains a suboptimal
stimulatory motif flanked by two inhibitory motifs (Table 2),
was chosen with the expectation that it would be weakly active
or nonstimulatory, thus confirming the effect of inhibitory mo-
tifs identified in adenovirus DNA (31). These expectations
were met when the ODNs were tested for in vitro stimulation
of splenocyte cultures: the gD ODN was as active as the con-
trol CpG ODN, the ICP27 ODN was significantly less active,
and the nCpG ODN was inactive (Fig. 2 and 3). However, the
ICP27 ODN was as active as the control CpG ODN and the gD
ODN in activating macrophages to produce NO and the in-
flammatory cytokines, TNF, and IL-6 (Fig. 4). In this regard it
is interesting that the ICP27 ODN contains seven consecutive
deoxyriboguanosine (dG) residues at the 3� end that result in
spontaneous formation of highly stable structures, probably
with a G-quartet conformation, as evidenced by anomalous
migration in denaturing polyacrylamide gels (reference 1 and
data not shown). Terminal 3� dG runs in CpG ODNs can exert
complex cis-modulatory effects on their activity via a number of
mechanisms, including preferential uptake via type A scaven-
ger receptors on APCs (splenic DCs, B cells, and peritoneal
macrophages) and enhanced production of cytokines (TNF-�
and IL-12) (24, 35, 44). The effects of a dG run vary with the
position in the ODN and the chemical constitution of the ODN
backbone: a dG run at either the 5� terminus of a phosphodi-
ester CpG ODN or the 3� terminus of a PT CpG ODN reduced
in vitro cytokine production by APCs (35). Such effects could
account for the apparent discrepant activity of the ICP27 ODN
relative to those of the gD or CpG ODNs in activation of
spleen cells and macrophages. Additionally, we have observed
that ODNs comprised of G-rich sequences derived from the
HSV genome have an immunostimulatory spectrum distinct
from that induced by ODNs with classic CpG motifs (E. Can-
tin, unpublished results).

To assess the in vivo immunostimulatory activity of HSV-1
DNA and ODNs derived therefrom, we compared immune
responses in mice immunized separately with OVA and CFA
as the adjuvant to responses in mice immunized with OVA
emulsified in IFA and supplemented with HSV-1 or CV-1

TABLE 4. HSV DNA as adjuvant induces
OVA-specific CD8� CTL

Adjuvant
No. of CTLs for stimulators pulsed with:

Medium gB (SSIEFARL) OVA (SIINFEKL)

CV-1 DNA 1.0 
 0.0a 2.5 
 0.5 17.5 
 0.5
HSV DNA 8.5 
 0.5 11.5 
 2.5 78.5 
 4.0

nCpG-PT 0.5 
 0.7 2.0 
 1.4 6.0 
 1.8
CpG-PT 4.5 
 2.1 6.5 
 3.5 13.0 
 8.1
gD-PT 5.5 
 4.9 11.5 
 4.9 56.0 
 17.0
ICP27-PT 6.0 
 2.8 7.0 
 2.8 131.5 
 13.4

CFA 20.5 
 7.8 22.5 
 12.0 69.5 
 0.7

a SFC in IFN-	 ELISPOTs using peptide-pulsed syngeneic splenocytes as
stimulators. Medium column has unpulsed stimulators. Numbers are per 106

responder cells from duplicate wells.
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DNA or CpG or nCpG ODNs as the adjuvant. 5/3-PT-modi-
fied ODNs were used for immunization to provide optimal
stability in vivo while permitting retention of internal CpG
motifs with a normal phosphodiester backbone. We showed
that in vitro, HSV-1-derived and control ODNs modified with
terminal PT linkages (5/3-PT ODNs) elicited immunological
responses in spleen cell cultures similar to those of their phos-
phodiester counterparts (Fig. 5). When compared to CFA in in
vivo testing, HSV-1 DNA and HSV-1 CpG ODN-PTs were
superior adjuvants for eliciting Th1-type responses to OVA.
The inability of CFA to augment IFN-	 production by spleno-
cytes from mice immunized with the gD ODN suggests that
maximal responses were elicited by the gD ODN. In contrast,
the ICP27 ODN induced relatively low levels of IFN-	 yet this
same ODN induced the strongest OVA-specific CD8� CTL
responses (Table 4). These seemingly discordant results might
have been due to the concerted modulatory effects of flanking
inhibitory CpG motifs, a 3�-terminal dG run, and terminal PT
linkages in the ICP27 ODN on in vivo responses of different
immune cell types (31, 35, 48, 62). Thus, compared to phos-
phodiester ODN, 10- to 100-fold-lower concentrations of PT-
ODN can induce NO production and activate the IL-12 pro-
moter in macrophage cultures and these enhancing effects are
attributable to enhanced stability and uptake of PT-ODNs
(48). In vitro restimulation of spleen cell cultures from mice
immunized with OVA measures predominantly CD4� T-cell
responses (compared to the results of the ELISPOT assay
reported in Table 4), where CD8� T-cell responses were spe-
cifically measured. Results with the ICP27-ODN implied that
this ODN has different effects on CD4� and CD8� T-cell
responses. The divergent effects of the ICP27 ODN compared
to those of ODNs without dG runs may derive from interaction
with other receptors besides TLR9, which transduces CpG
signals. The class A macrophage scavenger receptor (MSR-A)
that reacts to diverse ligands including polynucleotides having
a quadraplex structure is a candidate receptor for the ICP27-
ODN (44, 45). Thus, it is of interest that MSR-A�/� mice show
enhanced susceptibility to HSV-1 mortality (56).

A central question raised by our results is whether by virtue
of being intrinsically highly immunostimulatory in vitro and in
vivo, HSV-1 DNA might have a role in pathogenesis. We
contend that there is ample indirect evidence to support such
speculation and that this evidence warrants further studies to
directly address the question. A case in point is that of herpes
stromal keratitis (HSK), a blinding immunopathological dis-
ease caused by damage inflicted by proinflammatory cytokines
(IFN-	 and IL-2) secreted by CD4� Th1-type cells invading
the cornea (59, 61). HSK has several anomalous features, as
studied in the mouse ocular model of HSV infection. First, the
destructive inflammatory response in the cornea is induced
when HSV DNA is the only detectable viral component per-
sisting in the cornea; infectious HSV, viral antigen, or mRNA
is undetectable. Second, replication-competent but not repli-
cation-incompetent HSV strains are required for causing HSK.
And third, HSK can be induced in DO11.10 mice that express
an OVA-specific TCR and therefore fail to react to HSV
antigens. A model to explain these results postulates that HSK
replication exposes cryptic ocular antigens and results in the
activation of T cells of unknown specificity that initiate the
destructive inflammatory responses, culminating in HSK (11,

12). However, the model does not account for the delayed
kinetics of the inflammatory response that is experimentally
observed.

We speculate that in mice experimentally inoculated in the
cornea with HSV-1, some cells support HSV-1 DNA replica-
tion but not the production of infectious progeny virus. Even-
tually, these abortively infected cells die, possibly due to dam-
age sustained during HSV-1 infection. Macrophages and/or
DCs phagocytosing the dead cells would be activated by their
cargo of immunostimulatory HSV-1 DNA to produce proin-
flammatory cytokines (IL-12, IFN-	, IL-6, and TNF) and che-
mokines (29). T cells of indeterminate specificity recruited to
this cytokine-rich microenvironment would undergo bystander
activation, resulting in amplification of the inflammatory re-
sponse that would culminate in damage to the corneal stroma.
Moreover, since DCs activated by CpG DNA are fully compe-
tent to present antigen, they might orchestrate autoimmune
attack of the cornea by presenting cryptic self-antigens exposed
as a consequence of damage to the autoreactive cornea cells
that escaped thymic deletion (47). In support of this hypothe-
sis, we cite the observation of Mitchell and colleagues (42) that
HSV-1 DNA persisting in the cornea is found closely associ-
ated with inflammatory lesions long after infectious HSV-1 has
been cleared. Additionally, they reported that despite compa-
rable replication in the eye, HSV-1 strain KOS (compared to
strain RE) is a poor inducer of HSK and for some unknown
reason its DNA, unlike that of RE, does not persist in the
cornea (39).

In this regard, the observation that unlike strain F and Mc-
Krae genomic DNAs, KOS DNA failed to drive proliferation
of B cells in spleen cell cultures is intriguing and worth follow-
ing up. The hypothesis that HSV-1 DNA plays a role in the
induction of corneal inflammatory responses leading to HSK is
attractive, because it provides a framework for rationalizing
anomalous features of the disease discussed above. Currently,
delivery of HSV-1 ODNs to the corneas of normal mice inoc-
ulated with or without a replication-incompetent HSV-1 mu-
tant is being attempted to determine whether this provokes
HSK. Our results demonstrating that HSV-1 DNA drives po-
tent CD4� and CD8� Th1-type responses in vivo lends cre-
dence to this speculation. Indeed, preliminary results show the
HSV CpG ODNs but not nCpG ODN delivered to the cornea
by intrastromal injection induced a strong angiogenic response
(E. Cantin and R. Lausch, unpublished results); this is notable
because angiogenesis has been speculated to play a critical role
in the development of HSK (63). However, despite the strong
early angiogenic response elicited by HSV CpG ODN treat-
ment of mice, HSK failed to develop during the 21-day obser-
vation period, even in mice infected with a dose of HSV that
fails to induce HSK when given alone, which raises the possi-
bility that induction of angiogenesis and HSK may be unre-
lated events.

In conclusion, we have shown that HSV-1 DNA is highly
immunostimulatory in vitro and in vivo, driving potent Th1-
type responses. This property of HSV-1 DNA could be biolog-
ically significant and important in pathogenesis; this is evident
in the model we propose to explain how HSV-1 DNA might
participate in the initiation of an inflammatory response that
culminates in HSK. Additionally, Cantin et al. and others (8,
14, 38, 49) previously reported a prolonged inflammatory re-
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sponse in the ganglia of infected mice in the absence of de-
tectable infectious HSV-1 or antigen and attributed this to
chronic, low-level production of HSV-1 antigens. However,
equally plausible and not exclusive is that HSV-1 DNA per-
sisting in abortively infected cells in the ganglion might con-
tribute to the observed protracted inflammatory response. Ac-
tivation of APCs for antigen presentation and stimulation of
local proinflammatory cytokine production by immunostimu-
latory viral DNAs warrants consideration as a possible mech-
anism by which HSV-1 and other viruses might contribute to or
exacerbate neuroinflammatory diseases like multiple sclerosis
(47). In gene therapy approaches, the immune response-acti-
vating properties of the HSV-1 genome might be either ben-
eficial (as when using HSV-1 as a vaccine vector) or deleterious
(as in applications involving therapeutic gene delivery to the
brain). There is growing interest in the use of 	34.5 null mu-
tants of HSV-1 that fail to replicate or cause encephalitis upon
direct inoculation into the brain as oncolytic vectors and as
gene transfer vectors for the central nervous system. A recent
report that a 	34.5 HSV-1 mutant caused severe inflammation
in the brain mediated by nonspecific and specific immune re-
sponses suggests the possible involvement of immunostimula-
tory CpG motifs in the virus genome (40). The demonstration
here that HSV DNA is highly immunostimulatory suggests a
cautious approach in the application of HSV-1 as a gene ther-
apy vector.
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