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Synthetic nonmethylated oligonucleotides containing CpG dinucleotides (CpG-ODNs) have been shown to
exhibit immunostimulatory activity. CpG-ODNs have the capacity to directly activate B cells, macrophages,
and dendritic cells, and we show here that this is reflected by cell surface binding of oligonucleotides to these
cell subsets. However, T cells are not directly activated by CpG-ODNs, which correlates with the failure to bind
to the T-cell surface. Efficient competition for CpG-induced B-cell activation by non-CpG-containing oligonu-
cleotides suggests that oligonucleotides might bind to an as yet undefined sequence-nonspecific receptor prior
to cellular activation. Induction of protective T-cell responses against challenge infection with lymphocytic
choriomeningitis virus (LCMV) or with recombinant vaccinia virus expressing the LCMV glycoprotein was
achieved by immunizing mice with the immunodominant major histocompatibility complex class I-binding
LCMV glycoprotein-derived peptide gp33 together with CpG-ODNs. In these experiments, B cells, potentially
serving as CpG-ODN-activated antigen-presenting cells (APCs), were not required for induction of protective
immunity since CpG-ODN–gp33-immunized B-cell-deficient mice were equally protected against challenge infec-
tion with both viruses. This finding suggested that macrophages and/or dendritic cells were sufficiently activat-
ed in vivo by CpG-ODNs to serve as potent APCs for the induction of naive T cells. Furthermore, treatment
with CpG-ODN alone induced protection against infection with Listeria monocytogenes via antigen-indepen-
dent activation of macrophages. These data suggest that CpG activation of macrophages and dendritic cells
may provide a critical step in CpG-ODN adjuvant activity.

Unmethylated CpG dinucleotides are found more frequent-
ly in genomes of bacteria and viruses than in vertebrate DNA
(9, 22). In vitro these CpG motifs in a given base context
(mimicking bacterial DNA) have been shown to activate anti-
gen-presenting cells (APCs) to upregulate certain surface mol-
ecules such as CD69 and major histocompatibility complex
class II as well as costimulatory molecules such as B-7.1 and
B-7.2 (22, 30–34). In addition, CpG-containing oligonucleo-
tides (CpG-ODNs) have been shown to induce cytokine secre-
tion by activated APCs, including interleukin-6 (IL-6), tumor
necrosis factor alpha (TNF-a), IL-1, IL-12, and gamma inter-
feron (IFN-g) (24, 31, 33, 34, 38, 39). For this activation pro-
cess to occur, it has recently been shown that CpG-ODNs have
to gain access to acidic endosomal compartments, which re-
sults in intracellular production of reactive oxygen species,
eventually leading to activation of the transcription factor NF-
kB, which in turn allows transcription of several proto-onco-
genes as well as cytokine genes (40).

In vivo, administration of CpG-ODNs was shown to directly
induce TNF-a production by macrophages (33) or IFN-g pro-
duction by NK cells (14). Coadministration of CpG-ODNs
with soluble protein antigens in incomplete Freund adjuvant
(IFA) was shown to promote Th1 responses, whereas without
coadministration Th2 responses were obtained (12, 13, 23).
Furthermore, infection of BALB/c mice with Leishmania major
in the presence of CpG-ODNs shifted the T-cell response

toward Th1 cytokines, resulting in protection from the nor-
mally lethal infection (41). In addition, it was demonstrated
that CpG-ODNs are effective as immune adjuvants in tumor
antigen immunization (36). However, whether CpG-ODNs can
act as adjuvant to induce protective immunity against viral
infections has not been addressed yet.

In this report, we show in vitro that binding of biotinylated
CpG-ODNs (CpG-ODN-BIO) to the cell surface of B cells
correlated with their ability to activate B cells. CpG-ODN-
mediated cellular activation could be inhibited by addition of
excess non CpG-containing oligonucleotides (non-CpG-
ODNs), suggesting that oligonucleotides may bind in a com-
petitive way to an as yet undefined cellular receptor. Further-
more, CpG-ODNs were found to be efficient adjuvants in the
induction of protective T-cell immunity against challenge in-
fection with lymphocytic choriomeningitis virus (LCMV) and
recombinant vaccinia virus. Induction of protective T-cell im-
munity was achieved in the absence of B cells potentially acting
as CpG-ODN-activated APCs, suggesting that in vivo activa-
tion of macrophages and dendritic cells plays a major role in at
least some antiviral protective mechanisms.

MATERIALS AND METHODS

Mice. Inbred C57BL/6, SV129 (H-2b), and BALB/c (H-2d) mice were obtained
from the breeding colony of the Institut für Zuchthygiene, Tierspital Zürich,
Zurich, Switzerland. Generation of immunoglobulin M (IgM)-deficient mice
(21) and the generation of the vesicular stomatitis virus (VSV) glycoprotein
(VSV-G) transgenic mouse lines MONITOR (1) and KINDG (2) have been
described previously. Mice were bred in a specific-pathogen-free mouse facility.

Viruses and bacteria. The LCMV isolate WE was originally provided by F.
Lehmann-Grube, Hamburg, Germany, and grown on L929 cells (ATCC CRL 1)
with a low multiplicity of infection. VSV Indiana seeds (Mudd-Summers isolate),
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originally obtained from D. Kolakofsky, University of Geneva, were grown on
BHK-21 cells (ATCC CRL 8544) infected at low multiplicity and plaqued on
Vero cells.

Vaccinia virus expressing VSV-G (VV-INDG) was a generous gift of B. Moss
(Laboratory of Viral Diseases, National Institutes of Health, Bethesda, Md.) (26).
VV-G2, a recombinant vaccinia virus expressing LCMV glycoprotein (LCMV
GP), has been described elsewhere (37). Recombinant viruses were grown at low
multiplicity of infection on BSC40 cells and plaqued on BSC40 cells.

Recombinant baculoviruses expressing the LCMV nucleoprotein or VSV-G
have been previously described (3, 7). Each recombinant baculovirus was derived
from nuclear polyhedrosis virus and was grown at 28°C in Spodoptera frugiperda
cells in spinner cultures in TC-100 medium. Recombinant proteins were pro-
duced as previously described (27).

Listeria monocytogenes was originally obtained from B. Blanden (Canberra,
Australia). It was cultured in Trypticase soy broth (BBL Microbiology Systems,
Cockeysville, Md.), and overnight cultures were titrated on tryptose blood agar
plates (Difco Laboratories, Detroit, Mich.).

Cell culture and cell purification. If not stated differently, in vitro ODN
activation experiments were performed in RPMI 1640 medium supplemented
with 10% fetal calf serum (FCS), 1.5 mM L-glutamine, 50 mM 2-mercaptoetha-
nol, penicillin (100 U/ml), and streptomycin (100 U/ml). B cells and CD41 T cells
were purified from single-cell spleen suspensions by magnetic bead cell sorting
according to the protocol of the supplier (Miltenyi Biotec, Bergisch Gladbach,
Germany).

Peptides and oligonucleotides. Phosphorothioate-modified ODN were custom
synthesized by Microsynth (Balgach, Switzerland). The following oligonucleotide
sequences were used (bold letters indicate the proposed active motif): 1668pt
(59-TCC ATG ACG TTC CTG AAT AAT-39), CD40pt (59-GAG ATG AGA
AGG AAG AAT GGG AAA AC-39), VaDOpt (59-TGG GGC TGA CTG ATA
CCA-39), and VbUPpt (59-GCT GGC AAC CTT CAA ATA-39). 1668pt-ODN,
which served as the activating oligonucleotide, has been experimentally used and
described previously (22, 24, 30–34, 38, 39). CD40pt-ODN, VaDOpt-ODN, and
VbUPpt-ODN served as negative control oligonucleotides.

Peptides (purchased from Neosystem, Strasbourg, France) used were GP33
(KAVYNFATM; LCMV GP, Db), LLO (listeriolysin O) 91-99 (GYKDGNGYI;
LLO, Kd), and p8 (SSKAQVFEHPHIQDAASQL; VSV-G, I-Ab).

Proliferation. B2201 cells and CD41 T cells were purified from whole spleen
cell suspensions by magnetic bead cell sorting (Miltenyi Biotec) according to the
protocol of the supplier. The purity of the cells was 97 to 98%, as determined by
fluorescence-activated cell sorting. A total of 3 3 105 purified lymphocytes were
stimulated with serial threefold dilutions of 1668pt-ODN (highest concentration,
2 mM), CD40pt-ODN (highest concentration, 2 mM), or lipopolysaccharide
(LPS; highest concentration, 10 mg/ml); 24 h later, proliferation was determined
by [3H]thymidine incorporation (1 mCi/well).

Cytofluorometric analyses. The following monoclonal antibodies were used
for analysis. Fluorescein isothiocyanate (FITC)-conjugated anti-B220, anti-Mac-
1, anti-CD4, and anti-CD8 and biotinylated anti-CD69, anti-CD44, and anti-I-Ab

were purchased from Pharmingen. 1668pt-ODN-BIO (59-TCC ATG ACG TTC
CTG ATG CTT TT-biotin-39) was custom synthesized by Microsynth. Tricolor-
conjugated streptavidin was purchased from Caltag Laboratories, Burlingame,
Calif.). For human experiments, cells were either (i) peripheral blood mononu-
clear cells (PBMCs) separated by centrifugation over Ficoll at 2200 rpm for
22 min and washed twice in RPMI 1640 or (ii) Epstein-Barr virus-transformed
B-cell lines. The following antibodies were used: anti-CD3-FITC (Becton Dick-
inson, Oxford, England), anti-CD4-FITC (Serotec, Oxford, England), anti-CD8-
tricolor (Caltag), anti-CD21-FITC (Dako, Glastrup Denmark), and streptavidin-
phycoerythrin (Sigma, St. Louis, Mo.). Flow cytometry was performed on a
FACSstar Plus flow cytometer (Becton Dickinson).

Protection of mice from replication of LCMV. Mice were immunized subcu-
taneously (s.c.) with 10 nmol of 1668pt-ODN or 10 nmol CD40pt-ODN together
with 100 mg of gp33, with 100 mg of gp33 alone, or with 10 nmol of 1668pt-ODN
alone. Seven days later, mice were boosted by the same protocol. Seven days
after boosting, mice were challenged intravenously (i.v.) with 200 PFU of LCMV.
LCMV titers in the spleen were determined 4 days later as described previously
(6) and are reported as log10 PFU per organ.

Protection of mice from replication of recombinant vaccinia virus. Mice were
immunized s.c. with 10 nmol of 1668pt-ODN or 10 nmol CD40pt-ODN together
with 100 mg of gp33, with 100 mg of gp33 alone, or with 10 nmol of 1668pt-ODN
alone. Seven days later, mice were challenged intraperitoneally (i.p.) with 2 3 106

PFU of VV-G2. Alternatively mice were immunized subcutaneously with
10 nmol of 1668pt-ODN or 10 nmol of CD40pt-ODN together with 200 mg of
peptide p8. Seven days later, mice were boosted by the same protocol. Seven days
after boosting, mice were challenged i.p. with 2 3 106 PFU of VV-INDG.
Vaccinia virus titers in ovaries were determined 5 days later as described previ-
ously (8) and are reported as log10 PFU in both ovaries.

Determination of bacterial titers. BALB/c mice were immunized s.c. with 10
nmol of 1668pt-ODN or 10 nmol of CD40pt-ODN together with 100 mg of LLO
peptide. Seven days later mice were challenged i.v. with 300 CFU of L. mono-
cytogenes. Five days after inoculation, the whole spleen or one lobe of the liver
was harvested and homogenized. Bacterial titers were determined by plating out
four serial 10-fold dilutions of organ suspensions on tryptose blood agar plates.

RESULTS

CpG-ODN bind to the surface of B cells and macrophages
but not of T cells. To characterize the lymphocyte subsets to
whose surface synthetic CpG-ODN could bind, biotinylated
CpG-ODNs were synthesized. Whole spleen cells suspensions
were incubated with 1668pt-ODN-BIO in addition to antibod-
ies specific for several selected markers which identified lym-
phocyte subsets. Gating on B2201, Mac-11, CD41, and CD81

lymphocytes revealed that 1668pt-ODN-BIO bound to B cells
and macrophages but not to CD41 or CD81 T cells (Fig. 1A;
Table 1). Neither prior activation of T cells with phorbol my-
ristate acetate-ionomycin nor prior activation of B cells with
LPS enhanced binding of 1668pt-ODN-BIO to the cell surface
(data not shown).

The binding properties of 1668pt-ODN-BIO correlated with
its capacity to activate the cell subsets to which it can bind:
1668pt-ODN induced blast formation, proliferation, and up-
regulation of activation markers such as CD69 and CD25 in B

FIG. 1. (A) Surface binding and cellular activation by 1668pt-ODN. Surface
staining with 1668pt-ODN-BIO gated on CD41 T cells, CD81 T cells, B cells, or
macrophages is shown in the left-hand panels; background control stainings with
streptavidin-tricolor (strep.-TRI) are shown in the middle panels; 1668pt-ODN-
induced cellular activation of CD41 T cells, CD81 T cells, B cells, and Mac-11

cells was measured by upregulation of CD69 expression and is shown in the
right-hand panels. Numbers in the upper right corners indicate median values.
One of four equivalent experiments is presented. (B) 1668pt-induced prolifera-
tion. Purified B cells and CD41 T cells were incubated with serial dilutions of
1668pt-ODN, CD40pt-ODN, and LPS. Proliferation was assessed by [3H]thymi-
dine incorporation. One of three equivalent experiments is presented.
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cells but not in CD41 or CD81 T cells (Fig. 1A, right panels,
and Fig. 1B; Table 2).

To further analyze whether surface binding of 1668pt-ODN-
BIO required prior binding to serum protein components as
was shown to be the case for LPS, which binds to the plasma
protein LPS binding protein prior to binding to its surface
receptor CD14 (35), surface stainings were performed in pres-
ence or absence of FCS. Surface staining analysis revealed that
1668pt-ODN-BIO bound to the surface of purified B cells equal-
ly well in the presence or absence of FCS (Table 1). Neverthe-
less, the lymphocytes capable of binding 1668pt-ODN-BIO may
have bound an undefined protein to the cell surface which was
not removed by intensive washing and which could mediate
1668pt-ODN-BIO binding.

Similar experiments were performed with human PBMCs from
healthy donors. Again surface binding of biotinylated CpG-
ODNs was observed for B cells (.95%) and was virtually
absent for CD41 and CD81 T cells (,10%) (data not shown;
background staining, ,5%).

Competition for 1668pt-ODN induced in vitro activation of
naive splenic B cells by non-CpG-ODNs. Since it still not known
whether oligonucleotides mediate cellular activation via bind-
ing to a cellular receptor, we assessed whether 1668pt-ODN-
induced activation of purified B cells could be competed by the
addition of excess non-CpG-ODNs (CD40pt-ODN, VaDOpt-
ODN, and VbUPpt-ODN). Therefore, purified naive splenic B
cells were incubated with 100 nM 1668pt-ODN in the presence
of graded amounts of non-CpG-ODNs. Cell blast formation as
well as CD69 upregulation on B cells could be completely
inhibited by excess administration of all three non-CpG-
ODNs. As shown in Fig. 2, CD40pt-ODN completely inhibited
CD69 upregulation at a 100-fold excess and reduced CD69
expression to 40% at a 20-fold excess. These findings suggest
that the discrimination between CpG-ODN and non-CpG-
ODN might occur after binding to an as yet undefined se-
quence-unspecific saturable ODN receptor.

To determine whether ODNs bound to the same surface
receptor CD14 as LPS does (35), purified B cells were incubat-
ed with graded amounts of LPS in the presence or absence
of excess CD40pt-ODN (10 mM). Equivalent concentration
thresholds (at 80 ng/ml) for LPS-induced B-cell activation were
observed in the presence or absence of CD40pt-ODN, suggest-
ing that ODNs do not bind to the LPS receptor CD14 (35) (not

shown). To further determine whether 1668pt-ODN can acti-
vate B cells originating from different mouse strains, purified B
cells from C57BL/6, BALB/c, and SV129 mice were incubated
with 1668pt-ODN, and all of them were induced to blast, pro-
liferate, and upregulate CD69 (not shown). The same results were
obtained with B cells originating from different mutant mouse
strains deficient either in TNF receptor I (TNFRI), TNFRII,
IFN-gR, and IFN-abR, suggesting that these cytokines and/or
the respective cytokine receptors were not involved in 1668pt-
ODN-induced B-cell activation (not shown).

To exclude the possibility that the lymphocyte-activating ca-
pacity of 1668pt-ODN and the nonactivating properties of
CD40pt-ODN are due to different degradation kinetics in
mouse serum, 1668pt-ODN and CD40pt-ODN were incubated
for different time periods ranging from 5 min to 26 h in mouse
serum at 37°C, and resulting oligonucleotide lengths were an-
alyzed by polyacrylamide gel electrophoresis. No degradation of
either 1668pt-ODN or CD40pt-ODN was observed during this
time period (not shown).

To define the time period of incubation with 1668pt-ODN
required for activation, purified B cells were incubated for dif-
ferent length of time with 1668pt-ODN, intensively washed, and
cultured in medium alone for up to 24 h. Analysis of CD69 ex-
pression showed that an incubation period of at least 1 to 2 h was
required for 1668pt-ODN-induced B-cell activation (Fig. 3).

Induction of protective immunity against challenge infec-
tion with LCMV. To achieve protective immunity against in-
fections by using defined peptide T-cell epitopes as vaccines,
the use of adjuvants such as IFA or complete Freund adjuvant
(CFA) is normally required. Unfortunately, those effective ad-

FIG. 2. Competition for 1668pt-ODN-mediated B-cell activation by addition
of CD40pt-ODN. Purified splenic B cells from C57BL/6 mice were incubated in
the presence of 100 nM 1668pt-ODN (left-hand panel) or in addition to graded
amounts of CD40pt-ODN (four panels on the right). CD69 upregulation was
determined 24 h later. Numbers above marker lines indicate percentages of
CD691 B cells. One of three similar experiments is presented.

FIG. 3. Kinetics of 1668pt-ODN-mediated B-cell activation. Purified B cells
from C57BL/6 mice were incubated for the indicated time periods (in minutes)
with 1668pt-ODN, washed three times, and then cultured in medium only. After
a total culture time of 24 h, CD69 upregulation was determined. One of two
equivalent experiments is presented.

TABLE 1. Cell surface staining of 1668pt-ODN-BIO

Condition
% 1668pt-ODN1 spleen cells gated ona:

B2201 Mac-11 CD41 CD81

With FCS 97 80 10 9
Without FCS 98 90 15 10

a Background staining without 1668pt-ODN-BIO reagent was 5 to 10%.

TABLE 2. In vitro activation of splenic B cells, CD41 or CD81

T cells, and Mac-1.11 cells with 1668pt-ODN

Cell type
% of spleen cell populationa

B2201 Mac-11 CD41 CD81

CD691 96 (2) 52 (18) 5 (5) 8 (6)
IL-2R1 90 (3) ND 9 (10) 10 (9)

a Percentage of CD691 or IL-2R1 B cells, CD41 or CD81 T cells, or Mac-11

cells after activation with 1668pt-ODN. Values in parentheses indicate numbers
of CD691 or IL-2R1 nonactivated cells. Background staining values were 7% for
CD69 staining and 9% for IL-2R staining. ND, not determined.
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juvants generally cause side effects which preclude their use in
humans. To analyze whether immunostimulatory ODNs such
as 1668pt-ODN could be used as adjuvants for induction of
protective T-cell immunity against viral infections, murine in-
fection with LCMV was chosen as the experimental system.
LCMV is a noncytopathic virus, and infection is controlled by
LCMV-specific CD81 T cells via perforin-mediated lysis of
infected cells (10, 18, 42). The immunodominant epitope
within LCMV GP in the H-2b haplotype spans amino acids 33
to 41 (gp33) (29). Thus, C57BL/6 mice were immunized and
boosted s.c. with an aqueous solution of gp33 together with
1668pt-ODN or the control CD40pt-ODN. As a control, mice
were immunized and boosted with gp33 peptide alone or with
1668pt-ODN alone. Seven days after boosting, the mice were
challenged i.v. with 200 PFU of LCMV; 4 days later, viral titers
in the spleen were determined (Fig. 4). Mice immunized with
gp33 plus 1668pt-ODN were completely protected against
LCMV infection, whereas gp33–CD40pt-ODN-treated mice
were not. Mice immunized with gp33 alone or with 1668pt-
ODN alone were not protected against LCMV challenge, sug-
gesting that peptide-induced antigen-specific activation could
be achieved only in the presence of an adjuvant.

The route of immunization with gp33 plus 1668pt-ODN was
crucial for efficient induction of protective T-cell immunity
since i.v. and i.p. immunization with equivalent doses of gp33
plus 1668pt-ODN did not confer protection against LCMV
challenge infection (not shown).

Induction of protective T-cell immunity against challenge
infection with recombinant vaccinia virus. To analyze whether
1668pt-ODN-assisted peptide immunization could also induce
protective immunity against vaccinia virus infection, C57BL/6
mice were immunized s.c. with gp33 plus 1668pt-ODN, gp33
plus CD40pt-ODN, gp33 alone, and 1668pt-ODN alone. Mice
were challenged i.p. 7 days later with VV-G2. Protection
against VV-G2 is known to be T-cell mediated via release of
the type 1 cytokines IFN-g and TNF-a (8, 19). Five days after
VV-G2 challenge, vaccinia virus titers in the ovaries were as-
sessed (Fig. 5A). Mice immunized with gp33 plus 1668pt-ODN
were completely protected against VV-G2 challenge infection,
in contrast to mice immunized with gp33 plus CD40pt-ODN,
with gp33 alone, or with 1668pt-ODN alone. Since 1668pt-
ODN is an efficient B-cell activator, it was of interest to de-
termine whether B cells were required as potential APCs for
induction of protective T-cell immunity. Therefore, B-cell-de-

ficient mice were immunized and challenged by the same ex-
perimental protocol (Fig. 5B). B-cell-deficient mice and nor-
mal control mice were equally protected against challenge
infection with VV-G2, indicating that B cells serving as APCs
were, at least in this experimental setup, not required for in-
duction of protective T-cell immunity. Thus, it is likely that
1668pt-ODN locally activated dendritic cells and/or macro-
phages to become mature professional APCs presenting the
exogenously provided gp33 and able to induce naive gp33-
specific T cells.

In further experiments, we determined the duration of an-
tiviral protection. Mice were challenged with VV-G2 at 13, 30,
and 70 days after immunization with gp33 plus 1668pt-ODN or
with gp33 plus CD40pt-ODN. Complete protection against
recombinant vaccinia virus challenge was observed up to 30
days after immunization but was no longer detectable 70 days
after immunization (Fig. 6).

To test whether 1668pt-ODN could also serve as an adjuvant

FIG. 4. 1668pt-ODN as adjuvant for s.c. peptide vaccination for protection
against LCMV challenge. C57BL/6 mice were immunized s.c. with 1668pt-ODN
plus gp33, CD40pt-ODN plus gp33, gp33 alone, or 1668pt-ODN alone or were
left untreated; 7 days later the mice were boosted by the same protocol; 7 days
after boosting, mice were challenged i.v. with 200 PFU of LCMV; 4 days after
virus challenge, LCMV titers in the spleen were determined. Each symbol rep-
resents a single mouse. One of three identical experiments is shown.

FIG. 5. 1668pt-ODN as adjuvant for peptide vaccination for protection
against challenge infection with recombinant vaccinia virus. (A) C57BL/6 mice
were immunized s.c. with 1668pt-ODN plus gp33, CD40pt-ODN plus gp33, gp33
alone, or 1668pt-ODN alone or were left untreated; 7 days later, mice were
challenged i.p. with 2 3 106 PFU of VV-G2; 5 days after virus challenge, vaccinia
virus titers in the ovaries were determined. Each symbol represents a single
mouse. (B) The same experiment was performed in IgM-deficient mice (B6 umt).
(C) C57BL/6 mice were immunized s.c. with 1668pt-ODN plus p8, with CD40pt-
ODN plus p8, or with p8 emulsified in CFA; 7 days later, mice were boosted by
the same protocol with except with IFA used instead of CFA; 7 days after boost-
ing, mice were challenged i.p. with 2 3 106 PFU of VV-INDG; 5 days after virus
challenge, vaccinia virus titers in the ovaries were determined. One of two
identical experiments is shown.

FIG. 6. Longevity of antiviral protection. C57BL/6 mice were immunized s.c.
with 1668pt-ODN plus gp33 or CD40pt-ODN plus gp33 and were challenged
with 2 3 106 PFU of VV-G2 at 13, 30, or 70 days (d13, d30, or d70) after priming;
5 days after virus challenge, vaccinia virus titers in the ovaries were determined.
One of two identical experiments is shown.
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for peptide-mediated activation of virus-specific CD41 T cells,
C57BL/6 mice were immunized s.c. with 1668pt-ODN plus the
VSV-G-derived I-Ab-binding peptide p8 in saline (11), with
CD40pt-ODN plus p8, or with p8 emulsified in CFA. Seven
days later mice were boosted by the same procedure except
with IFA used in the place of CFA. Seven days after boosting,
mice were challenged i.p. with VV-INDG. Five days later, vac-
cinia virus titers in the ovaries were determined (Fig. 5C). Two
of four mice receiving the p8 peptide together with 1668pt-
ODN were protected against challenge infection with VV-
INDG, whereas none of the p8–CD40pt-ODN- or p8–CFA-
immunized mice were protected. This finding suggests that
CpG-ODNs may be at least as efficient if not better adjuvants
than the commonly used CFA.

1668pt-ODN induces protection against infection with
L. monocytogenes. It has been shown that in the early phase of
primary L. monocytogenes infection in mice, neutrophils and
macrophages play an important role in restricting bacterial
replication. In addition, the cytokines IFN-g and TNF-a as
well as reactive oxygen intermediates produced by IFN-g-ac-
tivated macrophages are essential for protection (5, 15, 20).
However, later phases of primary infections as well as second-
ary infections are mainly controlled by specific (memory)
CD81 T-cell responses (4, 17).

Since it is known that CpG-ODNs are able to directly acti-
vate macrophages, it was of interest to determine whether this
capacity was sufficient to induce macrophage-mediated protec-
tion against infection with the facultative intracellular bacte-
rium L. monocytogenes or whether specific T-cell priming had
to occur in addition. BALB/c mice were immunized s.c. with
the listeriolysin (LLO)-derived CTL epitope LLO 91-99 (28) in
association with 1668pt-ODN, with LLO 91-99 plus CD40pt-
ODN, with LLO 91-99 in CFA, or with 1668pt-ODN alone.
Mice were challenged i.v. 7 days later with 3,000 CFU of
L. monocytogenes; 5 days later, Listeria titers in the spleen and
liver were determined (Fig. 7A). Immunization with 1668pt-
ODN with or without the LLO 91-99 peptide conferred pro-
tection, in contrast to CD40pt-ODN plus LLO 91-99 peptide,
suggesting that the protective mechanism in this experimental
infection was mediated not by LLO-specific CD81 T cells but
rather by in vivo activation of macrophages. 1668pt-ODN-
mediated protection could also be achieved in B-cell-deficient
mice (not shown).

To rule out the possibility that the observed differences
in bacterial titers 5 days after infection were due to a re-
duced ability of 1668pt-ODN-treated mice to be infected with
L. monocytogenes, 1668pt-ODN-treated and CD40pt-ODN-
treated mice were inoculated i.v. 1 or 2 days later with 2 3 105

bacteria, and bacterial titers were determined in the blood 5
min later and in the spleen and liver 1 h after inoculation. At
these very early time points after inoculation, 1668pt-ODN-
treated and CD40pt-ODN-treated mice revealed comparable
bacterial titers (Fig. 7B). These results suggested that the
1668pt-ODN-mediated macrophage activation, rather than
differences in initial bacterial spread and cellular uptake, is
most likely to be responsible for the protection observed.

DISCUSSION

Synthetic CpG-ODNs imitating bacterial DNA show in vitro
and in vivo the capacity to activate and to induce maturation of
several cell subsets, including B cells, macrophages, NK cells,
and dendritic cells (22, 24, 30–34, 38, 39). Surface staining
analysis using biotinylated ODNs revealed that ODNs bound
to the cell surface of those cell subsets which could be activated
by CpG-ODNs but not to the surfaces of CD41 and CD81 T

cells which were not directly activated by CpG-ODNs. The
possible existence of a surface receptor able to bind ODNs has
already been postulated and suggested by experiments where
cellular uptake of antisense oligonucleotides was analyzed (25).

1668pt-ODN-mediated cellular activation could be efficient-
ly blocked in the presence of excess non-CpG-ODNs. Thus,
there may exist a saturable sequence-unspecific ODN receptor
at some stage of the cellular activation process, possibly after
cellular uptake, which is able to discriminate between CpG-
and non-CpG-ODNs. This observation suggests that during in
vivo infection there may be competition between pathogen-de-
rived activating and nonactivating DNA sequences. The overall
effect may depend on the balance of activating versus nonac-
tivating sequences in a particular genome. Theoretically, some
pathogens may have evolved sequences which compete or even
block this CpG-ODN-mediated activation process.

During the 1668pt-ODN-mediated cellular activation pro-
cess, CpG-ODN is bound to the surface and then taken up by
endocytosis (22). Endocytosis as well as subsequent acidifica-
tion of CpG-ODNs is required for the downstream cellular
activation processes involving generation of reactive oxygen
species, finally leading to NF-kB activation (40).

The excellent in vitro and in vivo immunostimulatory capac-
ities of CpG-ODNs prompted us to test those as adjuvants in
peptide-mediated T-cell vaccination against viral infections. In-
duction of protective cytotoxic T-lymphocyte (CTL) responses
against many viral infections can be achieved by immunizing

FIG. 7. 1668pt-ODN as adjuvant in induction of protection against infection
with L. monocytogenes. (A) BALB/c mice were immunized s.c. with 1668pt-ODN
plus LLO 91-99 peptide, CD40pt-ODN plus LLO 91-99 peptide, or LLO 91-99
peptide in CFA or were left untreated (left two panels). In addition, BALB/c
mice were immunized s.c. with 1668pt-ODN plus LLO 91-99 peptide or 1668pt-
ODN alone or were left untreated (right two panels); 7 days later, mice were
challenged i.v. with 3,000 CFU of L. monocytogenes. After 5 days, bacterial titers
in the spleen and liver were determined. Each symbol represents a single mouse.
One of two identical experiments is represented (B) BALB/c mice were immu-
nized s.c. with 1668pt-ODN or with CD40pt-ODN and 1 or 2 days later chal-
lenged i.v. with 2 3 105 CFU of L. monocytogenes. Bacterial titers were deter-
mined in the blood after 5 min and in the spleen and liver after 1 h. Each symbol
represents a single mouse. One of two identical experiments is shown.
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naive mice with immunodominant CTL epitopes. However,
such peptide immunizations are completely dependent on the
use of adjuvants; in the murine system, mainly IFA and CFA
are used. Since these adjuvants possess side effects, it is of
great interest to find equally potent but less harmful adjuvants
that can be used in humans. CpG-ODNs seem to efficiently
fulfill these requirements.

Protective immunity against infection with noncytopathic
LCMV is mediated by LCMV-specific CTLs (16, 42). Subcu-
taneous but not i.v. administration of an immunodominant
CTL epitope (gp33) together with CpG-ODN conferred com-
plete protection against LCMV challenge infection. Similarly,
gp33–CpG-ODN immunization induced protective immunity
against challenge infection with a cytopathic recombinant vac-
cinia virus expressing the LCMV GP. In this case it is known
that the protective mechanism involves T-cell-mediated secre-
tion of the type 1 cytokines IFN-g and TNF-a (8). These ex-
amples demonstrated that peptide-induced vaccinations for
the generation of protective CTL responses were successfully
achieved with CpG-ODNs as adjuvants, and notably, vaccina-
tion was at least as efficient if not more efficient than with CFA
as the adjuvant. B cells were not required for induction of
protective CTL responses by peptide–CpG-ODN immuniza-
tion in the two experimental systems analyzed in this report.
Thus, the local application of CpG-ODN induced probably
a strong activation of either resident APCs such as immature
dendritic cells (e.g., Langerhans cells) or tissue macrophages,
or the CpG-ODN were transported to the draining lymph node
where lymphoid tissue APCs were activated. This CpG-ODN-
induced APC activation and the maturation (in the case of
dendritic cells) probably greatly enhanced the efficiency with
which the APCs activated naive T cells.

Furthermore, s.c. immunization with CpG-ODNs conferred
protection against infection with the facultative intracellular
bacterium L. monocytogenes. To achieve this protection, im-
munization with CpG-ODNs alone was sufficient; addition of
L. monocytogenes-derived CTL epitopes was not required. Pro-
tection was achieved independently of the presence of B cells,
suggesting that in vivo activation of macrophages contributed
to the protective mechanism. Since control and clearance of
primary L. monocytogenes infection is mediated by activated
macrophages via intracellular nitric oxide synthase production
(5, 15, 20), CpG-ODN treatment probably induced a listerio-
cidal activation status in the macrophages.

In conclusion, the data presented in this report indicate that
CpG-ODNs are potent adjuvants for peptide-mediated T-cell
vaccination to achieve antiviral protection. Whether these find-
ings can be extrapolated to other viral infections remains to be
demonstrated. However, the implications for eliciting protec-
tive CTL and T helper cell-mediated immunity in human vac-
cine strategies are potentially exciting. Furthermore, it will be
of interest to elucidate the mechanism responsible for the
potent adjuvant effect and to possibly enhance its longevity.
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