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ABSTRACT Recent advances in our understanding of the
immune response are allowing for the logical design of new
approaches to cancer immunization. One area of interest is the
development of new immune adjuvants. Immunostimulatory
oligodeoxynucleotides containing the CpG motif (CpG ODN)
can induce production of a wide variety of cytokines and
activate B cells, monocytes, dendritic cells, and NK cells.
Using the 38C13 B cell lymphoma model, we assessed whether
CpG ODN can function as immune adjuvants in tumor antigen
immunization. The idiotype served as the tumor antigen.
Select CpG ODN were as effective as complete Freund’s
adjuvant at inducing an antigen-specific antibody response
but were associated with less toxicity. These CpG ODN
induced a higher titer of antigen-specific IgG2a than did
complete Freund’s adjuvant, suggesting an enhanced TH1
response. Mice immunized with CpG ODN as an adjuvant
were protected from tumor challenge to a degree similar to
that seen in mice immunized with complete Freund’s adju-
vant. We conclude that CpG ODN are effective as immune
adjuvants and are attractive as part of a tumor immunization
strategy.

Bacterial DNA is capable of inducing activation of B cells, NK
cells, and monocytes (1–5). In addition, bacterial DNA can
induce production in vitro and in vivo of a variety of proin-
flammatory cytokines (6–8). In contrast, vertebrate DNA
does not induce lymphocyte activation. Bacterial DNA con-
tains a much higher frequency of unmethylated CpG dinucle-
otides than does vertebrate DNA due to (i) CpG suppression
(the under representation of CpG in vertebrate genomes) and
(ii) methylation of 80% of the CpG in vertebrates. It is possible
that lymphocyte activation by the CpG motif in bacterial DNA
represents an immune defense mechanism that can distinguish
bacterial from host DNA (1). Select synthetic oligodeoxynucle-
otides containing unmethylated CpG motifs (CpG ODN) have
immunologic effects similar to those seen with bacterial DNA.
CpG ODN can stimulate monocytes, macrophages, and den-
dritic cells that then produce several cytokines, including the
TH1 cytokine interleukin 12. This effect synergizes with CpG
ODN to induce NK cell production of interferon g (6). Both
human and murine leukocytes respond to this novel pathway
of immune activation, although individual CpG ODN differ
somewhat in their ability to activate various immune cell
populations and induce cytokine production in human and
murine systems.

The molecular mechanisms responsible for CpG ODN-
induced immune cell activation are still under investigation.
We have recently reported that CpG ODN trigger the pro-

duction of reactive oxygen species that activate NF-kB (9).
This activation, in turn, leads to cellular activation. Irrespective
of the mechanism involved, it is clear that select CpG ODN can
have powerful immunologic effects and might be useful ther-
apeutic agents in a number of circumstances, including cancer
immunotherapy. For example, we have demonstrated that
CpG ODN can enhance antibody-dependent cellular cytotox-
icity and improve the in vivo efficacy of monoclonal antibody
therapy in a syngeneic murine lymphoma model (10).

CpG ODN can induce activation of antigen-presenting cells
and enhance production of cytokines known to participate in
the development of an active immune response. They also
enhance B cell activation, particularly when the B cell receptor
is cross-linked (1). These effects are likely to promote antigen-
specific responses. Indeed, Branda et al. (11) demonstrated
that an anti-sense ODN, which in retrospect is noted to contain
the CpG motif, enhances antibody response to antigen. We
therefore used a well-established animal model to assess
whether CpG ODN can function as an immune adjuvant in
antitumor immunization.

METHODS

Tumor Model. The 38C13 murine B cell lymphoma model
has been used extensively in studies of antibody-based therapy
and active immunization (12–15). The idiotype (Id) of the
38C13 surface IgM serves as a highly specific tumor-associated
antigen (17, 18). 38C13 Id was obtained from the supernatant
of a cell line that secretes 38C13 IgM as described (18), and
purified by protein A affinity chromatography. Purified Id was
conjugated to keyhole limpet hemocyanin (KLH) using glu-
teraldehyde and used as the immunogen.

Immunization. Female C3HyHeN mice, obtained from
Harlan-Sprague-Dawley, were housed in the University of
Iowa Animal Care Unit and used at 6–9 weeks of age. Mice
were immunized with 50 mg Id-KLH in a total volume of 200
ml PBS with the indicated antigen and injected subcutaneously
except where indicated. Phosphorothioate ODN were pro-
duced in a GMP facility and purchased commercially (Oligos
Etc., Wilsonville, OR). All CpG ODN were tested for endo-
toxin content (BioWhittaker), which was undetectable. All
CpG ODN cytosines were unmethylated unless indicated.
When CpG ODN was used as an adjuvant, both the antigen
and CpG ODN were in aqueous phase. When CFA (Sigma)
was used as an adjuvant, antigen and complete Freund’s
adjuvant (CFA) were homogenized before injection.

ELISA Determination of Anti-Id Levels. Serum was ob-
tained by retroorbital puncture from mice following inhalation
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anesthesia with metophane. Microtiter plates were coated with
5 mgyml 38C13 IgM or irrelevant IgM overnight. IgM-coated
plates were blocked with 5% milk, and serial dilutions of serum
were added. Plates were washed, and heavy chain-specific goat
anti-mouse IgG, IgG1, or IgG2a (Southern Biotechnology
Associates) added following by the colorimetric substrate
p-nitrophenylphosphate. Serum from naive mice to which a
known concentration of monoclonal anti-Id was added served
as a standard. Plates were evaluated using a microplate reader
and curves established for each sample. Test curves were
compared with standard curves to determine the concentra-
tion of anti-Id. Values were considered valid only if the
standard curves and the sample curves had the same shape.

In Vivo Survival Studies. Two weeks after a single subcu-
taneous immunization, mice were inoculated i.p. with 1,000
38C13 cells. Mice that developed tumor displayed inguinal and
abdominal masses, ascites, and cachexia. All mice that devel-
oped tumor died. Survival was determined, and significance
with respect to time to death was assessed using Cox regression
analysis.

RESULTS

CpG ODN 1758 Was Most Effective as an Adjuvant at
Enhancing Production of Anti-Id Following Immunization
with Id-KLH. Three CpG ODN, Escherichia coli DNA, and
calf thymus DNA were evaluated for their in vivo adjuvant
effect. The CpG ODN were selected as representative based
on our prior studies of their effects on B cells, cytokine
secretion, and induction of NK activity. The sequences for
these CpG ODN and their previously described in vitro effects
are listed in Table 1. C3H mice were immunized with a single
subcutaneous injection of 50 mg of Id-KLH in PBS mixed in
aqueous solution with 50 mg of CpG ODN or DNA. Serum was
obtained weekly and evaluated by ELISA for the presence of
antigen-specific antibody (anti-Id IgG) and nonspecific anti-
IgM (i.e., rheumatoid factor). As illustrated in Fig. 1, CpG
ODN 1643 had a modest effect on enhancing anti-Id IgG
levels. CpG ODN 1758 was most effective as an immune
adjuvant at inducing production of anti-Id IgG. CpG ODN
1812, which is identical to 1758 in sequence but contains
methylcytosines instead of unmethylated cytosines as part of
the CpG dinucleotides, had little effect. No nonspecific anti-
IgM was noted in any samples (data not shown), demonstrating
the antibody response was directed against the idiotype of the
38C13 IgM. The development of an anti-Id response was
somewhat higher after subcutaneous and intradermal injection
of the antigen and adjuvant when compared with intraperito-
neal administration (Fig. 2). There also was a dose-response
effect with a maximum effect reached at a dose of 50 mgy
mouse (Fig. 3).

The Adjuvant Effect of CpG ODN Is Local, Not Systemic.
We next assessed whether the adjuvant effect of CpG ODN
was local or systemic. One group of mice were immunized
subcutaneously with Id-KLH on one flank and simultaneously
injected with 50 mg CpG ODN 1758 on the contralateral f lank,
whereas a second group received a single injection of both
agents (Fig. 4). Injection of CpG ODN and antigen on the
same flank was required for maximal adjuvant effect. Thus,
CpG ODN exerts much of its adjuvant effect locally. This

finding is consistent with our prior observations that footpad
injection with CpG ODN enhances NK activity of cells in the
ipsilateral but not contralateral lymph node (19).

CpG ODN Is as Effective as CFA After Primary and
Secondary Immunization. We next compared CpG ODN 1758
as an adjuvant to CFA. Mice were immunized with Id-KLH
and CpG ODN 1758 or Id-KLH and CFA on day 0 and boosted
with Id-KLH and CpG ODN or Id-KLH and incomplete
Freund’s adjuvant on day 14. Serum was obtained weekly and
anti-Id IgG levels determined. Mice immunized with CFA
developed inflammatory masses at the sites of immunization,
were less mobile, and demonstrated ruffled fur, whereas no
such masses or other changes were noted in mice immunized
with CpG ODN. No other toxicity was observed in either
group. As illustrated in Fig. 5, CpG ODN 1758 and CFA were
similar in their ability to induce anti-Id.

CpG ODN Is More Effective Than CFA at Inducing Pro-
duction of Antigen-Specific Antibody of the IgG2a Isotype.
Murine IgG2a is more effective than murine IgG1 at mediating
antibody-dependent cellular cytotoxicity, and monoclonal
IgG2a has been shown to be more effective as an antitumor
agent in animal models of antibody therapy of cancer when
compared with an antibody with the identical variable region

Table 1. Different CpG motifs

ODN Sequence Predominant in vitro effects

1758 TCTCCCAGCGTGCGCCAT Monocyte activation; enhanced NK activity (10)
1812 TCTCCCAGZGTGZGCCAT Minimal immunostimulatory effect (10)
1643 GAGAACGCTCGACCTTCGAT B cell mitogen (9)

CpG dinucleotides are underlined; Z indicates 5-methylcytosine in the control ODN with methylated
CpGs, 1812. All oligonucleotides were synthesized with phosphorothioate modified backbones to improve
their nuclease resistance.

FIG. 1. Comparison of anti-Id titers following immunization using
CpG ODN or DNA as an adjuvant. 38C13 Id IgM was conjugated to
KLH using gluteraldehyde to produce Id-KLH. A total of 50 mg
Id-KLH was mixed with adjuvant in aqueous solution and injected
subcutaneously into naive 6- to 8-week-old female C3H mice in a
volume of 0.2 ml. Each mouse received a single immunization. Blood
was obtained weekly, and serum was evaluated for the presence of
anti-Id IgG by ELISA. Normal mouse serum supplemented with a
known concentration of monoclonal anti-Id was used as a standard.
Three mice were included in each group.
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of the IgG1 isotype (20). Enhanced production of IgG2a also
suggests a TH1 response (21). We therefore evaluated the level
of IgG2a and IgG1 anti-Id induced by immunization with CpG
ODN 1758, and compared it to that induced by CFA. As shown
in Table 2, CpG ODN 1758 induced enhanced production of
IgG2a compared with that seen with CFA.

Immunization Using CpG ODN as an Adjuvant Leads to
Protection from Tumor Growth. The goal of immunization
with tumor antigen is to inhibit tumor growth. We therefore

evaluated whether 38C13 tumor growth is inhibited in immu-
nocompetent, syngeneic mice immunized with Id-KLH using
CpG ODN 1758 as an immune adjuvant. Prior studies in the
38C13 model have involved multiple boosts with Id-KLH in
CFA prior to tumor challenge (16). Because we sought to
assess whether CpG ODN might be a more effective adjuvant
that CFA, we challenged mice with tumor 2 weeks after a single
immunization with Id-KLH using CpG ODN 1758 or complete
Freund’s adjuvant. As illustrated in Fig. 6, all unimmunized
mice developed tumor and died within 35 days, with a median
survival of 25 days. Mice immunized with Id-KLH and CFA
had a median survival of 42 days, and two animals remained
disease free indefinitely whereas mice immunized with Id-
KLH and CpG ODN 1758 had a median survival of 51 days
with four mice remaining disease free. Use of CpG ODN 1758
or CFA as an adjuvant markedly improved survival when
compared with control animals (P , 0.001). Although mice
immunized with CpG ODN 1758 had longer survival than mice
immunized with CFA, this difference did not reach statistical
significance (P 5 0.18). CpG ODN 1758 itself without the use
of antigen had no detectable protective effect (data not
shown).

DISCUSSION

Recent advances in our understanding of tumor immunology
and the immune response in general are allowing for the
development of new, rational approaches to cancer immuno-
therapy. One promising approach is immunization with tumor-
specific proteins or peptides. Recent studies suggest develop-
ment of an immune response to a tumor specific antigen after
immunization correlates with improved clinical outcome (22).
CFA is the standard adjuvant in animal models, although the
intensity of the local inflammation that results following
injection with this adjuvant prevents its use clinically. Other
adjuvants, such as QS21 (23), are currently being evaluated in
clinical studies. Recombinant cytokines have also been ex-
plored as adjuvants with some success. However, immuniza-

FIG. 3. Dose response to CpG ODN. Mice were immunized and
anti-Id levels determined as in Fig. 1. All mice received 50 mg Id-KLH.
The dose of CpG ODN 1758 was varied to assess dose response to
adjuvant.

FIG. 2. Route of immunization. Mice were immunized and anti-Id
levels determined as in Fig. 1. Development of anti-Id was determined
after subcutaneous, intradermal, or intraperitoneal immunization.

FIG. 4. Comparison of ipsilateral and contralateral injection. Mice
were immunized and anti-Id levels determined as in Fig. 1. All mice
received 50 mg Id-KLH and 50 mg CpG ODN 1758. Mice were injected
with Id-KLH and CpG ODN 1758 mixed together (ipsilateral) or were
injected on the right flank with Id-KLH and CpG ODN 1758 on the
left f lank (contralateral) to assess whether the adjuvant effect of CpG
ODN is systemic or local.
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tion using an adjuvant that induces the orchestrated activation
of various immune subsets and the production of multiple
cytokines known to participate in the development of an active
immune response is likely to be more effective and perhaps less
toxic than immunization using single cytokine as an adjuvant.

Bacterial DNA has significant immunostimulatory effects
on B cells, monocytes, and NK cells and can induce production
of many of the cytokines that have been shown to be important
in the development of antitumor immunity. The studies out-
lined above confirm that synthetic CpG ODN containing
unmethylated CpG motifs can have similar effects. Although
our approach is based on the hypothesis that the immune
activation in response to bacterial DNA can be used to enhance
the immune response to tumor, bacterial DNA itself had no
detectable adjuvant effect in our studies. Because of its
sensitivity to nucleases, bacterial DNA may not have survived
long enough for an adjuvant effect to develop. Indeed, phos-
phodiester ODN have very short half-lives (24) and would not
be expected to have much of an adjuvant effect unless admin-
istered repeatedly. The phosphorothioate backbone of the
CpG ODN prolongs the half-life of ODN, and this may have

contributed to its increased efficacy. It is also possible that
bacterial DNA activates different subsets of cells than does
CpG ODN, and that some negative feedback due to enhanced
production of select cytokines, such as TH2 cytokines, limits
the adjuvant effect of bacterial DNA. This contention is
supported by the fact that CpG ODN 1643 is a more potent B
cell mitogen than is CpG ODN 1758, yet had less of an effect
as an immune adjuvant.

CpG ODN was as effective as CFA at enhancing production
of anti-Id antibody following immunization, and was more
effective at inducing production of IgG2a anti-Id. This effect
was not seen with an ODN consisting of an identical sequence
containing methylated CpG motifs, nor was it as extensive
when the CpG ODN was administered on the opposite flank,
indicating the adjuvant effect of CpG ODN is secondary to the
CpG motif and is largely a local, not a systemic, effect.

A number of important questions remain to be answered.
The molecular mechanisms responsible for CpG ODN-
induced immunostimulation, and an explanation for why dif-
ferent CpG ODN have different effects, remain unclear and
need to be elucidated. The enhanced production of IgG2a
suggests a TH1 response to CpG ODN; however, changes in T
cell function in response to CpG ODN or enhanced induction
of cytotoxic T cells has yet to be explored rigorously. It will be
important to determine whether immunization using CpG
ODN as an adjuvant indeed enhances the cellular immune
response and whether this plays a role in the observed tumor
rejection. Synergy with other adjuvants also needs to be
explored. Nevertheless, these studies demonstrate that adju-
vant CpG ODN can orchestrate an immune response that leads
to enhanced antigen-specific antibody formation. CpG ODN
could therefore supply a unique approach to enhancing the
efficacy of immunization including enhancing antitumor im-
munity.

These studies were supported by the Department of Veteran’s
Affairs (G.J.W. and A.M.K.), the University of Iowa Cancer Center,
and Training Grant HL07344 from the National Institutes of Health
(J.E.W.). Services were provided by the University of Iowa Diabetes

FIG. 5. Comparison of anti-Id titers following immunization with
CpG ODN and CFA. Id-KLH was mixed with either CpG ODN 1758
in PBS or homogenized with CFA and injected subcutaneously in a
volume of 0.2 ml. Mice were boosted with a second injection at 2 weeks
with Id-KLH and CpG ODN 1758 or Id-KLH and incomplete
Freund’s adjuvant.

FIG. 6. Tumor protection in C3H mice. Mice were immunized
subcutaneously with a single dose of Id-KLH and CpG ODN 1758,
Id-KLH, and CFA or were unimmunized. Two weeks later they were
challenged with 1,000 38C13 cells intraperitoneally. Survival was
followed for 100 days. All mice that were alive after 55 days remained
tumor-free for the entire observation period. Ten mice were included
in each group.

Table 2. CpG ODN 1758 enhances production of
antigen-specific IgG2a

Anti-Id levels CFA CpG ODN 1758 CpG ODN 1812

IgG2a, mgyml 54 6 9 121 6 17 5 6 1
IgG1, mgyml 178 6 20 127 6 4 21 6 2
IgG2ayIgG1 0.30 0.95 0.23

Mice were immunized and serum obtained 3 weeks after a single
immunization. Antigen-specific IgG1 and IgG2a was determined by
ELISA as described. Data are presented as isotype specific anti-Id 6
SEM.
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and Endocrinology Center, National Institutes of Health Grant
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