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1. ABSTRACT

Bacterial DNA and synthetic
oligodeoxynucleotides containing CpG motifs (CpG-
ODNs) are strong activators of both innate and specific
immunity, driving the immune response towards the Th1
phenotype. CpG-ODNs have been successfully used in
several experimental models of allergies or infections and
are now entering clinical trials for these diseases. In this
review, we will focus on their potential applications in
cancers. CpG-ODN can be used alone to activate locally
the innate immunity and trigger a tumor-specific immune
response, overcoming the need for identification of a
relevant tumoral antigen. Other promising approaches
combined CpG-ODN with tumor antigens, monoclonal
antibodies or dendritic cells. Preclinical models have shown
impressive results and several clinical trials are on-going
worldwide. So far, the toxicity observed in humans
appeared limited, and objective responses have been
observed in a few patients. In malignant gliomas, intra-
tumoral injections of CpG-ODN represent a practical
approach. Indeed, human gliomas display a locally invasive
pattern of growth and rarely metastasize, making local
treatment clinically relevant.

2. INTRODUCTION

Recently, bacterial DNA has been reported to be
a strong activator of both innate and specific immunity,

driving the immune response towards the Th1 phenotype.
These immunogenic properties have been linked to
unmethylated CpG dinucleotides (CpG motifs) contained in
bacterial DNA. Synthetic phosphorothiotate
oligodeoxynucleotides (ODNs) containing such motifs
display similar immunological effects. The immunogenic
properties of ODNs containing CpG motifs (CpG-ODNs)
have been successfully used in several experimental models
of allergies, bacterial, or viral infections (1-3). In humans,
preliminary results of a phase I study confirmed the
potency of CpG-ODNs as an adjuvant in an hepatitis B
vaccine (4), and several phase I and II trials are on-going in
allergies and other vaccine against infectious diseases (5).
In this review, we will focus on the potential applications in
cancer immunotherapy. Initial studies showed that when a
tumor antigen is known, CpG-ODNs can be used as an
adjuvant in a vaccination protocol. To overcome the need
for identification of a relevant tumoral antigen, we recently
developed an approach in which CpG-ODN are used alone
to activate locally the innate immunity and trigger a tumor-
specific immune response.

3. CpG MOTIF
3.1.Definition of CpG motif

The imunogenic properties of DNA were first
discovered in 1984 when DNA extracts from Mycobacter
tuberculosis were reported to activate NK cells and
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Table 1. Effects of some phosphorothioates ODNs on human B-cells proliferation in vitro.
Human B-cell proliferation

(thymidine incorporation: cpm+/-SD)
Assay 1 Assay 2 Assay 3

Control 48 +/- 15 69 +/- 16 224 +/- 133
TGACTGTGAAGGTTCGAGATGA 90 +/- 47 NP 447 +/- 87
TC GTCGTT  TT  GTCGTT  TT  GTCGTT   (2006) 2 934 +/- 695 1 155 +/- 324 16 284 +/- 947
TA AACGTT TTT AACGTT TTT GACGTC TT 5 083 +/- 255 1 967 +/- 238 30 167 +/- 2130
TA AACGTT  AT  AACGTT  AT  GACGTC AT 4 350 +/- 157 1 701 +/- 148 17 008 +/- 1475
TA AACGTT  CT  AACGTT  CT  GACGTC CT 4 241 +/- 665 1 709 +/- 173 24 183 +/- 2263
TA AAGGTT   CT  AACGTT  CT  GACGTC CT 1 560 +/- 315 NP NP
TA AAGGTT  CT   AACCTT   CT  GACGTC CT 1 182 +/- 225 NP NP

Lymphocytes from surgically resected tonsils (3 different patients) were incubated with sheep blood cells activated
with AET(2-aminoethyl isothiouronium bromide), then centrifuged on a ficoll gradient to retrieve B-lymphocytes. B-cells  (100
000 / wells) were dispensed in triplicate into 96 well plates and cultivated for 72 hours with 2µg/ml ODN. An ODN without CpG
motif was added as a negative control. The ODN 2006 has been described as a very potent ODN to stimulate human B-
lymphocytes and dendritic cells (12) and was used as a positive control. The cells were then pulsed with 50µCi/ml of tritiated
thymidine for 18 hours, and the radioactivity was measured. NP, not performed.

sometimes induce tumor regression (6). Subsequent works
showed that the immunogenic properties were due to the
presence within the bacterial DNA of CpG sequences (7-8),
which are suppressed and methylated in vertebrate DNA
(9). Interestingly, synthetic oligodeoxynucleotides
containing CpG motifs display similar properties than
bacterial DNA. Their biological activity is further increased
if they are rendered nuclease resistant by a
phosphorothioate backbone modification (10). The
biological activity of CpG motifs also depends upon the 3’
and 5’ flanking bases, and several immunostimulatory
sequences have been defined such as hexameric
palindromes containing CpG motifs (11) or 5’- pur-pur-
CG-pyr-pyr hexameric sequences (8).  Interestingly some
authors have reported that the optimal CpG motif for
activating human cells might be different from the effective
mouse sequence (5’-GTCGTT versus 5’-GACGTT)
(12,13). However, by screening a large number of ODNs,
we found that some ODNs containing the palindromic
hexamers 5’-AACGTT or 5’-GACGTC displayed optimal
immunostimulatory activity on human B-lymphocytes
(table 1) and were also very potent to stimulate murine
macrophages or lymphocytes  (personal data).

Still, the biological activity of a given hexamer is
strongly modulated by the remaining sequences within the
oligonucleotide. Inhibitory motifs have been described such
as over representation of 5’-CCG, 5’-GCGGG or 5’-
ACGGG motifs (14,15) or poly-G sequences in a
phosphorotioate (but not phosphodiester or chimeric)
backbone oligonucleotide (16). On the other hand,
repeating several times an immunostimulating CpG motif
within an ODN enhances its immunostimulatory activity
(12). In our experience, oligonucleotides comprising
several repeats of 5’-AACGTT or 5’-GACGTC motifs are
among the most efficient  (table 1).

Recently, it was suggested that a distinct family
of immunostimulating CpG-ODNs might exist. Some
specific sequences (so called A-type) might preferably
induces IFN alpha secretion by APC and activation of NK-
cells and gamma delta T cells, in contrast to the “classical”
CpG-ODNs (so-called B-type) which rather induce

secretion of IL12 and B-cell proliferation (17-21).
Difference in sequences between both families are still
unclear and the identification of the specific receptor(s) will
probably help to define the requirements for a specific
immunostimulation.

Backbone modifications also seem to play an
important role, as non specific in vivo effects have been
described. Phosphorothioates ODN can stimulate B-cells
proliferation and induce long-lasting effects such as
lymphadenopathy (22,23). CpG motifs in nuclease-resistant
phosphorothioate backbones have enhanced B-cell
stimulatory properties but reduced NK-cell stimulation.

Methylation of the cytosine within CpG-motifs
abrogates the immunostimulating properties (8).
Interestingly, methylation of CpG-motifs within promoter
region of genomic DNA is critical in mammalian gene
expression, but there is no evidence that mammalian DNA
can be immunostimulatory due to a failure or loss of
methylation. That methylation of CpG-motifs is involved in
such different biological processes (immune properties of
DNA extracts and modulation of promoter regions) is
astonishing and the relationship, if any, between both is
unclear.

3.2.Biological activity of CpG motifs
Bacterial DNA or CpG-ODNs display

pleiotrophic effects on the immune system (24). They
directly activate B-cells and dendritic cells in mammalian
species, and also macrophages in mouse and rats.

On B-cells, CpG-ODNs are directly mitogenic,
induce secretion of a number of cytokines such as IL6 or
IL10 (25,26), prevent apoptosis triggered by surface
antigen-receptor cross linking or other apoptotic agents
(27,28) and promote Ig secretion (8).

Dendritic cells (DCs) are directly activated by
CpG-ODNs to express co-stimulatory molecules (CD40,
CD80, CD86) and secrete a wide variety of cytokines such
as TNFα, interferons, interleukin (IL)-6 or IL-12 (29-31),
allowing activation of T-lymphocytes. Most interestingly,
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CpG-ODNs are able to "license" DCs to directly prime
CD8 T cells by a T-helper cell-independent mechanism
(32). CpG-ODN’s effects on antigen processing are
complex: after an initial phase of enhancement, both
antigen processing and MHC-II expression are down
modulated (33-35). All dendritic cells are not directly
sensitive to CpG-ODNs. CD4+ peripheral blood DC in
humans include 2 major subsets of cells: the plasmacytoid
dendritic cell (PDC) and the myeloid DC (MDC). While
PDC are primary targets for CpG-ODNs, MDC are
indirectly activated by PDC-derived cytokines (19).

Direct activation of T-cells by CpG-ODNs is
unlikely. However, cytokine secretion by dendritic cells
activate T-cells (36,37). Secretion of IL12 and IFN gamma
drive the T-cell differentiation towards the Th1 phenotype
and can even redirect established Th2-biased to Th1
immune responses (38). In addition, upon TCR ligation,
CpG-ODNs can induce IL2 receptor, IL2 secretion and
increase cytolytic activity of the T-cells (39).

NK cells are strongly activated by CpG-ODNs
but NK cells are not primary targets of CpG-ODNs as
initially thought (16). Actually, NK cell activation depends
upon cytokine secretion by DCs, among which IL12,
TNFalpha and IFN (40). Some authors have reported that
phosphorothioate stabilized ODNs have lower potential for
inducing NK activation than do chimeric ODNs in which
only the extremities of the ODN are stabilized (16).

3.3.Intracellular mechanism
Immune stimulation of dendritic and B-cells

requires entry of the ODNs or DNA into the cell (41,42).
There is no evidence for a specific CpG receptor on the cell
surface. Bacterial DNA or CpG-ODNs are probably taken
up within cells by endocytosis and then acidified and
degraded within endosomes, a process which can be
inhibited by chloroquine or bafilomycin A (28,42).
Internalized CpG-ODNs rapidly activate multiple signaling
transduction pathways, including the activation of reactive
oxygen species and the mitogen-activated protein kinase
(MAP) pathways, leading to the activation of various
transcriptional regulatory proteins such as nuclear factor
κB and AP-1 (29,43,). These signaling pathways culminate
in the transcription of multiple cytokines and proto-
oncogenes, which are thought to mediate the other immune
effects of CpG-ODNs.

Using knock-out mice, Hemmi recently identified
the Toll-like receptor (TLR9) as a major component in
CpG-ODNs recognition (45). The Toll-like receptor (TLR)
family is a phylogenetically conserved mediator of innate
immunity that is essential for microbial recognition (46).
Specific TLR9 expression have been demonstrated in CpG-
ODN sensitive cells, such as B-lymphocytes and
plasmacytoid DCs (47). TLR-9 has a transmembrane
domain but the intracellular localization of TLR9 remains
controversial, and the proofs of the direct binding of CpG
motifs to TLR9 are still lacking.

A role for the DNA-dependent protein kinase
(DNA-PK) in mediating immune activation by CpG-ODNs

has also been suggested (48). DNA-PK was previously
known to be activated by double-stranded DNA (dsDNA)
structures, but the authors found that the optimal activation
of DNA-PK activity required the presence of unmethylated
CpG motifs, and was reduced by DNA methylation.
Surprinsingly, CpG-ODNs are still immunostimulant in
severe combined immunodeficient (SCID) mice, which
have weak DNA-PK catalytic function (49) and further
investigations are required to clarify this issue.

4. APPLICATIONS OF CPG-ODNS IN CANCER
CpG-ODNs pleiotrophic immune activity

provides a unique opportunity to design new
immunotherapeutic regimens in cancer. Activation of NK
cells and macrophages can be used in the purpose of either
stimulating innate immunity within the tumor mass or to
stimulate antibody-dependant cell cytotoxicity (ADCC).
Activation of dendritic cells and CpG-ODNs’ ability to
drive the immune response towards the Th1 phenotype, can
be advantageously used to promote tumor specific
cytotoxic T lymphocytes (CTL).

4.1.CpG-ODNs alone
 Selection and purification of a relevant tumor
antigen is usually a limiting step in cancer immunotherapy.
To overcome this problem, CpG-ODNs alone could be
directly injected into the tumor, expecting that the immune
system will select by itself the most relevant antigens. In
addition, local immunostimulation by CpG-ODNs could
also activate innate immunity (NK cells and macrophages)
which can directly kill tumor cells.

The validity of such approach was first suggested
with DNA extract of Mycobacterium bovis (MY-1), which
injections allowed rejection of subcutaneous tumor graft in
mice models (6). As the activity of MY-1 was dependent
on the presence of bacterial DNA, it is likely that the anti-
tumor effect of MY-1 was actually related to
immunostimulatory CpG motifs included in bacterial DNA.
This concept was finally proven in a neuroblastoma model,
in which we showed that peritumoral injections of a
synthetic ODN containing a CpG motif induced complete
tumor rejection in a majority of mice, and triggered a long-
term specific immunity against a subsequent tumor
challenge (50). Moreover, the antitumor efficacy of such
approach was greatly improved by the usage of
phosphorothioate modification of the phosphodiester
backbone, making the ODN nuclease resistant (Figure1).

Subsequent studies by our team and others have
confirmed the antitumor effects of CpG-ODNs alone in
various models, such as glioma (51,52) mesothelioma,
fibrosarcoma, lung carcinoma, melanoma or acute myeloid
leukemia AML (53-57) and it is likely that direct injections
of CpG-ODNs are efficient in almost all solid tumors
(Figure 2). CpG-ODNs or bacterial DNA can also be
successfully used in liposomal preparations which protect
them against nuclease degradation and increase their
immunostimulating properties (58-61).

The situation in B-cell malignancies is more
complex as CpG-ODNs have a direct effect on these cells.
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Figure 1. Neuro2a tumor volumes (mean + SEM) in A/J
mice injected 2 days after tumor implantation either into
the tumor bed with sodium chloride (––ð––, n=6), or 50 µg
of phophodiester CpG-ODN (––♦––, n=6), or 50 µg
phosphorothioate CpG-ODN (––∆––, n=6). Days are the
number of days after tumor implantation. Tumor growth
was assessed with the formula: Vol.= length x width x
width x π)/6. While all animals injected with saline
developed fast growing tumors, treatment with CpG-ODN
resulted in a inhibition of tumor growth which was more
pronounced when CpG-ODN were stabilized by
phosphorothioate backbone modification (p<0.001) (personal
data). (CpG-ODN: 5’- GACTGTGAACGTTCGAGATGA).

Figure 2. antitumor effect of an immunostimulating
oligonucleotide on the B16 melanoma model. C57Bl6 mice
were injected sub-cutaneously into the right flank with 100
000 melanoma cells. On day 2, 5 and 9 after tumor
inoculation, mice were injected at the tumor site either with
saline (––ð––, n=6) or 50µg of CpG-ODN (––s––, n=6).
While all animals injected with saline developed fast
growing tumors, treatment with oligonucleotide CpG-ODN
resulted in a dramatic inhibition of tumor growth when
compared to controls (p<0.001) (personal data). (CpG-
ODN: 5’- GACTGTGAACGTTCGAGATGA).

CpG-ODNs can increase the immunogenicity of these
tumor cells by promoting the expression of costimulatory
molecules (CD20, CD40, CD80, CD86, CD54), IL2
receptor (CD25) and MHC class I and II (62-64). On the
other side, CpG-ODNs have been reported to stimulate the
proliferation of lymphoma cells and to protect them against
apoptosis triggered by various agent (65). Concerns
therefore exist that CpG-ODNs might protect malignant
cells against the immune attack, as long as the treatment is
administered. Altogether, a positive effect of CpG-ODNs
alone was reported on a few lymphoma models (54,56),

although the antitumor effect was very modest in another
case (66).

The optimal dose and schedule probably depends
upon the tumor types. In almost all murine models, distant
injections of CpG-ODNs are less efficient than local
treatment, suggesting that CpG-ODNs exert their effects
locally and must reach a sufficiently high concentration at
the tumor site (50,55). However, systemic injections of
CpG-ODNs in cancer might have some value, especially in
hematological malignancies. Iterative injections appeared
superior to a single dose in some cases (50,55), while a
single injection of 50µg CpG-ODN was sufficient to induce
tumor rejection in a glioma model (51). Efficient dosage
ranges from 20 to 100µg per injections, with a dose-effect
relationship (51). Interestingly a 300µg dose of CpG-ODN
was less effective than doses of 100 or 30µg in a melanoma
model (56) suggesting a non-linear response, but this
finding should be confirmed in other models.

The reasons for these discrepancies are not clear,
but probably reflect either the different levels of
immunogenicity of the tumor models or the mechanisms by
which the tumor is rejected. Indeed, one could speculate
that iterative injections are needed when tumor cells are
killed by innate immunity, while in tumors which are
rejected by specific immunity, one or several injections
might be sufficient to trigger the immune response as is the
case for vaccination.

All studies have pointed out the key role of both
the innate and the adaptive immune system in tumor
rejections. No direct cytotoxicity of CpG-ODNs has been
detected in vitro (50,51) and CpG-ODNs had no effect on
expression of class I or class II MHC, CD40, CD40l,
CD28, CD80 or CD86 on B16 melanoma cell in vitro (56).

NK cells depletion diminished or abrogated CpG-
ODNs antitumoral effect (50,53-57). As NK cells are not
primary targets for CpG-ODNs, tumor infiltrating
macrophages and dendritic cells probably play a critical
role in NK cell activation. NK cell activation seem to
depend on the secretion of type-I interferon but not IFNγ,
IL12, IL2, IL4 (54,56). Type I IFN is known to activate the
cytolitic potential of NK cells (67). Experiments in knock-
out mice suggested that NK cells kill their target more by a
direct cytolitic activity with perforin, rather than by their
ability to release various cytokines (56). Other component
of the innate immune response probably play a role in
tumor rejection since CpG-ODNs still display antitumor
effect in SCID-beige mice which lack B, T and NK cells.
Increased tumoral infiltration with neutrophils have also
been observed but not fully investigated (53, personal data).
The role of macrophages has been highlighted in a murine
model, in which macrophages inactivation by silica
injections reduced the anti-tumor effects (52).

Specific immunity also plays a critical role as
demonstrated by the reduced efficacy of CpG-ODNs in
nude or SCID mice (52,56). Experiments demonstrated that
CpG-ODNs induced maturation and migration of DC into
the draining lymph nodes in vivo (55), in accordance with a
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previous paper showing the migration of Langerhans cells
from skin (68). CD8+ cells are needed to achieve optimal
effects in most cancer models (53,55-56). Depleting in vivo
CD4+ cells in a murine model did not significantly
impaired the antitumor effects (53), probably because CpG-
ODNs allow DCs to directly prime CD8 T cells by a T-
helper cell-independent mechanism (69). However, the
priming of long term immunity, reported in almost every
model tested so far, demonstrates that memory CD4+ cells
are probably involved. This long-term immunity is tumor
specific, as rats cured from a 9L glioma were not protected
against another syngenic glioma cell line (52). The role
played by antibodies in tumor inhibition deserves further
studies. Antibody-dependant cell cytotoxicity (ADCC) has
been suggested in a lymphoma model (70), but not in solid
tumors.

Both innate and specific immunity are therefore
required to achieve optimal anti-tumor effects. It is
interesting to point out that activation of innate immunity is
local, and lasts as long as the treatment is administered.
Thus innate immunity probably plays a major role only in
the early phase of local tumor rejection, before a specific
immunity can be primed. The ability of the CpG-ODNs to
mount an immune response will be critical to achieve
complete tumor rejection for metastatic cancers.
Preliminary results of an on-going clinical trial in
metastastic melanoma have shown objective response at the
site of injection, but not on distant tumor sites (71). Design
of optimal CpG-ODN sequences and regimen therefore
represent the main challenge for clinical applications in
disseminated cancers. Insights into the immune
mechanisms needed for tumor lysis will probably lead to
customized regimen in each type of cancer, as illustrated in
some models in which B-type CpG-ODNs were more
potent than a NK-optimized ODNs, but not in others
(56,57).

4.2.CpG-ODNs combined with antigens or antibodies
When a tumor antigen is known, a specific

immunity can be triggered using CpG-ODNs as an adjuvant
in a classical vaccination protocol. Successful
immunization has thus been reported in a lymphoma
model, leading to protective immunity against a lethal
tumor challenge (66). CpG-ODNs combined with tumoral
antigen induced a higher titer of antigen-specific antibodies
than did complete Freud’s adjuvant, and were associated
with less toxicity (66). In an other model, CpG-ODN
increased several fold the CTL response to immunization
with various synthetic peptides, and protein vaccination in
combination with CpG was effective in reducing the
growth of antigen-transfected tumors (72). CpG-ODNs
were successfully used to generate specific CTL in mice
immunized against tumor-derived synthetic peptide analog
of MART-1/Melan-A(26-35) (73). Adding GM-CSF can
further increase the adjuvant properties of CpG-ODNs,
especially when a fusion protein is created with the tumor
antigen and GM-CSF. A single immunization with CpG-
ODN and antigen/GM-CSF fusion protein 3 days before
tumor inoculation prevented tumor growth in a lymphoma
model (74).

Another promising approach combines CpG-
ODNs and monoclonal antibodies targeted against tumor
antigens. CpG-ODNs stimulate NK cells and macrophages,
hence enhancing antibody-dependant cell cytotoxicity.
Indeed, combination of CpG-ODNs with monoclonal
antibodies was effective in preventing tumor growth in the
38C13 B cell lymphoma model (70,75). Clinical trials
combining CpG-ODNs with Herceptin® in breast cancer or
Rituxan® in non-Hodgkin’s lymphoma are on-going.

Recently, an original approach uses CpG-ODNs
as an inducing agent in cancer cells for a target molecule
against which a cytotoxic antibody exists. CpG-ODNs can
increase expression of the IL2 R (CD25) on the surface of
B-CLL, and to a lesser level on normal B-lymphocytes, and
render B-CLL more sensitive to a recombinant anti-CD25
immunotoxin (62,76).

Unfortunately, relevant tumor antigen are rarely
identified in cancer, therefore limiting the clinical
usefulness of these approaches. Moreover, the tumor might
select antigen-negative cells and escape the immune
response. Immunization against not one but several tumor
antigens might be needed to achieve significant clinical
effects.

4.3.CpG-ODNs combined with dendritic cells
CpG-ODNs cause simultaneous maturation of

immature and activation of mature dendritic cells to
produce cytokines in vitro and to induce activation of
cytolytic CD8 cells in vivo (34,35,77). Stimulation of
freshly isolated T helper cells with syngeneic A20
lymphoma cells and APCs in the presence of CpG-ODNs
generated large numbers of tumor-specific Th1 cells, which
were able to eradicate disseminated lymphomas and
provided lifelong protection (78). In mice pretreated with
Flt3 ligand which expands in vivo the numbers of immature
DCs, the injections of a tumor Ag and CpG-ODNs
generated Ag-loaded DCs in situ that can induce potent
antitumor immunity (79).

4.4.Tolerance
Very limited data are available on the safety of

CpG-ODNs treatment in cancers. CpG-ODNs are powerful
immuno-stimulating agents and can therefore potentially
trigger or exacerbate auto-immune diseases. In cancer
immunotherapy, the fear for auto-immune reactions is
particularly relevant because a subset of patients with
cancer do spontaneously develop paraneoplastic
syndromes. For example, neurological paraneoplastic
syndromes are characterized by inflammation of the
nervous system, indolent tumor growth and an immune
reaction against antigens shared by the nervous system and
the tumors cells. We have recently shown that CpG-ODNs
can successfully trigger an immune response leading to
rejection of established neuroblastoma in mice without
inducing a neurological paraneoplastic disease (80). In an
intracranial glioma model, no toxicity of CpG-ODNs
injections was seen, despite the susceptibility of the Lewis
strain to develop experimental allergic encephalomyelitis
(EAE) (51).



CpG-ODN for cancer immunotherapy

120

Figure 3. TLR9 mRNA is expressed in microglial but not
in neurons or glial cells. Purified populations of microglial
cells, astrocytes or neurons, (obtained from embryonic
(E14-E17) OFA Wistar rat as described in (109, 110)), and
rat glioma cells (9L) were extracted for mRNA. Actin and
TLR9 gene expression was assessed by RT-PCR using the
appropriate primers. Spleen mRNA was used as a positive
control for actin and TLR9 expression. All subgroups of
cells did express mRNA for actin, but only microglial cells
(and spleen) did show expression of TLR9. (personal data).

In human, preliminary data on ongoing clinical
trials in melanoma and basal cell carcinoma (iterative
injections every week) have shown that clinical response
are observed above 1mg per injections, with limited side
effects, consisting of local inflammation and flu-like
syndromes (71).

5. LOCAL CpG-ODNs TREATMENT IN
MALIGNANT GLIOMAS

5.1.Glioma and immunity
Recent advances have shown that the brain can

both prime (afferent response), and be reached (efferent
response) by the immune system. Microglia, endothelial
cells, capillary pericytes, and occasionally astrocytes, all
can act as Antigen Presenting Cells (APC) (81). Microglia
can express MHC class I, MHC class II and co-stimulatory
molecules B7-1 (82,83), secrete activating cytokines such
as IFNgamma, IL1, IL6 and GM-CSF (84), display
phagocytic activity in cultures (81), and cluster CD4+ T-
cells in vitro (85). Capillary pericytes share common
functions with microglia, but are in addition capable of
migration, making them good candidates for APC
functions.

In addition, the ability of lymphocytes to invade
normal brain parenchyma have been clearly demonstrated
in various studies, using graft-vs-host disease, brain
melanoma metastasis or beta-galactosidase expression
under the GFAP promoter (86-88). To cross the BBB,
lymphocytes require activation prior to entry into the CNS,
but antigen specificity is not necessary.

Evidence have been found for cell-mediated anti-
tumor activity in glioma patients (89). The identification of
tumor-infiltrating lymphocytes (TIL) in malignant glioma
(90) also argues for the existence of glioma-specific and
tumor-associated antigens. Among potential tumor-
associated antigens (TAA), the extra-cellular matrix-
associated Ags GP240 and Tenascin, the membrane-
associated ganglioside molecules, the mutated p53, and the
over-expressed deletion variant of the Epidermal Growth

Factor Receptor (EGFRvIII) have been identified (91),
although none of them have been shown to be the target of
TIL (90).

However, patients with malignant glioma exhibit
depressed in vitro and in vivo immune responsiveness,
explaining why the tumors are not spontaneously rejected.
Patients generally exhibit abnormal delayed
hypersensitivity to such Ags as Mycobacterium
tuberculosis or Candida Albicans and poor T-cell
responsiveness to mitogens such as PHA, Concanavalin A
or phorbol ester (92). These altered immune responses have
been attributed to decreased IL-2 sensitivity of CD4+
lymphocytes (93,94) and local secretion, by glioma cells, of
the immunosuppressive factors TGFβ2, prostaglandin E2
and possibly Fas-L (95,96). Cytokines (IL-6, IL-10) that
may shift immunity to the less effective humoral Th2
responses are also secreted by gliomas (97).

5.2.CpG-ODNs as an immonutherapeutic approach in
malignant gliomas

Secretion by glioma cells of immunosuppressive
cytokines provides the rationale for the usage of CpG-
ODNs as a local immunostimulating agent. Indeed, such
approach offers the unique opportunity to stimulate both
the innate and the specific immunity, increasing the
efficiency of the immune system both to trigger an anti-
tumor immunity (afferent arm) and to boost its anti-tumor
efficacy (efferent arm):

- afferent arm: CpG-ODNs can stimulate
microglia and antigen presenting cells within the brain (cf
infra). By locally stimulating APC, CpG-ODNs treatment
allow the immune system to select by itself one or several
antigens, therefore overcoming the need for the physician
to select and purify a relevant antigen. Moreover, CpG-
ODNs can switch a poorly efficient Th2 anti-tumor
immune response towards a Th1 response, thought to be
more efficient in cancer immunotherapy. In addition, CpG-
ODNs induce secretion of IL12 or IFN gamma, which can
both counteract the immunosuppressive effect of TGF beta
or IL10.

- efferent arm: CpG-ODNs activate macrophages
and NK cells which can kill directly tumor cells. Moreover,
induced secretion of interferon gamma by CpG-ODNs,
could increase the expression of MHC class I by glioma
cells, hence making them more susceptible to cell-mediated
cytotoxicity.

5.3.TLR9 expression within the nervous system
Usage of CpG-ODNs as a local

immunostimulating agent in brain tumors requires the
presence within the brain or within the tumor of CpG-
ODNs sensitive cells. CpG-ODNs effects are thought to be
mediated by the Toll-like receptor 9 (45). TLR9 expression
was not directly detected in the brain using nothern-blot
study (45), probably because only a small subset of cells do
express the TLR9. Indeed, using purified subsets of
nervous system cells, we were able to demonstrate TLR9
expression in microglial cells but not astrocytes, neurons or
glioma cells (Figure 3). In addition, human gliomas are
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Figure 4. Survival curves of Lewis rats inoculated
intracerebrally with CNS1 glioma cells and injected into
the tumor bed with 50 µg of CpG-ODN on day 1 (−⋅−⋅−),
day 5(⋅⋅⋅⋅⋅), day 9 (− − −) or with sodium chloride (––).
Survival was dramatically increased in CpG-ODN treated
animals with a long term survival (>90 days) of 67% (n=6;
p< 0.01), 88% (n= 8; p< 0.002) and 29% (n= 7; p< 0.07)
for rats treated on day 1, 5 and 9 respectively, while all
controls animals (n=14) died within 23 days (From (51)).
(CpG-ODN: 5’- GACTGTGAACGTTCGAGATGA).

Figure 5. Histological analysis of tumors in rats implanted
on day 0 with CNS1 cells, injected with saline (a, c) or
CpG-ODN (b, d) on day 5, and sacrificed on day 6. CNS1
tumor cells invade the normal parenchyme in a control rat
(a), whereas in a CpG-ODN treated animal (b), viable
tumor cells are surrounded by an area of pycnotic cells and
a cicatricial tissue where macrophages and lymphocytes are
seen, but where tumor cells are sparse. Normal parenchyma
is seen on the right (H&E staining, X200 ).
Immunohistochemical analysis (X400) with OX8
antibodies showing higher tumoral infiltration with CD8 T-
lymphocytes in CpG-ODN injected animals (d) than in
control rats (c) (from (51)). (CpG-ODN: 5’-
GACTGTGAACGTTCGAGATGA).

infiltrated with macrophages (98) which might also mediate
the CpG-ODNs effects. Whether human tumor-infiltrating
macrophages do express TLR9 is currently under
investigation.

The expression of functional TLR9 by microglial
cells is further supported by the pronounced microglial
cells activation induced by intra-cerebral injections of
CpG-ODNs (99). In this study, the authors also report on
the astrocyte activation, which might actually be mediated
by microglia, but this point deserves further studies. A

recent study also reported activation of microglial cells in
vitro, with induction of TNF-alpha, IL-12p40, IL-12p70
and NO, enhancement phagocytic activity and up-
regulation of MHC class II, B7-1, B7-2, and CD40
molecules (100). In our experience, the number of ED1
positive cells (activated macrophages and microglia) seen
48 hours after intra-cerebral injections were 6 folds higher
in CpG-ODNs healthy rats than in controls injected with
saline (positive cells per field : 132+/-9 and 16+/-5, p<
0.05). Moreover, the activation area involved all the
ipsilateral hemisphere with CpG-ODNs injections, but was
limited around the needle track in controls. Similarly,
injections of CpG-ODNs within an established intracerebral
glioma up-regulated ED1 intratumoral positive cells (51).

5.4.Preclinical data in animal models
Promising data have been obtained in all

syngenic murine glioma models tested so far. When 9L
glioma cells were inoculated sub-cutaneously, local
treatment with CpG-ODNs induced tumor growth
inhibition, and complete tumor rejection in a significant
subset of animal (52). Experiments with the poorly
immunogenic RG2 glioma showed similar results
(manuscript in preparation). Most interestingly, promising
results have been obtained in an intracranial model of
syngenic glioma (CNS1) with a single intratumoral
injections of CpG-ODNs (51). While none of the control
animals survived the tumor challenge, more than 85% of
the rats treated five days after the tumor inoculation
showed long term survival and tumor eradication (Figure
4). Rats which were cured by CpG-ODN injections were
further protected against a new tumor challenge, showing
that a long term immunity was primed. Moreover,
increased survival was seen in rats bearing 2 separate
tumors, but treated only at one tumor site. Surprisingly,
bacterial DNA extracts (MY-1) which have previously
shown antitumor effect in various malignancies, failed to
improve survival in a mouse glioma model (101). The
superior efficacy of CpG-ODNs in our models might be
related to the amplification of immunostimulatory
sequences and the enhanced stability of phosphorothioate
ODNs when compared to crude bacterial DNA.

In the intracranial glioma model, CpG-ODN
injections within the tumor mass induced tumor eradication
with increased tumoral infiltration with activated
macrophage/microglial cells, CD8 and NK lymphocytes
when compared to the controls injected with saline (Figure
5). CpG-ODNs have been reported to induce endogenous
release of IL12 by macrophages (49). The role of
macrophages has been highlighted in the 9L model, in
which macrophages inactivation by silica injections
reduced the anti-tumor effects (52). Since IL12 displays
anti-tumor effects in murine glioma models (102,103), the
CpG-ODNs’ antitumoral effects could be mediated, at least
in part, by IL12 secretion. CpG-ODNs carry out the
advantage over IL12 alone to trigger a sustained expression
of IL 12 for at least 8 days (104), while the half-life of
exogenous IL12 is less than 10 hours (105).

Altogether, CpG-ODNs as a local treatment
appear promising in preclinical models, and fully justify a
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Figure 6. combination of cyclophosphamide and CpG-
ODN. Fisher rats were inoculated sub-cutaneously with 100
000 9L glioma cells, injected I.P. with either saline or
50mg/kg cyclophosphamide on day 3, then injected at the
tumor site with either saline or 50µg CpG-ODN on day 5.
Both CpG-ODN and cyclophosphamide alone induced an
inhibition of tumor growth, but maximal effects were obtained
when both treatments were combined (p< 0.05) (personal
data). (CpG-ODN: 5’- GACTGTGAACGTTCGAGATGA).

clinical trial in glioma patients. Moreover, human gliomas
display a locally invasive pattern of growth and rarely
metastasize, making local treatment clinically relevant.

5.5.Pharmacokinetic and toxicology of CpG-ODNs in
the brain

The pharmacokinetic of synthetic
oligodeoxynucleotides in the nervous system is poorly
known. Diffusion after intra-cerebral injections occurs both
within the brain parenchyme (a few millimeters around the
site of injections) and into the CSF (106,107). The half life
within the CSF is less than 1 hour. The half-life of
phosphorothioate ODNs in the parenchyma is probably
more related to the diffusion into the blood stream or the
CSF than to a degradation in-situ which is limited. When
radioactive ODNs are injected into the brain, the local
radioactivity decrease by 85-95% in 10 hours in one study
(108) and by 80% in 48 hours with a high-flow
microinfusion technique (107).

Potential toxicity induced by CpG-ODN
injections can be either acute, or delayed through an auto-
immune mechanism. In rats, intracerebral injections of 10-
200µg CpG-ODN induced activation of microglia,
recruitment of macrophages and lymphocytes but no
oedema or neurological symptoms. No similar data are
available in humans. In an on-going clinical trial in
melanoma patients (s.c. injections), adverses effects were
limited to redness, swelling and flu-like symptoms with
doses above 1 mg (71). Delayed toxicity through an auto-
immune mechanism, such as angeitis or demyelinating
diseases, can also theoretically be feared as CpG-ODNs are
strong immunostimulating agents. However, we showed
that despite the known susceptibility of the Lewis strain to
develop EAE, rats injected with CpG-ODNs showed no
short or long term neurological impairment. Histological
studies of the brains of cured animals showed no other
abnormalities than enlarged ventricles in the vicinity of the

original tumor sites. No evidence for angeitis, diffuse
inflammation or demyelinization was observed (51).

6. CONCLUSION AND PERSPECTIVES

Recent recognition of the potent
immunostimulatory effects of specific sequences in DNA
suggest that such agents may have potential applications in
cancer immunotherapy, either alone to activate locally the
innate immune responses and trigger an anti-tumor immune
response, or combined with tumor antigens, monoclonal
antibodies or dendritic cells.

Several clinical trials are on-going worldwide in
melanoma, lymphoma, breast cancer uterine cervix
carcinomas or renal carcinomas. A clinical trial in
glioblastoma will be open for accrual in the next few
months in Paris. So far, the toxicity observed in humans
appeared limited, and objective response have been
observed in a few patients (71).

In the next years, design of optimal CpG-ODN
sequences, treatment schedules and new drug formulations
allowing distant tumor killing represents the main
challenge for clinical applications in cancers. For example,
slow-release formulation of CpG-ODNs will be especially
useful in cancers where a sustained activation of innate
immunity is needed (mainly local cancers, sensitive to NK-
mediated cytotoxicity). In contrast, regimens designed to
trigger a specific immunity acting at distance will be
needed for disseminated cancers.

At last, it is likely that combination of CpG-
ODNs with other treatments will have clinical perspectives.
Conventional treatment such as radiotherapy or
chemotherapy can induce cells lysis and result in the
release of tumor antigens. In addition, reducing the tumor
burden would help the immune system to achieve complete
tumor rejection. Preliminary experiments of CpG-ODNs
and cyclophosphamide showed a synergistic activity
(Figure 6). However, optimal dosages should be
determined since high dose chemotherapy can induce
immunodepression and perhaps counteract the
immunotherapy. Combination of CpG-ODNs with other
types of immunotherapy, such as monoclonal antibodies or
dendritic cells, appears particularly promising.

8. ACKNOWLEDGMENTS

The experimental part of this review was
supported by the Ligue nationale de Lutte contre le Cancer,
the INSERM, the Assistance Publique-Hopitaux de Paris,
the Université Paris VI and the Foundation Cino et Simone
Del Luca.

9. REFERENCES

1. Elkins K.L., T.R. Rhinehart-Jones, S. Stibitz, J.S.
Conover & D.M. Klinman: Bacterial DNA containing CpG
motifs stimulates lymphocyte-dependent protection of mice
against lethal infection with intracellular bacteria. J.
Immunol 162 2291-2298 (1999)



CpG-ODN for cancer immunotherapy

123

2. Oxenius A., M.M. Martinic, H. Hengartner & P.
Klenerman: CpG-containing oligonucleotides are efficient
adjuvants for induction of protective antiviral immune
responses with T-cell peptide vaccines. J. Virol 73, 4120-
4126 (1999)
3. Davis H.L., I.I. Suparto, R.R. Weeratna, Jumintarto,
D.D. Iskandriati, S.S. Chamzah, A.A. Ma'ruf, C.C. Nente,
D.D. Pawitri, A.M. Krieg, Heriyanto, W. Smits & D.D.
Sajuthi: CpG DNA overcomes hyporesponsiveness to
hepatitis B vaccine in orangutans. Vaccine 18, 1920-1924
(2000)
4. Davis H.L., A.M. Krieg, C.L. Cooper, M.L. Morris,
D.W. Cameron & J. Heathcote: CpG ODN is generally well
tolerated and highly effective in humans as adjuvant to
HBV vaccine: preliminary results of phase I trial with CpG
ODN 7909. 2nd International Symposium “activating
immunity with CpG Oligos”. Amelia Island, Florida,
October 7-10 (2001)
5. Coffman R.I.: Conjugation of immunostimulatory DNA
sequences to allergens: preclinical and clinical studies. 2nd
International Symposium “activating immunity with CpG
Oligos”. Amelia Island, Florida, October 7-10 (2001)
6. Tokunaga T., H. Yamamoto, S. Shimada, H. Abe, T.
Fukuda, Y. Fujisawa, Y. Furutani, O. Yano, T. Kataoka &
T. Sudo: Antitumor activity of deoxyribonucleic acid
fraction from Mycobacterium bovis BCG. I. Isolation,
physicochemical characterization, and antitumor activity. J.
Natl. Cancer Inst 72, 955-962 (1984)
7. Kuramoto E., N. Watanabe, D. Iwata, O. Yano, S.
Shimada & T. Tokunaga: Changes of host cell infiltration
into Meth A fibrosarcoma tumor during the course of
regression induced by injections of a BCG nucleic acid
fraction. Int. J. Immunopharmacol 14, 773-782 (1992)
8. Krieg A.M., A.K. Yi, S. Matson, T.J. Waldschmidt, G.A.
Bishop, R. Teasdale, G.A. Koretzky & D.M. Klinman:
CpG motifs in bacterial DNA trigger direct B-cell
activation. Nature 374, 546-549 (1995)
9. Bird A.P., M.H. Taggart, R.D. Nicholls & D.R. Higgs:
Non-methylated CpG-rich islands at the human alpha-
globin locus: implications for evolution of the alpha-globin
pseudogene. EMBO J 6, 999-1004 (1987)
10. Zhao Q., J. Temsamani., P.L. Iadarola, Z. Jiang & S.
Agrawal: Effect of different chemically modified
oligodeoxynucleotides on immune stimulation. Biochem
Pharmacol 51, 173-182 (1996)
11. Yamamoto S., T. Yamamoto, T. Kataoka, E. Kuramoto,
O. Yano & T. Tokunaga: Unique palindromic sequences in
synthetic oligonucleotides are required to induce IFN and
augment IFN-mediated natural killer activity. J. Immunol
148, 4072-4076 (1992)
12. Hartmann G., R.D. Weeratna, Z.K. Ballas, P. Payette,
S. Blackwell, I. Suparto, W.L. Rasmussen, M.
Waldschmidt, D. Sajuthi, R.H. Purcell, H.L. Davis & A.M.
Krieg: Delineation of a CpG phosphorothioate
oligodeoxynucleotide for activating primate immune
responses in vitro and in vivo. J. Immunol 164, 1617-1624
(2000)
13. Bauer S., C.J. Kirschning, H. Hacker, V. Redecke, S.
Hausmann, S. Akira, H. Wagner & G.B. Lipford: Human
TLR9 confers responsiveness to bacterial DNA via species-
specific CpG motif recognition.  Proc. Natl. Acad. Sci.
USA 98, 9237-9242 (2001)

14. Krieg A.M., T. Wu, R. Weeratna, S.M. Efler, L. Love-
Homan, L. Yang, A.K. Yi, D. Short & H.L. Davis:
Sequence motifs in adenoviral DNA block immune
activation by stimulatory CpG motifs. Proc. Natl. Acad.
Sci. U S A 95, 12631-12636 (1998)
15. Stunz L.L., P. Lenert P., D. Peckham, A.K. Yi, S.
Haxhinasto, M. Chang, A.M. Krieg & R.F. Ashman:
Inhibitory oligonucleotides specifically block effects of
stimulatory CpG oligonucleotides in B cells. Eur. J.
Immunol 32, 1212-1222 (2002)
16. Ballas Z.K., W.L. Rasmussen & A.M. Krieg: Induction
of NK activity in murine and human cells by CpG motifs in
oligodeoxynucleotides and bacterial DNA. J. Immunol 157,
1840-1845 (1996)
17. Yamamoto S., E. Kuramoto, S. Shimada & T.
Tokunaga: In vitro augmentation of natural killer cell
activity and production of interferon-alpha/beta and -
gamma with deoxyribonucleic acid fraction from
Mycobacterium bovis BCG. Jpn. J. Cancer Res 79, 866-873
(1988)
18. Yamamoto T., S. Yamamoto, T. Kataoka, K. Komuro,
M. Kohase & T. Tokunaga: Synthetic oligonucleotides with
certain palindromes stimulate interferon production of
human peripheral blood lymphocytes in vitro. Jpn. J.
Cancer Res 85, 775-779 (1994)
19. Krug A., A. Towarowski, S. Britsch, S. Rothenfusser,
V. Hornung, R. Bals, T. Giese, H. Engelmann, S. Endres,
A.M. Krieg & G. Hartmann: Toll-like receptor expression
reveals CpG DNA as a unique microbial stimulus for
plasmacytoid dendritic cells which synergizes with CD40
ligand to induce high amounts of IL-12. Eur. J. Immunol
31, 3026-3037 (2001)
20. Krug A., S. Rothenfusser, V. Hornung, B. Jahrsdorfer,
S. Blackwell, Z.K. Ballas, S. Endres, A.M. Krieg & G.
Hartmann: Identification of CpG oligonucleotide sequences
with high induction of IFN-alpha/beta in plasmacytoid
dendritic cells. Eur. J. Immunol 31, 2154-2163 (2001)
21. Rothenfusser S., V. Hornung, A. Krug, A. Towarowski,
A.M. Krieg, S. Endres & G. Hartmann: Distinct CpG
oligonucleotide sequences activate human gamma delta T
cells via interferon-alpha/-beta. Eur. J. Immunol 31, 3525-
3534 (2001)
22. Pisetsky D.S. & C. Reich: Stimulation of in vitro
proliferation of murine lymphocytes by synthetic
oligodeoxynucleotides. Mol. Biol. Rep 18, 217-221 (1993)
23. Dalpke A.H., S. Zimmermann, I. Albrecht & K. Heeg:
Phosphodiester CpG oligonucleotides as adjuvants:
polyguanosine runs enhance cellular uptake and improve
immunostimulative activity of phosphodiester CpG
oligonucleotides in vitro and in vivo. Immunology 106,
102-112 (2002)
24. Krieg A.M.: CpG motifs in bacterial DNA and their
immune effects. Annu. Rev. Immunol 20, 709-760 (2002)
25. Yi A.K., D.M. Klinman, T.L. Martin, S. Matson &
A.M. Krieg: Rapid immune activation by CpG motifs in
bacterial DNA. Systemic induction of IL-6 transcription
through an antioxidant-sensitive pathway. J. Immunol 157,
5394-5402 (1996)
26. Redford T.W., A.K. Yi, C.T. Ward & A.M. Krieg:
Cyclosporin A enhances IL-12 production by CpG motifs
in bacterial DNA and synthetic ligodeoxynucleotides. J.
Immunol 161, 3930-3935 (1998)



CpG-ODN for cancer immunotherapy

124

27. Macfarlane D.E., L. Manzel & A.M. Krieg:
Unmethylated CpG-containing oligodeoxynucleotides
inhibit apoptosis in WEHI 231 B lymphocytes induced by
several agents: evidence for blockade of apoptosis at a
distal signalling step. Immunology 91, 586-593 (1997)
28. Yi A.K., M. Chang, D.W. Peckham, A.M. Krieg & R.F.
Ashman: CpG oligodeoxyribonucleotides rescue mature
spleen B cells from spontaneous apoptosis and promote cell
cycle entry. J. Immunol 160, 5898-5906 (1998)
29. Stacey K.J., M.J. Sweet & D.A. Hume: Macrophages
ingest and are activated by bacterial DNA. J. Immunol 157,
2116-2122 (1996)
30. Klinman D.M., A.K. Yi, S.L. Beaucage, J. Conover &
A.M. Krieg: CpG motifs present in bacteria DNA rapidly
induce lymphocytes to secrete interleukin 6, interleukin 12,
and interferon gamma. Proc. Natl. Acad. Sci. U S A 93,
2879-2883 (1996)
31. Sparwasser T., E.S. Koch, R.M. Vabulas, K. Heeg,
G.B. Lipford, J.W. Ellwart & H. Wagner: Bacterial DNA
and immunostimulatory CpG oligonucleotides trigger
maturation and activation of murine dendritic cells. Eur. J.
Immunol 28, 2045-2054 (1998)
32. Cho H.J., K. Takabayashi, P.M. Cheng, M.D. Nguyen,
M. Corr, S. Tuck & E. Raz: Immunostimulatory DNA-
based vaccines induce cytotoxic lymphocyte activity by a
T-helper cell-independent mechanism. Nat. Biotechnol 18,
509-514 (2000)
33. Sparwasser T. & G.B. Lipford: Consequences of
bacterial CpG DNA-driven activation of antigen-presenting
cells. Curr. Top. Microbiol. Immunol 247, 59-75 (2000)
34. Askew D., R.S. Chu, A.M. Krieg & C.V. Harding: CpG
DNA induces maturation of dendritic cells with distinct
effects on nascent and recycling MHC-II antigen-
processing mechanisms. J. Immunol 165, 6889-6895
(2000)
35. Vabulas R.M., H. Pircher, G.B. Lipford, H. Hacker &
H. Wagner: CpG-DNA activates in vivo T cell epitope
presenting dendritic cells to trigger protective antiviral
cytotoxic T cell responses. J. Immunol 164, 2372-2378
(2000)
36. Klinman D.M., D. Verthelyi, F. Takeshita & K.J. Ishii:
Immune recognition of foreign DNA: a cure for
bioterrorism? Immunity 11, 123-129 (1999)
37. Krieg A.M.: Mechanisms and applications of immune
stimulatory CpG oligodeoxynucleotides. Biochim.
Biophys. Acta 1489, 107-116 (1999)
38. Kline J.N., T.J. Waldschmidt, T.R. Businga, J.E.
Lemish, J.V. Weinstock, P.S. Thorne & A.M. Krieg:
Modulation of airway inflammation by CpG
oligodeoxynucleotides in a murine model of asthma. J.
Immunol 160, 2555-2559 (1998)
39. Bendigs S., U. Salzer, G.B. Lipford, H. Wagner & K.
Heeg: CpG-oligodeoxynucleotides co-stimulate primary T
cells in the absence of antigen-presenting cells. Eur. J.
Immunol 29, 1209-1218 (1999)
40. Iho S., T. Yamamoto, T. Takahashi & S. Yamamoto:
Oligodeoxynucleotides containing palindrome sequences
with internal 5'-CpG-3' act directly on human NK and
activated T cells to induce IFN-gamma production in vitro.
J. Immunol 163, 3642-3652 (1999)
41. Macfarlane D.E. & L. Manzel: Antagonism of
immunostimulatory CpG-oligodeoxynucleotides by

quinacrine, chloroquine, and structurally related
compounds. J. Immunol 160, 1122-1131 (1998)
42. Hacker H., H. Mischak, T. Miethke, S. Liptay, R.
Schmid, T. Sparwasser, K. Heeg, G.B. Lipford & H.
Wagner: CpG-DNA-specific activation of antigen-
presenting cells requires stress kinase activity and is
preceded by non-specific endocytosis and endosomal
maturation. EMBO J 17, 6230-6240 (1998)
43. Yi A.K. & A.M. Krieg: Rapid induction of mitogen-
activated protein kinases by immune stimulatory CpG
DNA. J. Immunol 161, 4493-4497 (1998)
44. Chu R.S., D. Askew & C.V. Harding: CpG DNA
switches on Th1 immunity and modulates antigen-
presenting cell function. Curr. Top. Microbiol. Immunol
247, 199-210 (2000)
45. Hemmi H., O. Takeuchi, T. Kawai, T. Kaisho, S. Sato,
H. Sanjo, M. Matsumoto, K. Hoshino, H. Wagner, K.
Takeda & S. Akira: A Toll-like receptor recognizes
bacterial DNA. Nature 408, 740-745 (2000)
46. Medzhitov R., P. Preston-Hurlburt, & C.A. Janeway: A
human homologue of the Drosophila Toll protein signals
activation of adaptive immunity. Nature 388, 394-397
(1997)
47. Hornung V., S. Rothenfusser, S. Britsch, A. Krug, B.
Jahrsdorfer, T. Giese, S. Endres & G. Hartmann:
Quantitative expression of toll-like receptor 1-10 mRNA in
cellular subsets of human peripheral blood mononuclear
cells and sensitivity to CpG oligodeoxynucleotides. J.
Immunol 168, 4531-4537 (2002)
48. Chu W., X. Gong, Z. Li, K. Takabayashi, H. Ouyang,
Y. Chen, A. Lois, D.J. Chen, G.C. Li, M. Karin & E. Raz:
DNA-PKcs is required for activation of innate immunity by
immunostimulatory DNA. Cell 103, 909-918 (2000)
49. Chace J.H., N.A. Hooker, K.L. Mildenstein, A.M.
Krieg & J.S. Cowdery: Bacterial DNA-induced NK cell
IFN-gamma production is dependent on macrophage
secretion of IL-12. Clin. Immunol. Immunopathol 84, 185-
93 (1997)
50. Carpentier A.F., L. Chen, F. Maltonti & J.Y. Delattre:
Oligodeoxynucleotides containing CpG motifs can induce
rejection of a neuroblastoma in mice. Cancer Res 59, 5429-
5432 (1999)
51. Carpentier A.F., J. Xie, K. Mokhtari & J.Y. Delattre:
Successful treatment of intracranial gliomas in rat by
oligodeoxynucleotides containing CpG motifs. Clin.
Cancer Res 6, 2469-2473 (2000)
52. Auf G., A.F. Carpentier, L. Chen, C. Le Clanche & J.Y.
Delattre: Implication of macrophages in tumor rejection
induced by CpG-oligodeoxynucleotides without antigen.
Clin. Cancer Res 7, 3540-3543 (2001)
53. Lanuti M., S. Rudginsky, S.D. Force, E.S. Lambright,
W.M. Siders, M.Y. Chang, K.M. Amin, L.R. Kaiser, R.K.
Scheule & S.M. Albelda: Cationic lipid: bacterial DNA
complexes elicit adaptive cellular immunity in murine
intraperitoneal tumor models. Cancer Res 60, 2955-2963
(2000)
54. Hafner M., R. Zawatzky, C. Hirtreiter, W.A. Buurman,
B. Echtenacher, T. Hehlgans & D.N. Mannel:
Antimetastatic effect of CpG DNA mediated by type I IFN.
Cancer Res 61, 5523-5528 (2001)
55. Kawarada Y., R. Ganss, N. Garbi, T. Sacher, B. Arnold
& G.J. Hammerling: NK- and CD8(+) T cell-mediated



CpG-ODN for cancer immunotherapy

125

eradication of established tumors by peritumoral injection
of CpG-containing oligodeoxynucleotides. J. Immunol 167,
5247-5253 (2001)
56. Ballas Z.K., A.M. Krieg, T. Warren, W. Rasmussen,
H.L. Davis, M. Waldschmidt & G.J. Weiner: Divergent
therapeutic and immunologic effects of
oligodeoxynucleotides with distinct CpG motifs. J.
Immunol 167, 4878-4886 (2001)
57. Blazar B.R., A.M. Krieg & P.A. Taylor: Synthetic
unmethylated cytosine-phosphate-guanosine
oligodeoxynucleotides are potent stimulators of
antileukemia responses in naive and bone marrow
transplant recipients. Blood 98, 1217-1225 (2001)
58. Dow S.W., R.E. Elmslie, L.G. Fradkin, D.H. Liggitt,
T.D. Heath, A.P. Willson & T.A. Potter: Intravenous
cytokine gene delivery by lipid-DNA complexes controls
the growth of established lung metastases. Hum. Gene.
Ther 10, 2961-2972 (1999)
59. Rudginsky S., W. Siders, L. Ingram, J. Marshall, R.
Scheule & J. Kaplan: Antitumor activity of cationic lipid
complexed with immunostimulatory DNA. Mol. Ther 4,
347-355 (2001)
60. Whitmore M.M., S. Li, L. Falo Jr. & L. Huang:
Systemic administration of LPD prepared with CpG
oligonucleotides inhibits the growth of established
pulmonary metastases by stimulating innate and acquired
antitumor immune responses. Cancer Immunol.
Immunother 50, 503-514 (2001)
61. Mui B., S.G. Raney, S.C. Semple & M.J. Hope:
Immune stimulation by a CpG-containing
oligodeoxynucleotide is enhanced when encapsulated and
delivered in lipid particles. J. Pharmacol. Exp. Ther 298,
1185-1192 (2001)
62. Decker T., F. Schneller, M. Kronschnabl, T. Dechow,
G.B. Lipford, H. Wagner & C. Peschel:
Immunostimulatory CpG-oligonucleotides induce
functional high affinity IL-2 receptors on B-CLL cells:
costimulation with IL-2 results in a highly immunogenic
phenotype. Exp. Hematol 28, 558-568 (2000)
63. Jahrsdorfer B., G. Hartmann, E. Racila, W. Jackson, L.
Muhlenhoff, G. Meinhardt, S. Endres, B.K. Link, A.M.
Krieg & G.J. Weiner: CpG DNA increases primary
malignant B cell expression of costimulatory molecules and
target antigens. J. Leukoc. Biol 69, 81-88 (2001)
64. Chen W., Y. Yu, C. Shao, M. Zhang, W. Wang, L.
Zhang & X. Cao: Enhancement of antigen-presenting
ability of B lymphoma cells by immunostimulatory CpG-
oligonucleotides and anti-CD40 antibody. Immunol. Lett
77, 17-23 (2001)
65. Decker T., F. Schneller, T. Sparwasser, T. Tretter, G.B.
Lipford, H. Wagner & C. Peschel: Immunostimulatory
CpG-oligonucleotides cause proliferation, cytokine
production, and an immunogenic phenotype in chronic
lymphocytic leukemia B cells. Blood 95, 999-1006 (2000)
66. Weiner G.J., H.M. Liu, J.E. Wooldridge, C.E. Dahle &
A.M. Krieg: Immunostimulatory oligodeoxynucleotides
containing the CpG motif are effective as immune
adjuvants in tumor antigen immunization. Proc. Natl. Acad.
Sci. U S A 94, 10833-10837 (1997)
67. Biron C.A., K.B. Nguyen, G.C. Pien, L.P. Cousens &
T.P. Salazar-Mather: Natural killer cells in antiviral

defense: function and regulation by innate cytokines. Annu.
Rev. Immunol 17, 189-220 (1999)
68. Ban E., L. Dupre, E. Hermann, W. Rohn, C.
Vendeville, B. Quatannens, P. Ricciardi-Castagnoli, A.
Capron & G. Riveau: CpG motifs induce Langerhans cell
migration in vivo. Int. Immunol 12, 737-745 (2000)
69. Cho H.J., T. Hayashi, S.K. Datta, K. Takabayashi, J.H.
Van Uden, A. Horner, M. Corr & E. Raz: IFN-alphabeta
promote priming of antigen-specific CD8(+) and CD4(+) T
lymphocytes by immunostimulatory DNA-based vaccines.
J. Immunol 168, 4907-4913 (2002)
70. Wooldridge J.E., Z. Ballas, A.M. Krieg & G.J. Weiner:
Immunostimulatory oligodeoxynucleotides containing CpG
motifs enhance the efficacy of monoclonal antibody
therapy of lymphoma. Blood 89, 2994-2998 (1997)
71. Trefzer U., C. Kors, K. Pelzer, P. Walden, W. Sterry &
E. O’Keefe: Preliminary results of a phase I trial of
intralesional injection of CpG-DNA in basal cell carcinoma
and melanoma. 2nd International Symposium “activating
immunity with CpG Oligos”. Amelia Island, Florida,
October 7-10 (2001)
72. Davila E. & E. Celis: Repeated administration of
cytosine-phosphorothiolated guanine-containing
oligonucleotides together with peptide/protein
immunization results in enhanced CTL responses with anti-
tumor activity. J. Immunol 165, 539-547 (2000)
73. Miconnet I., S. Koenig, D. Speiser, A. Krieg, P.
Guillaume, J.C. Cerottini & P. Romero: CpG are efficient
adjuvants for specific CTL induction against tumor
antigen-derived peptide. J. Immunol 168, 1212-1218
(2002)
74. Liu H.M., S.E. Newbrough, S.K. Bhatia, C.E. Dahle,
A.M. Krieg & G.J. Weiner: Immunostimulatory CpG
oligodeoxynucleotides enhance the immune response to
vaccine strategies involving granulocyte-macrophage
colony-stimulating factor. Blood 92, 3730-3736 (1998)
75. Warren T.L., C.E. Dahle & G.J. Weiner: CpG
oligodeoxynucleotides enhance monoclonal antibody
therapy of a murine lymphoma. Clin. Lymphoma 1, 57-61
(2000)
76. Decker T., S. Hipp, R.J. Kreitman, I. Pastan, C. Peschel
& T. Licht: Sensitization of B-cell chronic lymphocytic
leukemia cells to recombinant immunotoxin by
immunostimulatory phosphorothioate
oligodeoxynucleotides. Blood 99, 1320-1326 (2002)
77. Sparwasser T., R.M. Vabulas, B. Villmow, G.B.
Lipford & H Wagner: Bacterial CpG-DNA activates
dendritic cells in vivo: T helper cell-independent cytotoxic
T cell responses to soluble proteins. Eur. J. Immunol 30,
3591-3597 (2000)
78. Egeter O., R. Mocikat, K. Ghoreschi, A. Dieckmann  &
M. Rocken: Eradication of disseminated lymphomas with
CpG-DNA activated T helper type 1 cells from
nontransgenic mice. Cancer Res 60, 1515-1520 (2000)
79. Merad M., T. Sugie, E.G. Engleman & L. Fong: In vivo
manipulation of dendritic cells to induce therapeutic
immunity. Blood  99, 1676-1682 (2002)
80. Auf G., L. Chen, P. Fornes, C. Le Clanche, J.Y.
Delattre & A.F. Carpentier: CpG-ODN rejection of a
neuroblastoma in A/J mice does not induce a paraneoplastic
disease. Neurosci. Lett 327, 189-192 (2002)



CpG-ODN for cancer immunotherapy

126

81. Thomas W.E.: Brain macrophages: evaluation of
microglia and their functions. Brain Res. Rev 17, 61-74
(1992)
82. Aloisi F., F. Ria, G. Penna & L. Adorini: Microglia are
more efficient than astrocytes in antigen processing and in
Th1 but not Th2 cell activation. J. Immunol 160, 4671-
4680 (1998)
83. Satoh J., Y.B. Lee & S.U. Kim: T-cell costimulatory
molecules B7-1 (CD80) and B7-2 (CD86) are expressed in
human microglia but not in astrocytes in culture. Brain Res
704, 92-96 (1995)
84. Pan Y., C. Lloyd, H. Zhou, S. Dolich, J. Deeds, J.A.
Gonzalo, J. Vath, M. Gosselin, J. Ma, B. Dussault, E.
Woolf, G. Alperin, J. Culpepper, J.C. Gutierrez-Ramos &
Gearing D: Neurotactin, a membrane-anchored chemokine
upregulated in brain inflammation. Nature 387, 611-617
(1997)
85. Ulvestad E., K. Williams, R. K. Bjerkvig, Tiekotter, J.
Antel & R. Matre: Human microglial cells have phenotypic
and functional characteristics in common with both
macrophages and dendritic antigen-presenting cells. J.
Leukoc. Biol 56, 732-740 (1994)
86. Hickey W.F., B.L. Hsu & H. Kimura: T-lymphocyte
entry into the central nervous system. J Neurosci Res 28,
254-260 (1991)
87. Sampson J.H., G.E. Archer, D.M. Ashley, H.E. Fuchs,
L.P. Hale, G. Dranoff & D.D. Bigner: Subcutaneous
vaccination with irradiated, cytokine-producing tumor cells
stimulates CD8+ cell-mediated immunity against tumors
located in the "immunologically privileged" central nervous
system. Proc. Natl. Acad. Sci. U S A 93, 10399-10404
(1996)
88. Borrow P., C.F. Evans & M.B. Oldstone: Virus-induced
immunosuppression: immune system-mediated destruction
of virus-infected dendritic cells results in generalized
immune suppression. J. Virol 69, 1059-1070 (1995)
89. Levy N.L.: Specificity of lymphocyte-mediated
cytotoxicity in patients with primary intracranial tumors. J.
Immunol 121, 903-915 (1978)
90. Dietrich P.Y., P.R. Walker, V. Schnuriger, P. Saas, G.
Perrin, M. Guillard, C. Gaudin & A. Caignard: TCR
analysis reveals significant repertoire selection during in
vitro lymphocyte culture. Int. Immunol 9, 1073-1083
(1997)
91. Kurpad S.N., X.G. Zhao, C.J. Wikstrand, S.K. Batra,
R.E. McLendon & D.D. Bigner: Tumor antigens in
astrocytic gliomas. Glia 15, 244-256 (1995)
92. Bullard D.E., G.Y. Gillespie, M.S. Mahaley & D.D.
Bigner: Immunobiology of human gliomas. Semin. Oncol
13, 94-109 (1986)
93. Miescher S., T.L. Whiteside, S. Carrel & V. von
Fliedner: Functional properties of tumor-infiltrating and
blood lymphocytes in patients with solid tumors: effects of
tumor cells and their supernatants on proliferative
responses of lymphocytes. J. Immunol 136, 1899-1907
(1986)
94. Roszman T., L. Elliott & W. Brooks: Modulation of T-
cell function by gliomas. Immunol. Today 12, 370-374
(1991)
95. Fontana A., H. Hengartner, N. de Tribolet & E. Weber:
Glioblastoma cells release interleukin 1 and factors

inhibiting interleukin 2-mediated effects. J. Immunol 132,
1837-1844 (1984)
96. Gratas C., Y. Tohma, E.G. Van Meir, M. Klein, M.
Tenan, N. Ishii, O. Tachibana, P. Kleihues & H. Ohgaki:
Fas ligand expression in glioblastoma cell lines and
primary astrocytic brain tumors. Brain Pathol 7, 863-869
(1997)
97. Hishii M., T. Nitta, H. Ishida, M. Ebato, A. Kurosu, H.
Yagita, K. Sato & K. Okumura: Human glioma-derived
interleukin-10 inhibits antitumor immune responses in
vitro. Neurosurgery 37, 1160-1166 (1995)
98. Rossi M.L., N.R. Jones, E. Candy, J.A. Nicoll, J.S.
Compton, J.T. Hughes, M.M. Esiri, T.H. Moss, F.F. Cruz-
Sanchez & H.B. Coakham: The mononuclear cell infiltrate
compared with survival in high-grade astrocytomas. Acta
Neuropathol 78, 189-193 (1989)
99. Schluesener H.J., K. Seid, M. Deininger & J. Schwab:
Transient in vivo activation of rat brain
macrophages/microglial cells and astrocytes by
immunostimulatory multiple CpG oligonucleotides. J.
Neuroimmunol 113, 89-94 (2001)
100. Dalpke A.H., M.K. Schafer, M. Frey, S. Zimmermann,
J. Tebbe, E. Weihe & K. Heeg: Immunostimulatory CpG-
DNA Activates Murine Microglia. J. Immunol 168, 4854-
4863 (2002)
101. Nakaichi M., A. Takeuchi, N. Shitara & K. Takakura:
The antitumor activity of the DNA fraction from
Mycobacterium bovis BCG (MY-1) for glioblastoma. J.
Vet. Med. Sci 57, 583-585 (1995)
102. Kishima H., K. Shimizu, Y. Miyao, E. Mabuchi, K.
Tamura, M. Tamura, M. Sasaki & T. Hakakawa: Systemic
interleukin 12 displays anti-tumour activity in the mouse
central nervous system. Br. J. Cancer 78, 446-453 (1998)
103. Jean W.C., S.R. Spellman, M.A. Wallenfriedman,
W.A. Hall & W.C. Low: Interleukin-12-based
immunotherapy against rat 9L glioma. Neurosurgery 42,
850-856 (1998)
104. Krieg A.M., L. Love-Homan, A.K. Yi & J.T. Harty:
CpG DNA induces sustained IL-12 expression in vivo and
resistance to Listeria monocytogenes challenge. J. Immunol
161, 2428-2434 (1998a)
105. Atkins M.B., M.J. Robertson, M. Gordon, M.T. Lotze,
M. DeCoste, J.S. DuBois, J. Ritz, A.B. Sandler, H.D.
Edington, P.D. Garzone, J.W. Mier, C.M. Canning, L.
Battiato, H. Tahara & M.L. Sherman: Phase I evaluation of
intravenous recombinant human interleukin 12 in patients
with advanced malignancies. Clin. Cancer Res 3, 409-417
(1997)
106. Szklarczyk A. & L. Kaczmarek: Antisense
oligodeoxyribonucleotides: stability and distribution after
intracerebral injection into rat brain. J. Neurosci. Methods
60, 181-187 (1995)
107. Broaddus W.C., S.S. Prabhu, G.T. Gillies, J. Neal,
W.S. Conrad, Z.J. Chen, H. Fillmore & H.F. Young:
Distribution and stability of antisense phosphorothioate
oligonucleotides in rodent brain following direct
intraparenchymal controlled-rate infusion. J. Neurosurg 88,
734-742 (1998)
108. Szklarczyk A. & L. Kaczmarek: Pharmacokinetics of
antisense analogues in the central nervous system.
Neurochem. Int 31, 413-423 (1997)



CpG-ODN for cancer immunotherapy

127

109. Mallat M. & B.Chamak: Lineage relationship between
oligodendrocytes and brain macrophages? Neurosci Lett
99,12-17 (1989)
110. Thery C., B. Chamak & M. Mallat: Cytotoxic Effect
of Brain Macrophages on Developing. Eur J Neurosci 3,
1155-1164 (1991)

Key Words: Cancer, CpG, CpG-ODN, immunotherapy,
TLR9. Review, Glioma, Brain, Review

Send correspondence to: Antoine Carpentier, MD, PhD,
Fédération de neurologie Mazarin, Hôpital de la Pitié-
Salpêtrière, 47 boulevard de l’hôpital, 75013 Paris, France.
Tel: +1-42 16 04 02; Fax:+1-42 16 03 75; E-mail:
antoine.carpentier@psl.ap-hop-paris.fr


