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Abstract
Synthetic oligodeoxynucleotides (ODNs) containing unmethylated CpG motifs trigger cells that
express Toll-like receptor 9 (including human plasmacytoid dendritic cells and B cells) to mount
an innate immune response characterized by the production of Th1 and proinflammatory
cytokines. When used as vaccine adjuvants, CpG ODNs improve the function of professional
antigen-presenting cells and boost the generation of humoral and cellular vaccine-specific immune
responses. These effects are optimized by maintaining ODNs and vaccine in close proximity. The
adjuvant properties of CpG ODNs are observed when administered either systemically or
mucosally, and persist in immunocompromised hosts. Preclinical studies indicate that CpG ODNs
improve the activity of vaccines targeting infectious diseases and cancer. Clinical trials
demonstrate that CpG ODNs have a good safety profile and increase the immunogenicity of
coadministered vaccines.
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The host employs a number of active and passive mechanisms to defend against infection.
Active protection is mediated by the innate and adaptive immune systems. Innate immunity
is induced by exposure to evolutionarily conserved molecular structures termed pathogen-
associated molecular patterns (PAMPs) that are expressed by a wide variety of infectious
microorganisms [1]. The recognition of PAMPs is mediated by pattern recognition receptors
including Toll-like receptors (TLRs), Nod-like receptors and RIG-I-like receptors [2]. TLRs
constitute one of the largest and most extensively studied classes of pattern recognition
receptors [3]. The innate immune response elicited by TLR activation is primarily
characterized by the production of proinflammatory cytokines, chemokines, type I
interferons and antimicrobial peptides [1,4].

Innate immunity provides the first line of active defense against infectious pathogens and
serves to limit their early proliferation and spread in vivo. Subsequently, the host mounts an
adaptive immune response characterized by the expansion of antigen (Ag)-specific T and B
cells, resulting in the production of high affinity antibodies (Abs) and the generation of
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cytotoxic T cells (CTLs) that provide sterilizing immunity and insure long-lasting memory
to protect against subsequent infection [5].

Bacterial DNA represents an illustrative example of a PAMP that activates the innate
immune system. Unmethylated CG dinucleotides are present at high frequency in
prokaryotic DNA but rare in eukaryotic DNA [6,7]. Bacterial DNA released during infection
exposes cells that express TLR-9 to these unmethylated CpG motifs (consisting of a central
unmethylated CG dinucleotide plus flanking regions), thereby triggering a protective
immune response that improves the host’s capacity to eliminate the pathogen [8–11]. The
immunostimulatory activity of bacterial DNA is mimicked by synthetic
oligodeoxynucleotides (ODNs) expressing unmethylated CpG motifs [12–14]. After
internalization by target cells, CpG ODNs reach the late endosomal/lysosomal compartment
where they signal by interacting with TLR-9 [9,15]. Confirmation of the importance of
TLR-9 was provided by studies of cells transfected to express various TLRs. Only
transfection with TLR-9 conferred responsiveness to CpG ODNs or bacterial DNA [9,10].
Consistent with that finding, TLR-9 knockout mice do not respond to stimulation by CpG
DNA [9].

B cells and plasmacytoid dendritic cells (pDCs) are the primary cell types in humans that
express TLR-9 and respond to CpG stimulation [9,10,16,17]. By comparison, TLR-9 is
expressed by, and causes the stimulation of, multiple cells of the myeloid lineage (including
monocytes, macrophages and conventional dendritic cells [DCs]) in mice [18–20].

To date, four classes of synthetic CpG ODN have been described, each with distinct
structural and biological properties (Table 1) [21–25]. K-type ODNs (also referred to as B
type) encode multiple CpG motifs on a phosphorothioate backbone. The use of
phosphorothioate nucleotides enhances resistance to nuclease digestion when compared with
native phosphodiester nucleotides, resulting in a substantially longer in vivo half life (30–60
min compared with 5–10 min for phosphodiester) [26]. K-type ODNs trigger pDCs to
differentiate and produce TNF-α , and B cells to proliferate and secrete IgM (Table 1)
[21,22,27].

D-type ODNs (also referred to as A type) are constructed of a mixed phosphodiester/
phosphorothioate backbone, contain a single CpG motif flanked by palindromic sequences
and have poly G tails at the 3′ and 5′ ends (a structural motif that facilitates the formation of
concatamers) [21]. D-type ODNs trigger pDCs to mature and secrete IFN-α, but have no
effect on B cells [22,28]. The distinct activities of K- versus D-type ODNs have been traced
to differences in the retention times of CpG/ TLR-9 complexes in the endosomes of pDCs
[29,30]. Whereas K-type ODNs are rapidly transported through early endosomes into late
endosomes, D-type ODNs are retained for longer periods in the early endosome. Here, D-
type ODNs interact with MyD88/IRF-7 complexes, triggering a signaling cascade that
supports IFN-α production [29].

C-type ODNs resemble K-type in being composed entirely of phosphorothioate nucleotides,
but resemble D-type in containing palindromic CpG motifs. This class of ODNs stimulate B
cells to secrete IL-6 and pDCs to produce IFN-α [23,24]. C-type ODNs are present in both
early and late endosomes, and thus express properties in common with both K- and D-type
ODNs [30]. While additional classes of immunomodulatory ODNs have been described, of
particular interest is the recently discovered P-type [25]. P-type ODNs contain two
palindromic sequences, enabling them to form higher ordered structures. P-type ODNs
activate B cells and pDCs, and induce substantially greater IFN-α production when
compared with C-type ODNs [25].
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Animal studies and a number of Phase I–III clinical trials support the therapeutic potential of
CpG ODNs [31,32]. This article will focus on our current understanding of the mechanism
of action of CpG ODNs, and on efforts to harness them as vaccine adjuvants to improve
antigen-presenting cell (APC) function and promote the induction of an Ag-specific adaptive
immune response.

Mechanisms of action
Intracellular signaling & gene expression

The signaling cascade triggered by the interaction of TLR-9 with CpG ODN culminates in
the activation of genes that mediate an inflammatory response. This signaling pathway
proceeds through the stimulation of MyD88, IRAK and TRAF-6. Subsequently, the
recruitment of various MAP kinases and transcription factors (including NF-κB, AP1 and
IRF-7) upregulates the expression of proinflammatory genes [33].

Changes in gene expression can be detected within 30 min of in vivo administration of CpG
ODN, and involves the upregulation of TNF, IL-1β and IL-1α [34]. Gene expression peaks at
3 h after CpG ODN treatment, at which time nearly 1000 genes are upregulated (Figure 1)
[5]. These genes fall into functional categories (as defined by Ingenuity Pathway Analysis)
including immune response (e.g., IL-1α, IL-1β, TLR-9 and TNF), cell signaling (e.g.,
NFKB1A, MyD88, IRAK-M and A20) and cell movement (e.g., BFL-1, NAP-1, NAK and
EGFR)[35]. Gene expression levels then decline over a 3-day period before rising again at
day 5. Of interest, the function of the genes activated at 3 h differ from those at 5 days. The
second peak of gene activation primarily involves genes in the functional groups cell cycle
regulation (e.g., PLK1, WEE1, CHK2 and TOPO2A) and DNA damage response (BRCA1,
GADD4A, E2F4 and RPA1) [35].

Cellular immunology
CpG DNA directly activates pDCs and B cells, contributing to the induction of both innate
and adaptive immune responses. The cascade of events initiated by CpG DNA indirectly
supports the maturation, differentiation and proliferation of natural killer cells, T cells and
monocytes/macrophages (Figure 2) [28,36–39]. TLR-9-stimulated B cells produce IL-6,
IL-12 and the CXCR3 chemokines IP-10, Mig and I-TAC [40]. They also secrete IgM in a
process partially dependent on IL-6 expression [8,41]. B cells activated by CpG DNA
upregulate expression of their Fc receptor (FcR) and costimulatory molecules including
MHC class II, CD40, CD80 and CD86 [8,42,43]. Subsequently, the CpG-stimulated B cells
proliferate and differentiate into plasma cells and memory B cells [44].

Whereas TLR-9 activation alone is sufficient to induce human memory B cells to secrete Ab
[45], naive B cells require coactivation through their B-cell Ag receptor [46]. Of note, CpG-
activated CD5+ B cells secrete large amounts of IL-10, and this inhibits IL-12 secretion by
DCs, which thereby suppresses their Th1 priming function [47].

TLR-9 stimulated pDCs are characterized by their upregulation of CD40, CD54, CD80,
CD86 and MHC class II molecules [48–50], increased production of IL-1, IL-6, IL-12,
IL-18 and TNF-α [33], resistance to IL-4-induced apoptosis, and differentiation to a mature
stage in which Ag processing and presentation are enhanced [51]. pDC also respond to CpG
DNA by producing type I IFNs, which can limit the growth of a broad spectrum of viruses
and bacteria [52–54]. These multiple effects of CpG ODN suggest they might be of
therapeutic utility as vaccine adjuvants.

Early murine experiments involving K-type ODNs established that CpG ODN could
improve both the humoral and cell- mediated responses induced by proteins such as
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ovalbumin, and hen egg lysozyme [55,56]. The adjuvant properties of CpG ODNs were
significantly improved when adjuvant and Ag were presented to the immune system in close
spatial and temporal proximity. The direct conjugation of CpG ODN to Ag, binding them
together with alum, or incorporating them together in lipid emulsions or vesicles generated
IgG responses 10–1000-fold greater than induced by Ag alone [42,54,57]. In this context,
conjugates containing ODN plus Ag were preferentially taken up by professional APCs,
resulting in significantly higher CTL responses than unconjugated mixtures of protein plus
ODN [58]. The duration of the immune response was also improved by CpG-based
adjuvants. For example, CpG ODNs significantly prolonged the protection induced by
Anthrax Vaccine Adsorbed (AVA [Emergent Biosolutions, MI, USA] the licensed human
anthrax vaccine) [59]. Mice vaccinated with CpG-adjuvanted AVA produced greater than
tenfold more IgG Abs against anthrax protective Ag (PA) than animals vaccinated with
AVA alone (p < 0.01) [59]. Moreover, Ab titers persisted in the protective range for more
than 1 year, significantly longer than in animals vaccinated with AVA alone (p < 0.001)
[59].

Even after IgG anti-PA titers waned, a subset of mice vaccinated with CpG-adjuvanted
AVA (but not AVA alone) survived infectious challenge. Studies suggest that the survival of
these animals was mediated by the de novo production of protective Abs by high-affinity
memory B cells that were stimulated by the Ag present on the challenging pathogen [59].
Similar results were observed in a clinical study involving malaria-naive individuals
immunized with a malaria vaccine (consisting of an apical membrane plus merozoite surface
protein) [60]. Adding CpG ODN to this vaccine stimulated a significantly larger fraction of
B cells to secrete Ab (3.45 vs 0.75%), induced this response more rapidly (day 31 vs day
84), and the response persisted longer (>236 vs 140 days).

CpG-based adjuvants can also impact cellular immune responses. In a recent study, the
number and survival of CD8+ T cells was significantly enhanced when CpG ODN was
administered 2 days before peptide vaccination [61]. The persistence of the CD8+ T cells in
the circulation doubled when compared with vaccine alone (p < 0.001). These effects were
not observed with other TLR ligands. A similar prolongation in the number and survival of
Ag-specific CD8+ T cells was observed when CpG ODN was added to a peptide-based
cancer vaccine [62]. The CpG-adjuvanted vaccine generated fourfold more Ag-specific T
cells (p < 0.05), which correlated with an inhibition of tumor growth in both prophylactic
and therapeutic vaccination models (p < 0.05).

It is postulated that CpG-induced Th1 cytokine production (including IFN-γ and IL-12) may
contribute to improving the CD8+ T-cell response by inducing pDCs to mature [63–65]. Ag
presented by immature pDCs can induce Fas and programmed death-1 expression by T cells,
culminating in their eventual death [62,61]. By contrast, T cells triggered by CpG-matured
pDCs are stimulated but do not express these apoptosis-related proteins [62].

CpG ODN as a vaccine adjuvant
Results from preclinical studies

More than 600 preclinical studies examining the immunogenicity of CpG-adjuvanted
vaccines have been published. Although there are differences in the cellular targets and
nature of the response induced by CpG ODNs in rodents versus primates, murine studies
provide valuable insights into the mechanism of action of these agents. CpG ODNs boosted
the humoral immune response induced by vaccines against a large number of pathogens,
including anthrax, leishmania, influenza virus, measles virus, lymphocytic choriomeningitis
virus, orthopox viruses, hepatitis B surface Ag and tetanus toxoid, with Ag-specific Ab titers
improving and rising by up to three orders of magnitude [37,56,66–72]. There have been
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fewer studies of vaccines designed to induce T-cell responses, but these also identify a
benefit to CpG ODN adjuvants. For example, in the murine model of leishmania infection,
inclusion of CpG ODN with a vaccine consisting of a low dose of metacyclic promastigotes
accelerated the generation of CD4+ IFN-γ-secreting cells and increased the number of IFN-
γ-producing CD4+ and CD8+ T cells by two- to threefold [73]. This pathogen-specific IFN-γ
response had a significant effect on disease, reducing the parasite load by >1000-fold while
reducing the extent and duration of disease (p < 0.001).

While vaccines are typically administered prophylactically to reduce host susceptibility to
infection, there are situations in which pathogen-specific immunity is needed after exposure
(e.g., following release of biothreat pathogens). In such cases, accelerating the induction of
protective immunity is critical. Several studies indicate that CpG ODNs speed up the
development of vaccine-induced responses. For example, mice vaccinated with CpG-
adjuvanted AVA developed protective immunity threefold faster than those immunized with
AVA alone [74], with significant protection being observed within 5 versus 15 days (p <
0.05). The combination of CpG ODN with AVA accelerated the serum IgG anti-PA
response, yielding serum anti-PA titers that were tenfold higher and significantly more
protective by day 10 (p < 0.05) [74].

As pathogens can gain access to the host through the respiratory, gastrointestinal, vaginal
and/or rectal mucosa, the ability of CpG ODNs to boost the immune response elicited by
mucosal vaccines was also examined. Animals immunized intravaginally with a herpes
simplex virus (HSV)-2 vaccine combined with CpG ODN rapidly developed strong mucosal
and systemic Th1 immune responses that protected against lethal HSV-2 infection [75].
They also generated MHC-restricted, Ag-specific CTLs, replicating the effects of
parenterally injected CpG ODN plus Ag. Administering CpG ODN with recombinant
HSV-1 glyco-protein B intranasally induced significant glycoprotein B-specific IgA levels
and anti-HSV CTLs in the genital tract and protected mice from genital HSV challenge [76].
Newborn mice orally immunized with sonicated salmonella proteins (SSPs) plus CpG ODN
developed both mucosal and systemic immune responses that were more protective than
those induced by vaccination with SSP alone [77]. Combining SSP with CpG ODN induced
sixfold higher pathogen-specific IgG (p < 0.05) and markedly (but not significantly)
increased IgA serum Ab levels [77]. In addition, mice vaccinated with SSP plus CpG ODN
showed significantly enhanced survival following enteric challenge with live Salmonella
enteritidis whereas conventional vaccination was nonprotective [77]. Ocular application of
an HSV-1 vaccine combined with CpG ODN to rabbits generated Ag-specific virus
neutralizing IgA and IgG in both tears and serum. Whereas the conventional HSV-1 vaccine
failed to induce Ag-specific T-cell immunity, immunization with the CpG-adjuvanted
vaccine generated local and systemic Ag-specific T-cell responses polarized towards Th1
immunity [78].

The ability of CpG ODNs to induce a Th1-biased immune milieu and support CD8+ T-cell
responses suggests they might be promising adjuvants for cancer vaccines [63–65]. In
preclinical animal studies, CpG ODNs enhanced the production of cytotoxic CD8+ T cells
targeting tumor Ags [31,79]. This effect was observed when ODNs were conjugated to, or
simply coadministered with, tumor Ag [80,81]. In a preclincal study of colon cancer, a
vaccine targeting cell surface-associated mucin (MUC1) combined with CpG ODN and
GM-CSF elicited a robust anti-tumor response [82]. Prophylactic vaccination with CpG
ODN + MUC1 peptide completely prevented tumor growth (p < 0.001) versus peptide
alone.

The adjuvant-like properties of CpG ODN observed in immune competent mice triggered
interest in their potential to improve the response in aged animals that develop defects in
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cell-mediated and humoral immunity [83,84]. Vaccines for the elderly must compensate for
these alterations in immune function. Several reports indicate that adding CpG ODN
significantly boosts vaccine immunogenicity in geriatric mice and/or restores IgG and CD4+

T-cell priming to levels found in young adults [85–87]. Similarly, newborns are less capable
of developing robust immune responses. For example, newborns respond poorly when
immunized with hepatitis B surface Ag, attenuated measles virus, or tetanus toxoid [68,88].
Several studies indicate that CpG ODNs enhance the Ab and CTL responses of young
animals when coadministered with Ag [77,88]. Interpretation of these findings is
complicated, however, because the newborn animals were immunized repeatedly, obscuring
the effect of a single early dose of CpG ODN on subsequent immune responsiveness.

Immunodeficiency is a hallmark of HIV-induced AIDS. HIV infection reduces the number
and functional activity of CD4+ T cells, resulting in suboptimal responses following
vaccination [89–91]. However, retrovirus infection has less effect on the innate than
adaptive immune systems [92]. Thus, peripheral blood mononuclear cells from HIV-infected
subjects (and simian immunodeficiency virus [SIV]-infected macaques) can respond to CpG
stimulation despite declines in Ag-specific immunity [92]. The ability of CpG ODNs to
boost the immune response of SIV-infected macaques to a hepatitis B vaccine was
investigated. Unlike healthy macaques, SIV-infected animals were generally unable to
mount a protective Ab response when repeatedly vaccinated with Engerix B®
(GlaxoSmithKline, London, UK), the licenced hepatitis B virus vaccine (HIV patients show
a similar loss of vaccine responsiveness) [89,90]. By comparison, the addition of CpG ODN
to the vaccine boosted Ab titers to protective levels in all animals with viral loads <107

copies/ml [92]. Although the Ab levels achieved were significantly lower than those of
similarly immunized uninfected animals, these findings indicate that inclusion of CpG ODN
can boost the immunogenicity of vaccines in immunocompromised as well as normal hosts.

Supporting preclinical studies in mice, the adjuvant effect of CpG ODNs has been observed
in several large animal models. Immunizing calves with a vaccine prepared by formalin-
inactivation of bovine respiratory syncytial virus combined with CpG ODN enhanced the
Ag-specific Ab response and reduced the amount of bovine respiratory syncytial virus in the
lungs of matched animals immunized with vaccine alone [93]. Oral vaccination of newborn
piglets with live-attenuated pseudorabies virus plus CpG ODN yielded up to 18-fold higher
serum IgG titers and tenfold higher mucosal IgA levels when compared with animals
immunized with pseudorabies virus alone [94]. Similarly, CpG ODN improved the activity
of a vaccine targeting Newcastle disease in chickens, increasing the Ag-specific IgG
response by threefold when compared with the conventional vaccine and protecting chickens
from challenge with an otherwise lethal dose of Newcastle disease virus [95].

It is important to demonstrate that CpG ODN designed for human use are effective as
adjuvants in primates. The TLR-9 molecule expressed by humans and mice differs by 24%
at the amino acid level [9], and the cells that express TLR-9 vary between these species [18–
20]. Moreover, the motif (consisting of a CpG dinucleotide plus flanking regions) that
optimally stimulates immune cells differs between mice and humans [8,24,28,96].
Fortunately, nonhuman primates recognize and respond to all classes of CpG ODNs that
stimulate human cells [97–99]. Several studies confirm that CpG ODNs act as vaccine
adjuvants in nonhuman primates [92,98–101]. For example, K-type CpG ODNs boosted
AVA-specific Ab titers by sixfold in studies of rhesus macaques [102]. In that system, D-
type ODNs were somewhat less effective, inducing only a threefold increase in anti-PA
titers [102]. These enhanced Ab responses developed more rapidly, were of high avidity and
provided significantly greater protection against anthrax infection than those observed after
vaccination with AVA alone, reproducing the effects observed in mice [71,74,102].
Similarly K-type ODNs significantly increased the Ag-specific serum IgG response of Aotus
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monkeys immunized with a peptide-based malaria vaccine [99]. These effects were
sequence specific, as control ODNs had no effect on vaccine immunogenicity [99].

Results from clinical studies
Human clinical trials have focused on the use of K-type ODNs as adjuvants for vaccines
targeting infectious diseases and cancer [103]. Table 2 provides a partial list of relevant
clinical trials. In studies of Energix B, subjects immunized with the CpG adjuvanted vaccine
developed 13-fold higher primary and 45-fold higher secondary serum IgG Ab responses
than those immunized with vaccine alone. The adjuvanted vaccine also induced a more rapid
Ab response [104,105]. In another Phase I study, subjects mounted significantly stronger Ab
responses to the poorly immunogenic apical membrane antigen (AMA) 1 malaria vaccine
candidate when it was codelivered with CpG ODN. The coadministration of CpG ODN with
AMA1 increased the mean anti-AMA1 Ab titer by 5.5-fold when compared with AMA1
alone [106]. This enhanced Ab response was persistent: at 236 days after vaccination, those
immunized with AMA1 plus CpG ODN maintained serum Ab titers 4.6-fold higher than
those vaccinated with just AMA1 [106]. However, CpG ODNs did not overcome the lack of
immunogenicity of AMA1 when administered to semi-immune adults with a history of
multiple previous Plasmodium infections and circulating AMA1-specific Abs [107].

CpG ODNs were evaluated as vaccine adjuvants in immunocompromised HIV-infected
subjects. When coadministered with Engerix B, CpG ODNs significantly improved the Ab
and the T-cell proliferative response of adults who failed to respond to Engerix B alone
[108]. All patients receiving the CpG-adjuvanted vaccine maintained titers in the
seroprotective range for >1 year [108]. When administered with a pneumococcal conjugate
vaccine and 23-valent pneumococcal polysaccharide vaccine (PPV-23), CpG ODNs also
improved the Ag-specific IgG response of HIV-infected adults for nearly 1 year (p < 0.001)
[109].

The use of CpG ODNs in combination with cancer vaccines was the focus of several clinical
studies. The induction of tumor-reactive CD8+ T cells is believed to play a central role in
tumor eradication. Patients with melanoma who received melanoma Ag A plus CpG ODN in
incomplete Freund’s adjuvant generated a stronger and more rapid CD8+ T-cell response. In
that study, four immunizations with the adjuvanted vaccine resulted in >3% of circulating
CD8+ T cells being Melan-A-specific. This was an order of magnitude higher than in
patients treated with vaccine alone [110]. Similar effects were achieved in studies targeting
tumors expressing the New York-esophageal cancer (NY-ESO)-1 protein. Vaccination with
recombinant NY-ESO-1 protein plus CpG ODN and montanide significantly boosted the
tumor-specific Ab response within 6 weeks, while cross-primed NY-ESO-1-specific CD8+ T
cells were detected in a subset of patients by 12 weeks [111].

By contrast, when CpG ODN was coadministered with granulocyte-macrophage colony-
stimulating factor and a peptide corresponding to the immunodominant epitope from the
tumor Ag human telomerase reverse transcriptase, no beneficial effect on the CTL response
of patients with sarcoma or glioblastoma was detected [112]. In this context, there is little
evidence that CpG-adjuvanted tumor vaccines lead to clinical improvement. In a Phase I
trial involving 14 patients with different types of cancer, Ag-specific CD8+ T-cell responses
were induced in nine patients following combined vaccination with NY-ESO-1, CpG ODN
and montanide [113]. Six of those nine patients lived an average of 39 months, far longer
than their predicted survival of only 4 months. Whether vaccine-induced immunity was
responsible for this improved clinical outcome could not be determined in that uncontrolled
study. Another trial examined the effect of in situ tumor vaccination in patients with low-
grade B-cell lymphoma. A total of 15 patients received an intratumoral injection of CpG
ODN plus low-dose irradiation. One of these patients had a complete clinical response and
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three had partial responses [114]. Up to a threefold induction of tumor- reactive memory
CD8+ T cells was detected in three patients who mounted clinical responses. In summary,
clinical studies suggest that CpG ODN can boost both humoral and cell-mediated responses
to vaccines targeting infectious diseases and cancer, an effect also observed in
immunocompromised individuals.

Safety
The safety profile of CpG ODN was investigated in rodents, nonhuman primates and
humans. Safety issues included the possibility that CpG ODN might increase host
susceptibility to autoimmune disease or predispose to toxic shock. The immune stimulation
elicited by CpG motifs can reduce the apoptotic death of stimulated lymphocytes, induce
polyclonal B-cell activation and increase the production of auto-Abs and proinflammatory
cytokines [115–117]. All of these effects could increase the risk of autoimmune disease
[118–121]. To establish the magnitude of this safety concern, in vivo experiments were
conducted in which mice were repeatedly injected with immunostimulatory doses of CpG
DNA. Although the number of IgG anti-DNA secreting B cells rose by two- to threefold and
serum IgG anti-DNA antibody titers rose by up to 60%, the magnitude of these effects was
insufficient to induce or worsen systemic autoimmunity [122–124].

The situation was somewhat more complex for organ-specific autoimmune diseases, which
are typically promoted by the type of Th1 response preferentially elicited by CpG DNA. In
an IL-12-dependent model of experimental allergic encephalomyelitis (that mimics multiple
sclerosis), animals treated with CpG DNA and then challenged with auto-Ag developed
autoreactive Th1 effector cells that caused disease, whereas mice injected with auto-Ag
alone remained disease free [125,126]. In a molecular mimicry model, CpG DNA
coadministered with Chlamydia-derived Ag promoted the induction of autoimmune
myocarditis [127]. CpG ODN also increased the susceptibility of mice to interventions that
can induce arthritis [128]. These findings indicate that CpG motifs can promote the
development of deleterious autoimmune reactions under certain circumstances. This concern
was heightened when a clinical trial using CpG ODN as an adjuvant for the hepatitis B
vaccine was halted when one subject developed Wegener’s granulomatosis, an autoimmune
disease characterized by inflammation of the vasculature [129]. As there are multiple reports
of vasculitis developing after administration of the conventional hepatitis vaccine [130,131],
the implication and causality of this single event is difficult to evaluate.

Toxic shock can be induced by exposing the host repeatedly to agents that induce TNF-α,
such as lipopolysaccharide and D-galactosamine [132]. In this context, toxic shock was
observed in murine studies involving the administration of CpG ODN in conjunction with
sublethal doses of lipopolysaccharide or to animals pre-sensitized with D-galactosamine
[13,133,134]. There are no reports of toxic shock when CpG ODN is administered at
concentrations typically present in vaccines [135,136].

Evidence from clinical trials indicates that CpG ODNs are reasonably safe when
administered as vaccine adjuvants. This includes reports showing that conventional and
CpG-adjuvanted vaccines have similar safety profiles [137,138]. Yet several studies noted
an elevation in the frequency and/or severity of local adverse events (injection site reactions
such as pain, swelling, induration, pruritus and erythema) and systemic symptoms (including
flu-like symptoms) by CpG-adjuvanted vaccines. Most of the adverse events reported in
clinical studies were mild-to-moderate, appeared within 24 h of dosing and persisted for
only a few days. In one double-blind placebo-controlled study involving HIV-infected
adults, the injection of PPV-23 led to a significantly higher incidence of influenza-like
symptoms when combined with CpG ODN when compared with vaccine alone (37 of 41 vs
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2 of 41 participants; p < 0.001) [109]. A total of 75.6% of the subjects vaccinated with CpG
ODN plus PPV-23 developed adverse events graded as moderate–severe in intensity, and
one subject was admitted to the hospital with fever and malaise for 5 days. By contrast,
influenza-like symptoms were uncommon among those who received PPV-23 alone. It is
possible that the increased reactogenicity found with the adjuvanted vaccine reflected
synergy between CpG ODNs and the bacterial cell wall PAMPs present in the PPV-23
vaccine [139].

Expert commentary & five-year view
CpG ODNs activate the innate immune system by binding to their cognate TLR-9 receptors
within the cell. The resultant innate immune response is characterized by the production of
Th1 and proinflammatory cytokines and chemokines, and supports the induction of an
adaptive immune response in the presence of foreign Ag. CpG ODNs also improve the Ag-
presenting function of DCs, monocytes and macrophages, induces the proliferation of B
cells and indirectly stimulate the immunoprotective activity of natural killer cells while
recruiting T cells to the site of CpG ODN administration. These diverse effects support the
ability of CpG ODNs to act as vaccine adjuvants, inducing faster, stronger, higher affinity
and longer-lasting humoral and cellular immune responses. The adjuvant properties of CpG
ODNs are observed after either systemic or mucosal vaccine administration.

An important benefit of CpG ODNs is their ability to boost immunity in groups with
reduced immune function, such as the elderly, newborns and the immunosuppressed.
Difficulty inducing strong pathogen-specific responses in those populations represents a
stumbling block in efforts to achieve ‘herd immunity’. Preclinical and clinical studies
demonstrate that CpG ODNs can boost immunity in subjects with weak adaptive immune
systems. Future efforts should identify the populations and conditions that best benefit from
the addition of CpG ODNs as vaccine adjuvants.

Progress toward developing therapeutically useful CpG ODNs will also include efforts to
identify additional classes of stimulatory ODNs and to improve the activity of those already
identified. Such efforts will establish how the new classes of ODNs (including the recently
described P-type) regulate discrete elements of the immune system.

Clinical studies have been conducted to evaluate the safety and activity of CpG ODNs in
humans. Available results suggest that these agents are reasonably safe and improve the
response to prophylactic pathogen-specific vaccines. Such studies also provide valuable
insight into the optimal dose, duration and site(s) of delivery of CpG ODN plus vaccine. As
discussed earlier, greater insight into the mechanisms of action of CpG ODNs was recently
obtained, including knowledge of their signaling pathways and broad effect on gene
expression. Understanding these effects is likely to improve our ability to design better
vaccines.

Some vaccination strategies involve the use of multiple Ags or Ags that are difficult/
expensive to prepare. In those cases, the dose sparing effects of CpG ODNs may be of value.
The first clinical trial examining this effect is underway [201]. Another important avenue of
research will examine the use of CpG ODN combined with other adjuvants (including
ligands that target other TLRs). Such combinations could provide a powerful tool for
enhancing vaccine immunogenicity.

The utility of CpG ODNs as adjuvants for tumor vaccines is unclear. CpG ODNs have been
shown to induce strong cellular responses following vaccination, manifested by increased
numbers of CD8+ T cells. Yet the promising results observed in animal studies have yet to
be reproduced in the clinic. One explanation for this discrepancy is that TLR-9 is expressed
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by murine but not human conventional DCs [140]. Since conventional DCs play a critical
role in the cross-presentation of tumor Ag to CD8+ T cells [141], it is possible that CpG
ODNs will be less successful at inducing anti-tumor immunity in humans versus mice.
Many of the favorable outcomes found in murine models were obtained by prophylactic
vaccination using specific tumor Ags. Due to the diversity of Ags expressed by human
tumors, this may not be a suitable approach for most patients. In this context, it remains an
open question whether the adaptive immune system can be harnessed to resolve most solid
tumors, especially since this system failed to detect or destroy the original cancer cells.

A promising alternative is to prevent tumor recurrence/metastases by combining CpG
vaccination with surgery. In murine models, a vaccine prepared by coupling CpG ODNs to
apoptotic tumor cells effectively prevented metastatic spread after removal of the primary
cancer. Based on the encouraging results from preclinical and clinical studies showing that
CpG ODNs can be safe and effective when used as adjuvants for vaccines targeting
infectious diseases, their use as vaccines for the treatment of cancer deserve continued
support.

Key issues

• CpG oligodeoxynucleotides (ODNs) directly activate human B cells and
plasmacytoid dendritic cells via TLR-9. CpG ODN indirectly support the
maturation and proliferation of natural killer cells, T cells and monocytes/
macrophages.

• The resulting immune response is characterized by the production of Th1-type
and proinflammatory cytokines, chemokines and polyreactive IgM.

• The immunogenicity of conventional protein antigens and peptide-based
vaccines is enhanced by CpG ODN. The adjuvant effect of CpG ODNs is
mediated through improved function of professional antigen-presenting cells
and the resultant generation of humoral and cellular vaccine-specific immune
responses.

• CpG ODNs increase the magnitude and accelerate the development of vaccine-
induced responses. They also improve the induction of memory, thereby
extending the duration of humoral and cellular immunity.

• CpG ODNs boost immunity in groups with reduced immune function, such as
the elderly and immunosuppressed. They are effective when administered either
systemically or mucosally.

• Preclinical and clinical trials demonstrate CpG ODNs can boost the
immunogenicity of vaccines targeting infectious diseases and cancer.

• Clinical trials indicate that CpG ODNs are reasonably safe when administered
as vaccine adjuvants.
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Figure 1. Time course of CpG-mediated gene regulation in vivo
Mice were injected intraperitoneally with 400 µg of CpG ODN. Gene expression in the
spleen was monitored over time by microarray. At least four biological replicates were
analyzed independently at each time point in at least two independent experiments.
Differentially regulated genes were identified by comparison to untreated mice (n = 6) using
a stringency cutoff of p < 0.00001. Ingenuity Pathway Analysis was used to identify those
genes differentially regulated during this period based on their function and role in signaling
pathways.
ODN: Oligodeoxynucleotide.
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Figure 2. Mechanism by which CpG oligodeoxynucleotides facilitate innate and adaptive
immune responses
CpG ODNs directly activate pDCs and B cells. The resultant immune response is
characterized by the production of proinflammatory and Th1 cytokines and polyreactive
immunoglobulin. This innate immune response forms a foundation on which antigen-
specific adaptive immunity is based. By improving the function of professional APCs, CpG
ODNs facilitate the generation of humoral and cellular adaptive immune responses against
coadministered vaccine antigens.
APC: Antigen-presenting cell; CTL: Cytotoxic T lymphocyte; ODN: Oligodeoxynucleotide;
pDC: Plasmacytoid dendritic cell; TNF: Tumor necrosis factor.
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Table 1

Comparison of D, K, C and P-type oligodeoxynucleotide.

ODN type Representative sequence Structural characteristics Immune effects

D- also referred
to as A-class

GGTGCATCGATGCAGGGGGG Mixed phosphodiester/phosphorothioate
backbone
Single CpG motif
CpG flanking region forms a palindrome
Poly G tail at 3′ end

Induces strong pDC IFN-α
secretion
APC maturation

K- also referred
to as B-class

TCCATGGACGTTCCTGAGCGTT Phosphorothioate backbone
Multiple CpG motifs
5′ motif most stimulatory

Induces strong B-cell activation
pDC maturation
Preferentially supports the
production of TNF-α and IL-6

C TCGTCGTTCGAACGACGTTGAT Phosphorothioate backbone
Multiple CpG motifs
TCG dimer at 5′ end
CpG motif imbedded in a central
palindrome

Induces B-cell and pDC
proliferation and differentiation
Induces production of IL-6 and
IFN-α

P TCGTCGACGATCGGCGCGCGCCG Phosphorothioate backbone
Two palindromes
Multiple CpG motifs

Stimulates pDC and B cells
Strong IFN-α secretion

Bold letters in ODN sequences indicate self-complementary palindromes; CpG motifs are underlined.

APC: Antigen-presenting cell; ODN: Oligodeoxynucleotide; pDC: Plasmacytoid dendritic cell.
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Table 2

CpG oligodeoxynucleotides as vaccine adjuvants.

Treatment Disease Study phase Outcome Ref.

Infectious diseases

CpG 7909 + Engerix B® Hepatitis B Phase I/II Seroprotection achieved faster and anti-HBs Ab titers 45-fold
higher after secondary immunization vs Engerix B alone

[86,104,105]

100% seroconversion after 6 weeks (vs 63% in controls) in
HIV-infected adults, seroprotection maintained 5 years

[108,142]

CpG 7909 + AMA1 Malaria Phase I 5.5-fold increase in anti-AMA1 Ab titer, enhanced Ab after
236 days post-immunization and decreasing the Ag dose by
a quarter compared to AMA1 alone

[106]

No enhancement in the acquisition of memory B cells in
semi-immune adults

[107]

CpG 7909 + PCV-7/
PPV-23

Pneumonia Phase I/II Twofold increase in Ag-specific IgG levels at 3, 4 and
10 months in HIV-infected adults

[109]

Cancer

CpG 7909 + Melan A
MART 1

Melanoma Phase I Tenfold increase in Melan A-specific CD8+ T cells (>3%) [110]

CpG 7909 + NY-ESO-1 Melanoma, breast
cancer, sarcoma,
ovarian cancer

Phase I Increased CD8+ T-cell response and prolonged survival [111]

CpG 1018 + GM-CSF +
Htert peptide

Sarcoma,
glioblastoma

Phase I CD8+ T-cell response in only one subject [112]

CpG 7909 + low-dose
radiotherapy

Lymphoma Phase I/II Four of 15 patients with complete or partial clinical response,
induction of tumor reactive memory CD8+ T cells

[114]

Ab: Antibody; Ag: Antigen; AMA1: Apical membrane antigen 1; Engerix B: Licensed hepatitis B vaccine; GM-CSF: Granulocyte-macrophage
colony-stimulating factor; hTERT: Human telomerase reverse transcriptase; MART: Melanoma antigen recognized by T cells; NY-ESO-1: New
York-esophageal cancer-1; PCV-7: 7-valent pneumococcal conjugate vaccine; PPV-23: 23-valent pneumococcal polysaccharide vaccine.
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