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Abstract:

Background: Oligonucleotides belong to a class of macromolecules with great potential for research and various therapeutic appli-

cations. Their mechanisms of action are extremely diverse, although they are rather homogeneous in composition. Single-stranded

oligodeoxynucleotides are not only inhibitors of gene expression, but their CpG sequence motifs may activate the innate immune re-

sponse. Recent progress made in preclinical and clinical testing, as well as the case of the most recently discovered RNA interference

technology, will help to overcome efficacy problems of the previous approaches of the ‘standard therapy’ of such diseases as tumors

and various infections.

Methods: The aim of this article is to present various therapeutic aspects of oligonucleotides, and to review the most significant

therapeutic applications of synthetic oligonucleotides. This paper presents a comprehensive review of current literature on various

therapeutic properties of synthetic oligonucleotides.

Conclusions: The available results gathered from preclinical and clinical studies suggest that TLR9-targeted therapy of oligonu-

cleotides can stimulate both innate and adaptive immunity. It also appears that CpG ODNs are generally safe, although moderate ad-

verse effects, based on a backbone-related mechanism have been reported. The presented studies demonstrate that adjuvant CpG

ODN can unify an immune response that leads to enhanced antigen-specific Ab formation. CpG ODN may therefore provide

a unique approach to enhancing the efficacy of immunization, including the strengthening of antitumor immunity.
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Abbreviations: Ab – antibody, B16 – mouse melanoma cell

line, Bcl-2 – B-cell lymphoma 2, CTLA-4 – Cytotoxic T-

Lymphocyte Antigen 4, CDR – complementarity determining

region, CpG DNA – unmethylated CpG sequences in DNA,

CpG ODN – oligodeoxynucleotide containing CpG motif,

DTIC – dacarbazine, dsRNA – double-stranded RNA, HBsAg

– surface antigen of the hepatitis-B virus, HBV – hepatitis B

virus, HSV-2 – herpes simplex virus, IFN-a – interferon a,

IFN-I – type I interferon, MC38 – murine colon carcinoma cell

line, NHL – Non-Hodgkin’s Lymphoma, NK – natural killer

cells, NSCLC – non-small-cell lung carcinoma, ODN – syn-

thetic oligodeoxynucleotide, PDC – pyruvate dehydrogenase

complex, PRR – pattern recognition receptor, RIG-I –

retinoid-inducible gene 1, RNP – ribonucleoprotein enzyme,

siRNA – short interfering RNA, ssRNA – single-stranded

RNA, STAT3 – signal transducer and activator of transcription

3, TH1 – T helper 1 cells, TLR7 – toll-like receptor 7

Introduction

A robust immunological defence system is vital to

support the survival of the host organism. The adap-

tive immune system is based on lymphoid cell-surface
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receptors that recognize, more or less, an infinite

number of antigens and also provide a memory sys-

tem in case of repeated challenges. The innate im-

mune response is based on a relatively small set of

so-called pattern recognition receptors (PRRs) which

recognize certain molecular structures that are present

in pathogens. In recent years, significant progress in

the understanding of innate immunity has been made

through the identification of several families of patho-

gen sensors.

Oligonucleotides with the appropriate immu-

nostimulatory sequences can be useful as vaccine ad-

juvants. The pharmaceutical compositions containing

nucleic acids can be administered by any suitable

route for administering medications.

The unmethylated CpG sequences in DNA (CpG

DNA) have the ability to induce tumor regression by

activating innate immunity, enhancing Ab dependent

cellular cytotoxicity, and serving as potent vaccine

adjuvants that elicit a specific, protective immune

response. CpG oligonucleotides may also be good

candidates for the treatment of asthma and allergy,

various types of cancers and viral infectious diseases.

The above mentioned synthetic oligonucleotides’

therapeutic applications are presented in this paper.

RNA oligonucleotides

Human telomerase is a ribonucleoprotein (RNP) en-

zyme, consisting of protein components and an RNA

template which are able to catalyze telomere elonga-

tion through the addition of TTAGGG repeats. Te-

lomerase function has been attributed to aging and the

immortalization of cancer cells. Human telomerase,

a specialized reverse transcriptase, synthesizes telo-

meric DNA and contributes to the maintenance of

functional telomeres in immortal or highly prolifera-

tive cells such as germline cells, hematopoietic pre-

cursors and tumor cells [35].

Cross linking is followed by RNA digestion; two

proteins in the extract, in competition with one an-

other, compete for the same RNA site. Cross-linking

experiments were performed with the labelled RNA

and various relative amounts of the two recombinant

proteins. The bound RNA regions should be protected

against the action of the probes, and identified by

comparison of the cleavages and modifications ob-

tained under the same conditions in the two probes of

the RNP and naked RNA. Such footprinting experi-

ments can be performed on the authentic native RNP,

and on complexes reconstituted from recombinant

proteins and in vitro transcribed RNAs, or on com-

plexes formed upon incubation of in vitro transcribed

RNA in a cellular or nuclear extract.

Short interfering RNA

Increased tumor cell survival and immune escape are

two hallmarks of tumor development. Single-targeted

treatments are often ineffective, bearing in mind

genetic and epigenetic plasticity allows tumors to pro-

liferate [18].

A new method of melanoma treatment was recently

presented, utilizing short interfering RNA (siRNA)

containing triphosphate groups at the 5‘ ends (3p-

siRNA) [30].

The 3p-siRNA comprises two distinct and independ-

ent functional activities in one molecule: silencing of

anti-apoptotic bcl-2, and activation of the cytosolic

helicase of retinoic acid-inducible gene I (RIG-I).

Considerable anti-tumor activity in a metastatic mela-

noma model was elicited with systemic treatment

with bcl-2-specific 3p-siRNA elicited.

NK cells and type I interferon (INF-I) are associ-

ated with downregulation of bcl-2 in metastatic tumor

cells in vivo on a single cell level, which is necessary

to support the overall therapeutic activity of 3p-

siRNA in vivo. 3p-siRNA represents a novel single

molecule-based combinatorial approach in which the

retinoid-inducible gene 1 (RIG-I) activation on both

the immune and the tumor cell level corrects immune

ignorance, and in which gene silencing is used to

correct key molecular events that govern tumor cell

survival.

Kortylewski and co-authors [23] recently presented

results of their study, comprising a new strategy to

alter the balance in the tumor microenvironment to

re-awaken an anticancer immune response. When the

toll-like receptor (TLR) agonist was coupled with

small interfering RNA (siRNA), the double blow of

TLR-mediated immune activation and targeted silencing

of immunosuppressive genes suppressed tumor

growth in mouse models.

siRNA, which targets the signal transducer and ac-

tivator of transcription 3 (STAT3), an oncogenic tran-
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scription factor, was coupled with TLR9-specific

CpG oligonucleotides, which are currently in clinical

trials for the treatment of cancer, including melanoma.

STAT3 controls the expression of immunosuppres-

sive and angiogenic factors, and is associated with the

tumor environment characterized by a lack of tumor-

specific cytotoxic T cells, an inhibition of T helper 1

(TH1) cells and an excess of regulatory T cells, acting

together with the infiltration by myeloid-derived sup-

pressor cells. STAT3 is also constantly active in many

cancer cells of different origin, which accelerates tu-

mor growth and survival as well as resistance to anti-

cancer drugs. In addition, STAT3 is known to sup-

press TLR-mediated TH1-type antitumor response.

CpG alone or CpG-conjugated siRNA with random

sequence of CpG-siRNA inhibited the growth of sub-

cutaneous B16 and K1735 melanoma cells and cancer

cells, preventing the CT26 colon carcinoma cells to

a greater extent, and inducing tumor regression in the

MC38 colon cancer model.

In the B16 lung metastasis model, the systematic

supply of small quantities of CpG-siRNA molecules

(< 1 mg per kg) led to a significant reduction in the

number of lung metastases, compared with controls

[23]. In addition, the tumor microenvironment analy-

sis showed the increased expression of chemokines

and costimulatory molecules of dendritic cells in

tumor-draining lymph nodes, as well as an increase in

TH1-type cytokines, reducing the number of regula-

tory T cells. This analysis also showed the increased

infiltration of cytotoxic T cells. B16 tumor sections in

mice treated with CpG-siRNA presented extensive

apoptosis of cancer cells, which was associated with

increased tumor infiltration of neutrophils.

Providing a possibility to optimize the CpG-siRNA

design, this study demonstrated an elegant way to simul-

taneously target tumor-associated immune cells in order

to silence tumor promotion or immunosuppressive parti-

cles, and stimulate TLR of immune activation.

Immunomodulation

The interesting results which were obtained during

the study relate particularly to the immune system

modulation, through the use of oligonucleotide-

derived compounds [25].

The main aspect was to provide immunostimula-

tory agents that are less expensive to produce than

currently available oligonucleotides. The long oligo-

nucleotides are usually expensive because they have

specificity of flanking sequences limits, which is as-

sociated with the breadth of their function. A potential

benefit of immunotherapy is to provide improved effi-

cacy by enhancing the patient’s own immune response

to tumors while minimizing deleterious effects to nor-

mal cells.

Bi-specific antibodies having one binding site for

a cell surface antigen, such as human Cytotoxic T-Lym-

phocyte Antigen 4 (CTLA-4), and a second binding

site for an Fc receptor on the surface of an effector

cell, have been demonstrated in other research [32].

It also relates to antibodies having the amino acid

sequences of the complementarity determining regions

(CDRs) of the heavy and light chains. CTLA-4 is

a member of the immunoglobulin (Ig) superfamily of

proteins that downregulate T-cell activation and main-

tain immunologic homeostasis.

An internal dinucleotide, in general, shall mean any

pair of adjacent nucleotides connected by an internu-

cleotide linkage. Phosphate modification of the back-

bone located at a particular phosphodiester internu-

cleotide bridge and/or at a particular 3-D-ribose unit

of RNA molecule is parallel to the same sequence of

natural DNA.

CpG ODN PF-3512676/anti-CTLA-4 may be used in

a combination therapy to treat renal cell carcinoma; breast,

colorectal, ovarian, non-small cell lung cancer; mela-

noma, cutaneous T-cell, and Non-Hodgkin’s Lymphoma

(NHL), including its indolent and aggressive forms [32].

Antiviral effects

The pattern recognition receptors (PRRs) are engaged

by the innate immune system to recognize non-self

material based on factors such as nucleotide sequence

specificity and cellular localization [1]. Expression of

these receptors depends on various cell types and their

activation states.

The innate immunity is induced by viral infections

through replication intermediates such as double-

stranded RNA (dsRNA) and single-stranded RNA

(ssRNA) sequence motifs.

Classical H1N1 influenza virus genomes were modi-

fied during virus evolution in humans by preferential

elimination of CpG motifs in an A/U context [20].
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An essential process for the induction of specific

adaptive immune responses, and for mounting a ro-

bust antiviral response mediated by IFN-a, is the

induction of inflammatory cytokines and IFN-I, based

on the signaling through TLR7.

The direct evidence that CpG RNA motifs in a U-rich

context control PDC activation and IFN-a-driven

activation of NK cells, likely through TLR7 was

presented by the authors credited above.

An extremely low CpG content is observed in the

coding regions of many human innate immunity

genes, particularly IFN-Is.

mRNAs are heavily expressed during the acute

phase of the innate response, and have a bias toward

low CpG content [15].

The above-presented facts allow us to hypothesize

that both ssRNA viruses and host genes involved in

the innate immune response have evolved to have low

CpG content in order to avoid a CpG RNA sensing

receptor. Limitation of the spread of influenza virus

infection depends on IFN-a [13].

The disease severity is connected with subtle dif-

ferences among individuals in IFN responsiveness.

Thus, the decreasing of the stimulatory CpG motif

content in humans, in order to avoid IFN-a secretion,

may be a result of evolution of influenza virus.

The vaginal instillation of synthetic oligonucleo-

tides containing CpG that activate TLRs have been

experimentally used to induce an antiviral state.

An innate mucosal antiviral state which afforded pro-

tection against intravaginal contagion with herpes sim-

plex virus (HSV)-2 was demonstrated after delivery of

CpG oligodeoxynucleotide (ODN) to vaginal mucosa.

It is interesting that treatment with synthetic CpG

ODN evoked local inflammation and splenomegaly,

which was not observed during mucosal delivery of

ligands for Toll-like receptor (TLR)-3, used for induced

protection against genital HSV-2 challenge [3, 17, 31].

Cancer treatment

Optional treatment options may be useful in cancer

treatment prior to and following surgery, radiation or

chemotherapy. Important research relates to the use of

anti-CTLA-4 Ab in combination with CpG oligonu-

cleotides for cancer treatment [33].

The other cited research work relates to the thera-

peutic use of oligonucleotides as immunomodulatory

agents in immunotherapy applications [19].

CpG ODN: PF-3512676, a member of the new

class of investigational synthetic agonists for Toll-like

receptor 9 – TLR-9, has been demonstrated to over-

come tolerance, e.g., reverse or prevent anergy or tol-

erance to tumor antigens [23].

Conversely, inhibitory effects demonstrated by the

regulatory T cells (Treg) may limit the effectiveness of

CpG immunotherapy; therefore blocking these effects

with an anti-CTLA-4 Ab should improve the efficacy

of the CpG ODN. The applied methods enhanced anti-

tumor response, allowing use of lower and/or less fre-

quent doses of anti-CTLA-4 Ab and/or CpG ODN

PF3512676 to reduce the incidence of adverse effects

caused by the administration of anti-CTLA-4 Ab

and/or CpG ODN PF-3512676 alone [32].

Agents that directly target angiogenic factors of

their receptors offer the prospect for greater activity in

receptor-competent hematologic malignancies by in-

terrupting autocrine receptor signaling.

The first dose of studied ODN was administered in

the period of one to three, or one to four months post-

transplantation. Furthermore, the treatment methods

that employ ODNs combined with radiation therapy

are likely to be developed in the future.

Doses of the studied compounds for parenteral deliv-

ery for the purpose of effective enhancement of the sys-

temic immune response varies from 2 to 1,000 times

higher than the effective mucosal dose, more specifically

2 to 100 times higher, and usually 5 to 50 times higher.

The latest clinical study provides a method for

treating or preventing NSCLC using therapeutically

effective amount of a CpG ODN in the therapeutic

dose of 0.01 to 5.0 mg/kg [21]. It offers combination

therapies and treatment regimens for treatment of can-

cers, using an immunostimulatory oligodeoxynucleo-

tide. Immunostimulatory CpG oligonucleotides con-

tain specific sequences found to elicit the immune re-

sponse. An oligonucleotide containing at least one

unmethylated CpG dinucleotide is a molecule con-

taining a cytosine-guanine dinucleotide sequence (i.e.,

CpG DNA or DNA with 5’ cytosine linked by a phos-

phate bond to a 3’ guanine) and is able to activate the

immune system.

Regarding the mechanism of action and the pre-

liminary preclinical pharmacology data, the studied

entity PF-3512676 demonstrates immunotherapeutic

properties and can be administered alone or as a com-
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bination anticancer therapy [27]. Among others, the

mentioned agent can be useful for melanoma, multi-

ple myeloma, acute myeloid and chronic lymphocytic

leukemia, prostate and lung cancer treatment. It also

possesses the ability to act synergistically with a vari-

ety of chemotherapeutic agents and therapeutic mo-

dalities in the treatment of cancer, such as: chemo-

therapy, radiation therapy, monoclonal antibodies and

immunotherapy. Additionally, the quoted study pro-

vides a method for treating or preventing regression

of melanoma. Therapeutic regimen comprises admini-

stration of a therapeutically effective amount of

a CpG ODN, simultaneously, separately or sequen-

tially in combination with a chemotherapeutic agent

such as dacarbazine (DTIC), vinblastine, vincristine,

vindesine, temozolomide, interferon or interleukin.

Tremelimumab, which was used in the other cited

study, presented its immune activation by blocking the

CTLA-4 negative co-stimulatory receptor with the an-

tagonistic Ab [33]. Tremelimumab (formerly ticilimu-

mab, CP-675,206) is a fully human IgG2 monoclonal

Ab. It binds to the protein CTLA-4, which is expressed

on the surface of activated T lymphocytes. Its admini-

stration to patients with locally advanced and meta-

static melanoma has resulted a durable objective tumor

regression. Its IgG2 isotype minimizes the possibility

of cytotoxic effects evoked by activated T lymphocytes

and cytokine release syndrome.

The CpG ODNs are readily soluble in aqueous

buffers and can be administered by most routes (e.g.,

intravenously, subcutaneously, intraperitoneally, in-

trapulmonarily and intranasally). Subcutaneous appli-

cation of CpG ODNs turned out to be particularly ad-

vantageous, as the ODN is detected at relatively high

levels in the lymph nodes, resulting in excellent cyto-

kine induction. As a result of the activation of both in-

nate and adaptive immunity, CpG ODNs can be ap-

plied in the therapy of cancer, infectious diseases, and

asthma or allergy, but also as highly effective adju-

vants in vaccination [34].

Asthma and allergy

Combination of Engerix-B vaccine and CpG ODN

significantly improved the effect of the HBV vaccine

alone. HBsAG-specific Ab responses appeared

sooner, and levels were significantly higher in volun-

teers receiving CpG ODN as adjuvant [41].

CpG ODNs are very effective agents for inducing

a Th1-like immune response and therefore, they

might stand for a good basis for the development of

therapeutics which interfere with the core cause of the

allergic disease rather than curing the symptoms only.

CpG ODNs were able to prevent allergen-induced

airway inflammation in a previously sensitized mouse,

suggesting that exposure to CpG ODN may protect

against asthma. It was also shown that a single dose of

CpG ODN inhibited airway eosinophilia at least as ef-

ficiently as daily injections of corticosteroids, the

standard treatment for allergic airway disease [1]. Th1

and Th2 cells interact in a counter-regulatory fashion,

since the Th2-type cytokines Il-4 and IL-10 promote

Th2 development and inhibit Th1 cell and cytokine

production. The Th2-type cytokines IL-4, IL-5, IL-6,

IL-10 and IL-13 play a central role in the pathogene-

sis of allergic diseases, including asthma. While the

Th2-type cytokines are secreted by activated CD41

T-cells, the Th1-type cytokines IL-2 and IFN-g are

produced by Th1 cells.

Co-administration of CpG ODNs with an antigen

efficiently prevented airway eosinophilia, Th2 cyto-

kine induction, IgE production and bronchial hyper-

reactivity in a murine model of asthma [2, 4].

Discussion

Chemical modification of CpG ODNs can be used to

enhance stability against nucleases, to improve cellu-

lar uptake and compartmentalization, and to modulate

binding to TLR-9 [19]. However, some of the re-

ported structure-activity relationship (QSAR) data in

the literature are conflicting, which may be explained

by the fact that different sequences were used to study

the influence of chemical modifications on immune

stimulation [5, 29].

Many CpG ODNs contain multiple CpG motifs

within a sequence and the effect of the chemical

modification can be position dependent. The species-

specific differences offer the possibility to use either

the human (50-GTCGTT) or mouse (50-GACGTT)

consensus hexanucleotide motif. Sometimes, ODNs

that contain the human consensus motif have been as-

sayed in murine cells and vice versa. The first genera-

tion of CpG ODN drug candidates were fully
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phosphorothioate-modified ODNs of about 22–24 nu-

cleotides in length [36].

As potent stimulators of both innate and adaptive

immune systems, CpG oligonucleotides are currently

being examined for cancer immunotherapy [37].

Although initial reports by Carpentier and col-

leagues demonstrated an 88% cure rate and long-term

immunity in rats with i.c. gliomas [6, 9], others have

shown variable CpG antiglioma responses ranging

from no efficacy [40], through partial response [11] to

complete tumor eradication [14]. These contrasting

reports may be explained by differences in animal

models and various CpG structures. Nevertheless, re-

sults from early-stage human clinical trials on patients

with recurrent malignant gliomas, utilizing conven-

tional CpG therapy have been disappointing, with only

modest antitumor response in a few patients [7, 8].

TLR9 which was located in the endosomal com-

partment, such as those available in bacterial DNA,

was shown to specifically respond to unmethylated

CpG motifs (Fig. 1 and 2).

Synthetic CpGs contain repeat unmethylated CpG

motifs, which were designed to enhance TLR9 en-

gagement and phosphorothioate linkages in order to

prevent therapy breakdown [38].

Other work suggests that DNA recognition by

TLR9 depends on the 20 deoxyribose phosphate

backbone. Therefore, neither phosphorothioate link-

age nor specific sequences (i.e., CpG motifs) are nec-

essary to induce the immune response [16].

The tenet that unmethylated CpG motifs constitute

the ‘foreign signature’ that triggers TLR9 was con-

tested by these findings. Therefore, phosphorothioate

linkages and CpG motifs appear to increase CpG sta-

bility, aggregation, and uptake into cells instead.

Thus, stabilization and improvement of CpG uptake

into endosomal compartments may enhance its stimu-

latory functions [23].

It is worth emphasizing that some nanoparticles

have been employed to augment CpG uptake and their

function [26]. CpG uptake and immunopotency may

be improved by lipid nanoparticles. Lipid nanoparti-

cles, for example, can not only improve CpG uptake

and immunopotency [39], as recently demonstrated,

they are also critical in TLR9 migration from endo-

plasmic reticulum to the endosomal compartment,

where it can interact with CpG [10].

Since antisense ODNs of the first generation belong

to the same class of chemical substances, the ADME

(adsorption, distribution, metabolism, elimination)

properties have been well investigated and the phos-

phorothioate class effects are pretty much understood,

at least for the B-class CpG ODNs which do not form

stable secondary structures in solution. Metabolism of

C-class CpG ODNs differs from that of B-class ODNs

1008 Pharmacological Reports, 2012, 64, 1003�1010

Fig. 1. Structure of the CpG dinucleotide in the unmethylated form
where R is H, which activates TLR9. The methylated form � where R is
CH3, is poorly recognized by TLR9

Fig. 2. The structural basis for selective binding of non-methylated
CpG islands. CpG islands contain a high density of CpG content and
embrace the promoters of most genes in human genome



in that the usually observed degradation by 30-

exonucleases is slowed down because of duplex for-

mation of the 30-palindromic sequence [28].

B-class CpG ODNs have been studied in various

cancer indications, including non-Hodgkin’s lym-

phoma, cutaneous T cell lymphoma, basal cell carci-

noma, breast cancer, renal cell cancer, melanoma and

non-small-cell lung carcinoma (NSCLC) [42]. It

seems that TLR-9 agonists could be promising drug

candidates which are capable of triggering T helper

cell 1 (Th1)-type immune responses, e.g., secretion of

Th1-promoting chemokines and cytokines [22].

Th-1 cytokine response, which has been detected

among the patients treated with CpG ODNs, provided

evidence for the immune stimulatory potency of such

compounds [24].

CpG ODNs could also be good candidates for the

therapy of infectious diseases.

Preclinical experiments have demonstrated that

CpG ODNs are able to protect mice against lethal

challenges with a variety of pathogens, such as Lis-

teria monocytogenes, malaria, anthrax and Ebola vi-

rus. B-class CpG ODNs have also been studied for

their adjuvant effects as a combination with commer-

cial vaccines, such as the hepatitis B virus (HBV)

vaccine Engerix-B [12].
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