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To investigate their potential mechanisms of action, the nucleoside analogue ribavirin and a TLR9 agonist
were compared. The CpG oligodeoxynucleotides (ODN) demonstrated strong TLR9-related Thl-type effects,
and ribavirin appeared only to mediate signaling in TLR-transfected cells. CpG ODN represent a promising
new type of therapeutic drug for hepatitis C or other infectious diseases.

Ribavirin is used for the treatment of chronic hepatitis C
virus (HCV) infection in combination with recombinant alpha
interferon (IFN-«) (2). Chronic HCV infection appears to
result from Th2-biased immune responses against HCV anti-
gens. The resultant lack of an efficient immune response is
probably due to direct infection of immune cells and especially
dendritic cells (DC) by HCV that might interfere with the
development of Thl responses (4, 10). The mechanism by
which ribavirin contributes to the effects of IFN-a in HCV
therapy is not well understood, but several possibilities of di-
rect or indirect effects induced by ribavirin have been proposed
(8). These include the possibilities that ribavirin acts directly as
a viral inhibitor or as an RNA mutagen, indirectly enhances
host T-cell-mediated immunity against viral infections, or in-
hibits the host enzyme IMP dehydrogenase (11). Few reports
have investigated in more detail the possibility of ribavirin
acting by itself as a direct immune modulator and its potential
mechanism of action.

Short oligodeoxynucleotides (ODN) containing unmethyl-
ated CpG dinucleotides are potent Thl immune stimulators
and act via Toll-like receptor 9 (TLR9) (6, 13). In this study,
we compared and contrasted the direct and indirect immune
effects of both ribavirin and a TLR9 ligand, CpG ODN 2006.

Human peripheral blood mononuclear cells (PBMC; 5 X
10°cells/ml) purified from buffy coats of healthy volunteers
(University of Disseldorf, Diisseldorf, Germany) were cul-
tured with phosphorothioate CpG ODN 2006 (TCGTCGTTT
TGTCGTTTTGTCGTT), control ODN 1982 (TCCAGGACT
TCTCTCAGGTT), or 5177 (TCCGCCTGTGACATGCATT)
(BioSpring, Frankfurt, Germany), ribavirin (Rebetol; Schering
Plough), or lipopolysaccharide (LPS; Sigma, Deisenhofen,
Germany) for 24 h (interleukin-6 [IL-6]), 48 h (IFN-inducible
protein 10 [IP-10], IL-10, IFN-y, and IFN-a) or 5 days (for
B-cell proliferation, measured by decreasing 5- [and 6-] car-
boxyfluorescein diacetate succinimidyl ester label of CD19" B
cells [monoclonal antibody from Becton Dickinson, Heidel-
berg, Germany]) by flow cytometry (Becton Dickinson). Pro-

* Corresponding author. Mailing address: Coley Pharmaceutical
GmbH, Elisabeth-Selbert-Strasse 9, D-40764 Langenfeld, Germany.
Phone: (49) 2173-3997-0. Fax: (49) 2173-3997-2399. E-mail: jvollmer
(@coleypharma.com.

T Present address: European Patent Office, Patentlaan 2, NL-2280
HV Rijswijk, The Netherlands.

2314

tein levels were measured using commercially available en-
zyme-linked immunosorbent assay (ELISA) kits (Diaclone,
Besangon, France) or an in-house ELISA for IFN-a (PBL,
New Brunswick, N.J.). Ribavirin, in contrast to the CpG ODN,
had no effect on B cells or the secretion of any tested cytokine
or chemokine, suggesting that it does not have stimulatory
effects alone, at least not for these read-outs and at the con-
centrations used (Fig. 1 and 2).

The CpG ODN stimulated significant secretion of Th1-like
cytokines and chemokines (Fig. 1 and 2). The bell-shaped
nature of some of these effects may be explained by negative
feedback loops (14). CpG-stimulated IFN-« is derived from
TLR9-expressing plasmacytoid DC (pDC) (13). It is tempting
to speculate that a potent and direct TLR-dependent stimula-
tion of pDC and Thl-like cytokine production might at least
partially overcome weak cellular immune responses observed
in chronic virus infections (4, 10).

We also compared the effects of CpG ODN with those of
another microbial stimulus, the TLR4 ligand LPS (15). LPS
induced a distinct pattern of cytokine secretion when com-
pared to the TLRY ligand (Fig. 1 and 2). In contrast to LPS,
CpG ODN 2006 produced lower amounts of IL-6 or IL-10 but
stimulated strong IFN-a and IP-10 secretion and B-cell prolif-
eration. This indicates that TLR9 and TLR4 ligands act, at
least in part, through distinct intracellular signaling pathways
and that CpG ODN promote strong Th1 and humoral immune
responses.

It has been noted previously that in vitro ribavirin has T-cell-
polarizing effects and does dampen Th2 cytokine secretion
while enhancing Th1 cytokine production (9, 12). Upon culture
of human PBMC for 48 h in the presence of the superantigen
staphylococcal enterotoxin B (SEB; 50 ng/ml; Sigma), addition
of ribavirin or of CpG ODN appeared to result in decreased
IL-5 secretion (Fig. 3). The observation that this effect was
obtained only at 25 uM ribavirin might be explained by the
usage of PBMC instead of the purified T cells in previous
reports that required lower concentrations (8). Another possi-
bility is that ribavirin becomes toxic at higher concentrations,
although up to 400 uM ribavirin was previously reported to be
noncytolytic on human PBMC (9) and serum drug concentra-
tions of up to 50 wM are found in patients receiving the drug
3).

Nucleic acid derivatives like R-848 or substituted guanosine
nucleosides can stimulate immune effects via TLR7 or TLRS
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FIG. 1. Ribavirin does not induce secretion of IFN-a, IL-10, or IFN-y from human PBMC. Mean cytokine secretion = the standard error of
the mean of three (ribavirin in panel C), four (A and B), or six (C) donors with CpG ODN (2006), control ODN (1982), or LPS (100 ng/ml). Med,
medium control. *, P < 0.1; **, P < 0.05 for ODN 2006 compared to medium control (Student’s ¢ test; Sigma Plot, SPSS Inc., Chicago, Ill.).
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FIG. 2. IL-6 and IP-10 secretion or B-cell proliferation are induced by CpG ODN. Human PBMC were incubated with CpG ODN (2006),
control ODN (5177), ribavirin, or 100 ng of LPS/ml. Data are the mean protein secretion = the standard error of the mean (SEM) of four donors
and the mean percentage = SEM of proliferating cells of four donors. *, P < 0.1; **, P < 0.05 (see Fig. 1 legend for further information).
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FIG. 3. Ribavirin affects SEB-mediated IL-5 production. Mean IL-5 secretion *+ standard error of the mean of five (A) or three (B) donors.
* P =02; %% P <0.1 compared to SEB. The lower detection limit of the IL-5 ELISA was 4 pg/ml.

(5, 7). Ribavirin could possibly, as a purine analogue, induce
TLR7- or TLR8-mediated signaling. We, therefore, incubated
nonresponsive HEK293 cells stably expressing human TLR7 or
TLRS8 (1, 7) and a 6 X NF-kB-luciferase reporter with increas-
ing concentrations of the TLR7 and TLRS8 agonist R-848
(commercially synthesized by GLSynthesis, Worchester,
Mass.) or ribavirin for 16 h (Fig. 4). Each data point was done
in triplicate, and cells were lysed and assayed for luciferase
gene activity (BriteLite kit; Perkin-Elmer, Zaventem, Bel-
gium). Stimulation indices were calculated in reference to me-
dium alone. R-848 stimulated strong TLR7- and TLR8-medi-
ated signaling. Ribavirin appeared to stimulate NF-«xB
activation in these transfectants in a dose-dependent manner,
although the stimulation index did not exceed twofold and
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NF-«kB stimulation could be observed only at high concentra-
tions. Detectable NF-«kB activation was not observed in TLR9-
transfected HEK293 cells that were efficiently stimulated by
ODN 2006 (data not shown) (14). Nevertheless, ribavirin did
not stimulate considerable NF-«kB activation in the TRL7 and
TLRS transfectants at the biologically active in vitro concen-
trations (1 to 5 wM) or at concentrations present in patients
receiving the drug (about 50 uM) (3, 9, 12). Further studies
have to evaluate if the observed effects at high concentrations
indeed reflect stimulation mediated by TLR7 and TLRS.

In summary, CpG ODN were demonstrated to be potent
immune activators which preferentially promote antiviral and
Thl-like cytokine patterns in vitro. In contrast, ribavirin ap-
peared not to induce detectable immune effects in the absence
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FIG. 4. Ribavirin stimulates NF-«B activation in TLR7 and TLRS transfectants. Stimulation indices = standard deviations of NF-kB activation

of one representative experiment out of two experiments are shown.
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of a strong stimulus. Nevertheless, our data suggest another
potential mechanism of action of ribavirin mediated via TLR7
and TLRS8. The detailed mechanism by which ribavirin con-
tributes to IFN-a therapy in HCV remains to be further elu-
cidated. CpG ODN are promising candidates for the treatment
of HCV or other viral diseases because they directly stimulate
TLRY9-mediated pDC activation, promote potent Thl-type re-
sponses, and reduce Th2 immune activity.

We thank Heather Davis for carefully reading the manuscript and
helpful discussions.
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