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The demonstrated utility of the nucleoside analog ribavirin in the treatment of certain viral diseases can be
ascribed to its multiple distinct properties. These properties may vary in relative importance in differing viral
disease conditions and include the direct inhibition of viral replication, the promotion of T-cell-mediated
immune responses via an enhanced type 1 cytokine response, and a reduction of circulating alanine amino-
transferase (ALT) levels associated with hepatic injury. Ribavirin also has certain known toxicities, including
the induction of anemia upon chronic administration. To determine if all these properties are linked, we
compared the p-nucleoside ribavirin to its L-enantiomer (ICN 17261) with regard to these properties. Strong
similarities were seen for these two compounds with respect to induction of type 1 cytokine bias in vitro,
enhancement of type 1 cytokine responses in vivo, and the reduction of serum ALT levels in a murine hepatitis
model. In contrast, ICN 17261 had no in vitro antiviral activity against a panel of RNA and DNA viruses, while
ribavirin exhibited its characteristic activity profile. Importantly, the preliminary in vivo toxicology profile of
ICN 17261 is significantly more favorable than that of ribavirin. Administration of 180 mg of ICN 17261 per
kg of body weight to rats by oral gavage for 4 weeks generated substantial serum levels of drug but no
observable clinical pathology, whereas equivalent doses of ribavirin induced a significant anemia and leuko-
penia. Thus, structural modification of ribavirin can dissociate its immunomodulatory properties from its
antiviral and toxicologic properties, resulting in a compound (ICN 17261) with interesting therapeutic potential.

Ribavirin (1-B-p-ribofuranosyl-1,2,4-triazole-3-carboxamide) is
a nucleoside analog that has demonstrated efficacy in treating
viral disease as monotherapy (respiratory syncytial virus [RSV]
[15]) and in combination with alpha interferon (IFN-a) (hep-
atitis C virus [HCV] [27, 36]). Ribavirin has multiple biologic
properties that are favorable for treating viral diseases. It can
directly inhibit the replication of many DNA and RNA viruses
(38). More recently, studies have shown that it can also act as
an immunomodulator and thus promote T-cell-mediated im-
munity against viral infection (18, 25, 30, 39, 40). The central
focus of this effect of ribavirin is the augmentation of antiviral
type 1 cytokine expression (interleukin-2 [IL-2], gamma inter-
feron [IFN-y], and tumor necrosis factor alpha [TNF-a]) and
concomitant suppression of type 2 cytokine levels [IL-4, IL-5,
and IL-10] by activated T cells in both human and murine
systems. Finally, ribavirin, alone or in combination with IFN-q,
can lower serum alanine aminotransferase (ALT) levels during
the course of treatment of HCV infection (11). Elevated serum
ALT levels are a marker for liver damage and progressive
hepatitis, and hence the ribavirin-mediated lowering of ALT
levels is a distinct liver-specific effect of this nucleoside analog.

The therapeutic use of ribavirin is restricted by its toxicology
profile. Prolonged administration of ribavirin is frequently as-
sociated with anemia, whose severity correlates with dose level
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and which is reversible upon dose reduction or cessation of
treatment. We sought to identify compounds which would re-
tain those properties deemed critical for utility in the treat-
ment of chronic HCV infection, but which would not have the
toxicity profile of ribavirin.

We have recently shown (34) that the L-enantiomer of riba-
virin, ICN 17261, has similar type-1-cytokine-enhancing activ-
ity as ribavirin in vitro in activated human T cells. The objective
of this study is to expand on these initial findings by performing
a comparative analysis of ICN 17261 and ribavirin relative to
the aforementioned properties of ribavirin (direct antiviral ac-
tivity and cytotoxicity, immunomodulatory effects in vitro and
in vivo, effect on serum ALT, and preliminary toxicology pro-
file). The results from this study suggest that the bioactive
L-nucleoside ICN 17261 may offer a therapeutic advantage
over ribavirin for the treatment of some viral diseases.

MATERIALS AND METHODS

Compounds. ICN 17261 (1-B-L-ribofuranosyl-1,2,4-triazole-3-carboxamide) is
a new chemical entity and is the L-enantiomer of ribavirin. It is synthesized from
1,2,3,5-tetra-O-acetyl-B-L-ribofuranose and methyl 1,2,4-triazole-3-carboxylate
(34). ICN 17261 has a molecular weight of 244.21 and is freely soluble in water.
The structures of both ICN 17261 and ribavirin are shown in Fig. 1.

Animals. Six- to eight-week-old female BALB/c mice were purchased from
Bantin and Kingman Universal (Fremont, Calif.).

In vitro studies (human). Peripheral blood mononuclear cells were isolated
from healthy donors by density gradient centrifugation followed by T-cell en-
richment with Lymphokwik (One Lambda, Canoga Park, Calif.). Contaminating
monocytes were removed by adherence to plastic. Purified T cells comprised
>99% CD2", <1% HLA-DR", and <5% CD25"% and were maintained in
RPMI-AP5 (RPMI 1640 medium containing 5% autologous plasma, 1% L-
glutamine, 1% penicillin-streptomycin, and 0.05% 2-mercaptoethanol). For de-
termination of cytokine protein levels, T cells (10° cells in a volume of 1 ml) were
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FIG. 1. Structures of ICN 17261 and ribavirin.

Ribavirin

activated by the addition of either 400 ng of Staphylococcal enterotoxin B (SEB;
Sigma, St. Louis, Mo.) or 10 ng of phorbol myristate acetate (PMA) plus 0.5 g
of ionomycin (ION) (Calbiochem, La Jolla, Calif.) and were incubated in 24-well
plates in the presence of 0 to 10 uM ICN 17261 or ribavirin for 48 h at 37°C and
5% CO, in a humidified incubator. Cell-free supernatants were taken and ana-
lyzed for human cytokine levels, following appropriate dilution, by using enzyme-
linked immunosorbent assay (ELISA) kits specific for IL-2, IFN-y, TNF-q, IL-4,
and IL-5 (Biosource, Camarillo, Calif.). All ELISA results were expressed in
picograms per milliliter.

In vitro studies (mouse). In vitro experiments used lymph node cells from
contact allergen-primed BALB/c mice or spleen cells from unsensitized BALB/c
mice. Priming with contact allergen was accomplished by application of 20 pl of
0.3% dinitrofluorobenzene (DNFB) (Sigma) in acetone-olive oil, in the ratio 4:1,
onto shaved abdomens 5 days prior to sacrifice. Primed mice were sacrificed by
cervical dislocation and axillary/lateral axillary lymph nodes were removed.
Lymph node cell (LNC) suspensions were then prepared for individual mice.
Twenty-four-well plates were coated with 150 wl of a 25-pg/ml preparation of
anti-mouse o/B-T cell receptor (TCR) antibody (clone H57-597; Pharmingen, La
Jolla, Calif.) for 90 min at 37°C and then plates were washed twice with cold
phosphate-buffered saline (PBS). LNC (2 X 10%well) were seeded in 1 ml of
complete Dulbecco modified Eagle medium (containing 4.5 g of dextrose per
liter [ICN Biomedicals, Costa Mesa, Calif.] and supplemented with 10% fetal
bovine serum [Hyclone, Logan, Utah], 1% L-glutamine, 1% penicillin-strepto-
mycin, 10 mM HEPES, 1X nonessential amino acids, and 50 wM 2-mercapto-
ethanol) in the presence of 0 or 2 WM ICN 17261 or ribavirin and cultured for
48 h at 37°C and 10% CO, in a humidified incubator.

In spleen cell assays, BALB/c mice were sacrificed by cervical dislocation, and
splenocyte suspensions were prepared from individual spleens following removal
of contaminating erythrocytes with ACK lysing buffer (0.15 M NH,CI, 1 mM
KHCO3, and 0.1 mM Na,EDTA adjusted to pH 7.2 to 7.4 and filtered). Spleno-
cytes were then seeded in 24-well plates at 2 X 10%well in 1 ml of complete
RPMI media (RPMI 1640 medium containing 10% fetal bovine serum, 1%
L-glutamine, and 1% penicillin-streptomycin). Splenocytes were activated with
400 ng of SEB and cultured for 48 h at 37°C and 10% CO, in the presence of 0
to 10 wM ICN 17261 or ribavirin.

In both LNC and spleen cell assays, cell-free supernatants were taken for
extracellular cytokine analyses. Murine cytokine levels were determined in cell
supernatants, following appropriate dilution, by using ELISA kits specific for
IL-2, IL-10, and IFN-y ELISAs from R & D Systems (Minneapolis, Minn.) or
from Biosource. All ELISA results were expressed in picograms per milliliter.

In spleen cell assays, T-cell proliferation was assessed by using a colorimetric
assay (MTT cell proliferation kit I; Boehringer Mannheim, Indianapolis, Ind.)
based on the conversion of the tetrazolium salt MTT by mitochondrial dehydro-
genases to a formazan dye which is readily detectable by measuring the absor-
bance at 540 nm.

In vivo assay (contact hypersensitivity). Reactivity to DNFB was determined
in BALB/c mice as previously described (41). Briefly, mice were sensitized by the
application of 20 pl of 0.3% DNFB in 4:1 acetone-olive oil onto the shaved
abdomens of naive mice. For optimal elicitation of contact hypersensitivity
(CHS), the mice were challenged on both sides of each ear with 20 wl of 0.12%
DNFB, 5 days after sensitization. Unsensitized mice were also challenged and
used as controls in each experiment. After 24 h, ear thickness measurements
were taken, and response to DNFB was assessed by subtracting postchallenge
from prechallenge values. Where indicated, ICN 17261 or ribavirin, at a dose of
10 pg in 50 pl PBS (0.5 mg/kg), was administered by intraperitoneal (i.p.)
injection at the time of challenge with DNFB. This dose of ribavirin gave
maximal effect in preliminary optimization studies.

In vivo assay (SEB treatment in vivo). SEB was injected i.p. at a dose of 50 pg
per mouse at day 0 into three groups of four mice. One group was injected with
ICN 17261 and one group was injected with ribavirin, both at 10 pg in 50 pl PBS
(0.5 mg/kg) i.p., 1 h prior to SEB injection. Three more groups of four mice were
not treated with SEB but were injected with PBS, ICN 17261, and ribavirin,
respectively. This dose of ribavirin gave maximal effect in preliminary optimiza-
tion studies. All mice were anesthetized 24 h later with an appropriate dose of
the inhalation anesthetic Penthrane (Abbott Labs, North Chicago, Ill.) and were
exsanguinated by cardiac puncture to obtain whole blood. Serum was obtained
from clotted blood and was used for determinations of nitric oxide production.
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TABLE 1. Group designations and treatment regimen of 4-week
gavage toxicity study with ICN 17261 and ribavirin in rats
with 4-week recovery

Group Test material No. of Dose level Dose
males” (mg/kg/day)® (mg/ml)®
1 Control 12 0 0
2 ICN 17261 12 60-300¢ 6.0-30.0¢
3 ICN 17261 12 180 18.0
4 Ribavirin 15 180 18.0

¢ Four animals in each group designated as recovery animals were dosed daily
for 29 days, after which dosing was discontinued, and the animals were observed
for reversibility, persistence, or delayed occurrence of toxic effects for 31 days
posttreatment.

® The dose volume was 10 ml/kg.

¢ On day 17, the dose level was increased to 300 mg/kg/day, and the dose
concentration was increased to 30 mg/ml.

Nitric oxide production was evaluated by measuring its stable end products,
nitrite and nitrate. Total nitrite and nitrate levels were determined following the
reduction of nitrate to nitrite through a nitrate reductase enzyme reaction fol-
lowed by a colorimetric assay (Sigma) based on the reduction of total nitrite by
Griess reagent to a purple azo compound.

In vivo assay (ConA-induced hepatitis). BALB/c mice (six per group) were
injected intraperitoneally with a single dose of 20 g (1 mg/kg) of ribavirin or
ICN 17261 or with 200 pl of PBS 1 h prior to intravenous tail vein injection with
0.3 mg of ConA (Calbiochem). This dose of ribavirin gave maximal effect in
preliminary optimization studies. After 24 h, mice were anesthetized with
Penthrane and were exsanguinated by cardiac puncture to obtain whole blood.
Serum was obtained from clotted blood and was used for determinations of
serum ALT. Serum ALT levels were determined by using an enzyme activity
assay (Sigma). ALT catalyses the transamination of a-ketoglutaric acid to pro-
duce glutamic acid by using an amino group donated by the substrate alanine.
This assay is based on the colorimetric measurement of the products (pyruvic
acid and glutamic acid).

Antiviral assays. In vitro testing for antiviral activity of ICN 17261 and riba-
virin against influenza A and B viruses, parainfluenza viruses 1 and 3, and RSV
(Institute of Antiviral Research, Utah State University, Logan, Utah) were
performed as previously described (3, 4, 17). Anti-human immunodeficiency
virus (HIV) activity was assessed by the National Cancer Institute (Bethesda,
Md.) by using a procedure designed to detect agents acting at any stage of the
virus reproductive cycle (43). Anti-hepatitis B virus (HBV) activity was moni-
tored by measuring intracellular viral DNA levels following a 7-day culture of the
2.2.15 cell line (an HepG2 hepatoblastome cell line stably transfected by HBV
DNA [19]) with and without various concentrations of ribavirin or ICN 17261.
Viral DNA was evaluated by slot blot DNA hybridization similar to that de-
scribed in Marion et al. (24) (Hepadnavirus Testing, Inc., Mountain View,
Calif.). Anti-HIV activity and cytotoxicity for ribavirin were determined from
previous data (2, 26).

Four-week oral gavage toxicity study. A 4-week oral gavage toxicity study was
performed by Covance Laboratories Inc. (Madison, Wis.). Male Crl:CD (SD)
IGS BR rats were assigned to four groups (12 males/group in groups 1 to 3 and
15 males in group 4) and were given the 29-day treatment regimen outlined in
Table 1. The doses of ICN 17261, ribavirin (used as positive control), and water
control were given daily by oral gavage at a volume of 10 ml/kg. Food and water
were provided ad libitum. Animals were observed twice daily for mortality and
moribundity. Body weight and food consumption data were collected weekly.
Blood samples were collected from all animals for drug level determinations on
days 30 and 60; plasma samples were analyzed by a liquid chromatography-mass
spectrometry methodology for ICN 17261 or ribavirin (M. Larson, O. Oluyedun,
and S. V. Ravavendran, Internal Report 6937-101, Covance Laboratories, Inc.,
1999). Further blood samples were taken on days 11, 30, and 60 for hematology
and clinical chemistry. On day 30, 8 to 10 animals/group, and on day 60, four
animals/group, were fasted overnight, anesthetized, weighed, exsanguinated, and
necropsied. At necropsy, macroscopic observations were recorded, and selected
organs were weighed, collected, and frozen.

Statistical analysis. Trend analysis was assessed by using analysis of variance
where the main effects evaluated included donor (random effect), concentration,
and nucleoside. Statistical significance, where relevant, was assessed by using the
Student-Newman-Keuls multiple comparison method.

RESULTS

In vitro type 1 and type 2 cytokine synthesis in activated
human T cells. Recently, we have shown that ribavirin can
enhance antiviral type 1 cytokines and suppress type 2 cytokine
expression in human T cells (40). Here we compared the in-
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FIG. 2. Modulation of SEB-induced type 1 cytokine responses following ICN
17261 and ribavirin treatment in human T cells. Comparison of the dose-depen-
dent (0.5 to 5 uM) augmentation by ICN 17261 (open circles) and ribavirin
(filled circles) of IL-2, IFN-y, and TNF-a levels in SEB-stimulated T cells from
five individual human donors. Cytokine levels were determined in cell-free su-
pernatants by ELISA. The absolute level (picograms per milliliter = SD) of type
1 cytokine secretion was substantially elevated in SEB-stimulated T cells (IL-2,
640 = 36; IFN-v, 462 = 37; TNF-q, 223 *+ 27) compared to resting levels (<30
pg/ml for all cytokines).

fluence of ICN 17261 and ribavirin on the cytokine pattern
induced by the bacterial superantigen SEB in human T cells
from five normal donors. After 48 h of stimulation, secreted
levels of type 1 cytokines IL-2, TNF-a, and IFN-y were deter-
mined in the cell-free supernatants. Our data, generated from
ELISA analyses, show that ICN 17261, like ribavirin, in the
dose range 0.5 to 5 uM, augmented IL-2, IFN-y, and TNF-«a
(Fig. 2). A significant concentration-dependent effect was ob-
served for both compounds on IFN-y and TNF-a levels (P <
0.0001) but not on IL-2 levels. Both compounds showed a
significantly elevated cytokine response at 2 and 5 uM for
IFN-y and TNF-a (P < 0.05), with a peak effect at about 2 uM
for all cytokines. No significant differences were seen between
nucleoside effects on all cytokines. ICN 17261 induced a mean
peak increase in IL-2, IFN-y, and TNF-« of 42, 125, and 72%
over activated control levels, respectively. For ribavirin, the
mean peak increase was 66, 84, and 51% over activated control
levels, respectively. We were unable to determine by ELISA
whether levels of type 2 cytokines in SEB-stimulated T cells
were suppressed by ICN 17261 or ribavirin, as levels of SEB-
induced type 2 cytokines were below the level of immunoassay
sensitivity.

Next, we investigated the influence of ribavirin on the cyto-
kine pattern in human T cells from four donors following
activation with the pharmacologic agents, PMA, and ionomy-
cin (ION). After 48 h, levels of type 1 cytokines IL-2, TNF-a,
and IFN-vy and the type 2 cytokines IL-4 and IL-5 were deter-
mined in the cell-free supernatants. In Fig. 3, both ICN 17261
and ribavirin at 2.5 pM similarly augmented IL-2 (mean peak
increase of 28 and 49%, respectively) and TNF-a (mean peak
increase of 28 and 33%, respectively) expression in PMA-ION-
activated human T cells. A significant positive concentration-
dependent effect was observed for both compounds on IL-2
and TNF-a levels (P < 0.0002 and P < 0.003, respectively) but
not IFN-vy. Both compounds showed a significantly elevated
cytokine response at 2 uM for IL-2 and TNF-a (P < 0.05). The
effect on IL-2 and TNF-a levels was not significantly different
between both nucleosides. ICN 17261 (mean peak increase of
73%) showed significant enhancement of IFN-y (P < 0.05),
whereas ribavirin did not (2%). This lack of enhancement of
IFN-vy by ribavirin in PMA-ION-activated human T cells has
been observed previously (40). A significant negative concen-
tration-dependent effect was observed for both compounds on
IL-4 and IL-5 levels (P < 0.002 and P < 0.007, respectively).
Both ICN 17261 and ribavirin at 2.5 uM significantly (P <
0.05) suppressed type 2 cytokines IL-4 (mean peak decreases
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FIG. 3. Modulation of PMA-ION-stimulated type 1 and type 2 cytokine
responses following treatment with ICN 17261 and ribavirin. The effect of ICN
17261 (17261) or ribavirin (RIB) (0 and 2.5 puM) on PMA-ION-stimulated T-cell
expression of the type 1 (IL-2, IFN-y, and TNF-«) and type 2 (IL-4 and IL-5)
cytokines is shown for four individual human donors, A to D. The mean cytokine
responses for all four donors (£SD) at 0 and 2.5 wM of each nucleoside are also
shown in addition to the individual data for each donor. Cytokine levels were
determined in cell-free supernatants by ELISA. The absolute level (picogram per
milliliter = SD) of PMA-ION-induced type 1 cytokine secretion was 23,568 *
6,983 for IL-2, 22,954 + 3,391 for IFN-v, and 3,414 * 1,451 for TNF-a. The
absolute level (picogram per milliliter = SD) of PMA-ION-induced type 2
cytokine secretion in PMA-ION-stimulated T cells was 162 *= 40 for IL-4, and
80 = 41 for IL-5. Resting levels were <30 pg/ml for all cytokines tested.

of 38 and 26%, respectively) and IL-5 (mean peak decreases of
60 and 66%, respectively) (Fig. 3). These data show that fol-
lowing both physiologic (SEB) or pharmacologic (PMA-ION)
T-cell activation, ribavirin and ICN 17261 have the property of
inducing a type 1 cytokine bias in human T cells.

In vitro and in vivo effects of ICN 17261 on type-1-cytokine-
mediated immune responses in mice. We investigated the com-
parative effects of ICN 17261 and ribavirin on two type-1-
cytokine-mediated immune responses (1, 45) in vitro and in
vivo in mice. Firstly, we assessed the effect of ICN 17261 and
ribavirin on the in vitro cytokine and in vivo contact hypersen-
sitivity responses to the contact allergen DNFB. In vitro cyto-
kine secretion in individual LNC preparations from seven
DNFB-primed mice was induced with plate-bound anti-o/B-
TCR antibody in vitro in the presence or absence of 2 uM of
ICN 17261 or ribavirin. The peak effect on modulation of type
1 and 2 cytokine levels by ribavirin was previously shown in
mice to be at a concentration of 2 uM (39). It is noteworthy
that in this previous study (39) the enhancement of contact
hypersensitivity by ribavirin in BALB/c mice was dependent on
the suppression of IL-10. After 48 h, levels of type 1 cytokines
IL-2 and IFN-y and the type 2 cytokine IL-10 were determined
in the cell-free supernatants. In Fig. 4A, in LNC from DNFB-
primed mice, both ICN 17261 and ribavirin at 2 uM aug-
mented IL-2 (mean peak increases of 69 and 84%, respec-
tively) and significantly (P < 0.05) augmented IFN-y (mean
peak increases of 27 and 24%, respectively) while concomi-
tantly and significantly (P < 0.05) suppressing the type 2 cyto-
kine IL-10 (mean peak decreases of 37 and 55%, respectively).

In separate experiments, the functional effect of ICN 17261
and ribavirin on contact hypersensitivity responses in vivo in
BALB/c mice were examined. Animals were primed with
DNFB (0.3%) epicutaneously on the abdomen and were chal-
lenged 6 days later on each ear with 0.12% DNFB. ICN 17261
or ribavirin (0.5 mg/kg) was given i.p. at the time of challenge.
Modulation of CHS, as determined from measurements of ear
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FIG. 4. The effect of ICN 17261 and ribavirin on the in vitro cytokine (A) and
in vivo contact hypersensitivity (B) responses to the contact allergen DNFB. (A)
The effect of ICN 17261 and ribavirin on secreted type 1 and type 2 cytokine
levels in mouse LNC from individual BALB/c mice sensitized with DNFB (see
Materials and Methods). Extracellular levels of type 1 (IL-2 and IFN-y) and the
type 2 cytokine IL-10 were determined in anti-mouse o/B-TCR-activated LNC
from seven primed mice following a 48-h incubation in the presence of 0 and 2
M ribavirin (RIB, top panels) or ICN 17261 (17261, bottom panels). The effect
of ribavirin or ICN 17261 on cytokine levels was assessed in cell-free superna-
tants in duplicate by ELISA analyses and are represented as mean concentration.
The data shown are representative of three separate experiments each using data
from six mice. (B) CHS responses were induced in three groups of five mice by
sensitization and challenge with DNFB as described in Materials and Methods.
At the time of challenge with 0.12% DNFB, one group was administered 5 pg of
ribavirin (RIB) and a second group was administered 5 pg of ICN 17261 (17261),
both given in 50 pl of PBS by ip. injection. The third DNFB-primed group
(Primed) was untreated. The ear swelling in all groups (including an unsensitized
control group [Naive]) was measured after 24 h and was compared to prechal-
lenge values. The data shown as mean ear swelling (Ear Measurement) are
representative of four separate experiments with three to five animals in each test
group. Error bars indicate SDs. Asterisks indicate P < 0.001 when compared to
the primed group.

swelling following challenge, was calculated following subtrac-
tion of responses in nonsensitized challenged (naive) mice.
CHS responses following priming and challenge in BALB/c
mice were significantly greater (P < 0.0001) than those seen in
the naive group (Fig. 4B). Intraperitoneal administration of
either ICN 17261 or ribavirin at the time of challenge signifi-
cantly enhanced CHS responses in DNFB-primed BALB/c
mice (P < 0.0001, Fig. 4B). The mean percentage increases in
ear thickness (= standard deviation [SD]) following ICN 17261
or ribavirin treatment was 55% = 13% and 60% * 14%,
respectively, 24 h postchallenge.

Secondly, we assessed the effect of ICN 17261 and ribavirin
on the in vitro cytokine and in vivo inflammatory responses to
the bacterial superantigen SEB. In vitro proliferative responses
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and cytokine secretion in splenocytes from BALB/c mice were
induced with 400 ng of SEB in vitro in the presence or absence
of 2 uM ICN 17261 or ribavirin. It was important to assess the
effect of both nucleosides on IFN-vy, IL-2, and splenocyte pro-
liferation, as IFN-vy is one of the critical mediators of this type
of inflammatory response (1) and T-cell proliferative responses
are a functional effect of nucleoside-mediated increase in IL-2
production (40). After 48 h, splenocyte proliferation and levels
of type 1 cytokines IL-2 and IFN-vy in the cell-free supernatants
were determined. Figure 5A shows the effect of ICN 17261 and
ribavirin in the dose range 0.125 to 10 uM on type 1 cytokine
production in BALB/c splenocytes. A significant positive con-
centration-dependent effect was observed for both compounds
on IL-2 and IFN-vy levels and on splenocyte proliferation (P <
0.0001, P < 0.0003, and P < 0.0001, respectively). The mean
peak increase (2 pM, P < 0.05 for both nucleosides) of pro-
liferation and IL-2 and IFN-vy levels over activated control for
ICN 17261 was 89, 71, and 52%, respectively, whereas ribavirin
caused a mean peak increase of 61, 62, and 75%, respectively.
Next, the functional effects of ICN 17261 and ribavirin on
inflammatory responses to SEB in vivo in BALB/c mice were
examined. Animals were treated with a single challenge i.p.
with 50 pg of SEB 24 h prior to sacrifice. ICN 17261 or
ribavirin (0.5 mg/kg) was given i.p. at the time of challenge.
Modulation of SEB-induced inflammatory responses in SEB-
treated mice was determined from serum levels of the inflam-
matory mediator, nitric oxide (total nitrite) and was calculated
following subtraction of responses in mice treated with PBS.
Total serum nitrite levels in SEB-treated BALB/c mice were
significantly greater (P < 0.0001) than those treated with PBS,
ribavirin alone, or ICN 17261 alone in the absence of SEB (Fig.
5B). Administration (i.p.) of both ICN 17261 and ribavirin
enhanced serum nitrite levels in SEB-treated BALB/c mice
(P < 0.0001) (Fig. 5B), giving mean percentage increases
(=SD) following ICN 17261 or ribavirin treatment of 63% *
30% and 58% = 20%, respectively, 24 h post-SEB treatment in
vivo.

Collectively, these data show that in both models of type 1
cytokine-mediated immune responses, both ICN 17261 and
ribavirin induced a type 1 cytokine bias and enhanced the
antigen-induced immune response in vivo.

Anti-inflammatory activities of ICN 17261 in ConA-induced
hepatitis. Treatment of chronically HCV-infected patients
with ribavirin dramatically reduces serum ALT levels. Re-
cently, a new murine hepatitis model was developed in which
liver-specific inflammatory lesions are induced by injection of
ConA (29). Significantly, the hepatic injury appears to be a
consequence of T-cell activation (29). Here, using the ConA-
induced hepatitis model, we compared the influence of ICN
17261 and ribavirin on hepatic-injury-induced serum ALT lev-
els. BALB/c mice were injected i.p. with either ICN 17261 (1
mg/kg), ribavirin (1 mg/kg), or PBS 1 h prior to intravenous
injection of 0.3 mg of ConA. Mice were exsanguinated 24 h
later, and serum ALT levels were determined. Figure 6 shows
that both ICN 17261 and ribavirin were able to substantially
reduce ConA-induced serum ALT levels from 1,896 U/ml to
969 = 192 U/ml (49% inhibition) and 954 = 179 U/ml (50%
inhibition), respectively. Administration of ribavirin or ICN
17261 (1 mg/kg) to normal mice did not affect serum ALT
levels when compared to untreated controls. Neither ribavirin
nor ICN 17261 interfere with the ALT assay, as serum samples
from normal or ConA-treated mice spiked with ribavirin or
ICN 17261 showed indistinguishable ALT concentrations from
unspiked serum samples from the same mice.

Antiviral and cytotoxicity activities. The antiviral activities
of ICN 17261 and ribavirin against a variety of viruses were
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FIG. 5. The effect of ICN 17261 and ribavirin on the in vitro cytokine (A) and
in vivo inflammatory (B) responses to the bacterial superantigen SEB. (A) The
effect of ICN 17261 and ribavirin on secreted type 1 and type 2 cytokine levels
from SEB-stimulated BALB/c mouse splenocytes (see Materials and Methods).
Extracellular levels of type 1 cytokines IL-2 and IFN-y were determined in
individual splenocyte preparations from six BALB/c mice following stimulation
for 48 h with 400 ng of SEB in the presence of 0 to 10 pM ribavirin (left panels)
or ICN 17261 (17261, right panels). The effects of ribavirin or ICN 17261 on
proliferation were assessed by using an MTT cell proliferation kit and are
represented as mean absorbance units (at 540 nm) = SD. Cytokine levels were
assessed in cell-free supernatants in quadruplicate by ELISA analyses and are
represented as mean concentrations. The data shown are representative of three
separate experiments each using data from six mice. (B) In vivo responses to ICN
17261 and ribavirin administration in SEB-treated BALB/c mice. Two groups of
four mice were injected i.p. with either 5 pg of ICN 17261 (SEB + 17261) or 5
pg of ribavirin (SEB + RIB) (both in 50 wl of PBS) 1 h prior to i.p. adminis-
tration with 50 pg of SEB. An additional four groups of four mice were injected
with 50 pg of SEB (SEB), 5 ug of ICN 17261 (17261), 5 pg of ribavirin (RIB),
or 50 pl of PBS. After 24 h, all mice were anesthetized with inhalation anesthetic,
were exsanguinated by cardiac puncture, and were sacrificed. Nitric oxide pro-
duction was monitored by determining total nitrite levels in the serum obtained
from clotted blood by using a colormetric assay (see Materials and Methods).
The data shown as mean total nitrite levels are representative of three separate
experiments with four animals in each test group. Error bars indicate SDs.
Asterisks indicate P < 0.001 when compared to SEB-treated group.

compared in vitro and are shown in Table 2. ICN 17261
showed no cytotoxicity and little or no activity in any of the
antiviral tests, whereas ribavirin had the expected profile of
antiviral activities and cytotoxicity.

Preliminary toxicology data. A 4-week oral gavage toxicity
study was performed to assess the toxicity of ICN 17261 in rats.
The 29-day treatment regimen (Table 1) was followed by a
31-day recovery period in which no test compound was admin-
istered. Animals given 180 mg of ribavirin/kg/day had lower
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FIG. 6. ICN 17261 and ribavirin both suppress hepatic injury in a murine
hepatitis model measured using serum ALT as a surrogate marker. Three groups
of six mice were injected i.p. with 1-mg/kg ICN 17261 (Con A + 17261) 1-mg/kg
ribavirin (Con A + RIB), or PBS (Con A + PBS) 1 h prior to intravenous
injection of 0.3 mg of ConA. Twenty-four hours later, all mice, including an
untreated group, were exsanguinated, and serum ALT levels were determined by
using a colorimetric assay. Data were obtained as absorbance values (Asys) = SD
and are representative of three separate experiments. Serum ALT concentra-
tions were calculated from a calibration standard curve (Sigma) and were con-
verted to international units per milliliter. Asterisks indicate P < 0.0001 when
compared to the ConA-injected group. Error bars indicate SDs.

food consumption and lower body weights and body weight
gains throughout treatment when compared with those of con-
trols. During recovery, there was a trend of higher weight gains
and similar food consumption compared to controls. In con-
trast, there were no apparent differences in body weight, body
weight gain, or food consumption noted in animals given ICN
17261.

Administration of ICN 17261 had no effects on clinical pa-
thology results. Administration of 180 mg of ribavirin/kg/day
was associated with decreases in erythrocyte count, hemoglo-
bin, hematocrit, leukocyte count (due to lower absolute neu-
trophil, lymphocyte, and eosinophil counts) (Table 3), and
higher mean corpuscular hemoglobin concentration and plate-
let count. All of the effects of ribavirin were reversed following
the 31-day recovery. The anemia and leukopenia caused by
ribavirin were moderately severe. For example, the mean he-
matocrit at day 30 for the ribavirin-treated animals was 26%
lower than that for the control animals (32 versus 43%). The
mean leukocyte count for the ribavirin-treated animals was
55% lower than that of control animals (3,800 versus 8,400
cells per pl). The effect on leukocyte count was primarily due
to lower absolute lymphocyte count (2,800 versus 7,100 cells
per wl).

There was no gross organ weight changes or macroscopic or
microscopic findings suggestive of any toxic effect following 29
days of treatment with 180 mg of ICN 17261/kg/day by oral
gavage. Animals given 180 mg of ribavirin/kg/day exhibited
reduced terminal body weights and increased extramedullary
hematopoiesis in the spleen. The increased extramedullary he-
matopoiesis was secondary to anemia. Terminal body weights
and spleen histopathology were normal in ribavirin-treated
animals following the 31-day recovery.

Mean plasma levels of ribavirin and ICN 17261 were com-
parable at terminal sacrifice for animals given 180 mg of riba-
virin/kg/day and 60 to 300 mg of ICN 17261/kg/day, respec-
tively, and increased in approximate proportion to dose for
animals treated with ICN 17261.

DISCUSSION

In the present study, we compared ribavirin and its L-enan-
tiomer, ICN 17261, with respect to key properties associated
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TABLE 2. Antiviral activities and cytotoxicity in vitro of ICN 17261 and ribavirin against various viruses

Test material Activity tested®

Activity against viruses” (no. determinations):

HBV (4) HIV (6) INFL. A (6) INFL. B (6) PARA. 1 (3) PARA. 3 (3) RSV (3)

17261 Antiviral >100 >600 >200 >200 >1000 >1000 >1000
Cytotoxic >100 >600 >200 >200 >1000 >1000 >1000

Ribavirin Antiviral >100 40¢ 50=x=09 2.6 0.7 4.0=*=5.0 50 =20 40 = 3.0
Cytotoxic 53 >40¢ >100 >1000 >4000 >4000

“ Viruses tested were HBV, HIV, influenza (INFL.) A and B, parainfluenza (PARA.) 1 and 3, and RSV. Data are presented as means * SDs (where applicable and

available).

b Antiviral activity (50% effective concentration) and cytotoxicity (CCs) are given as micromolarity.

¢ From McCormick et al. (26); no SD available.
4 From Balzarini et al. (2); no SD available.

with the clinical utility of ribavirin. We found that these com-
pounds have very similar activity in a variety of assays that
evaluate enhancement of the type 1 cytokine response by ac-
tivated T cells. These assays include both human and murine
systems and both pharmacologic and antigen-dependent acti-
vation in vitro. It is of note that peak activity of both ICN 17261
and ribavirin in vitro was at 2 to 5 uM (0.6 to 1.3 pg/ml), a dose
range which encompasses the reported steady-state ribavirin
concentration range in patients administered ribavirin at 600 to
1,200 mg/day in combination with IFN-a (13). Also, both ICN
17261 and ribavirin have similar activity in two in vivo assays of
type 1 cytokine activation, contact hypersensitivity responses to
DNFB and in vivo responses to SEB. Furthermore, both com-
pounds reduced the levels of circulating liver enzymes in a
murine inflammatory hepatitis model.

In contrast to these similarities, the two compounds also
exhibited marked differences. ICN 17261 was less cytotoxic
than ribavirin and was inactive against a range of viruses whose
replication is normally inhibited by ribavirin in vitro. Impor-
tantly, ICN 17261 did not show apparent toxicity in rats fol-
lowing a 4-week multidose toxicology study. In contrast, riba-
virin exhibited multiple toxicities, including the anemia
commonly observed in clinical studies. Thus, the studies re-
ported here demonstrate that a compound structurally related
to ribavirin can also have multiple biologic properties, some
remarkably similar (e.g., type 1 cytokine bias and lowering
serum ALT) and others strikingly different (e.g., lack of direct
antiviral activity and lack of apparent toxicity) to ribavirin.

The in vivo comparisons of these two enantiomers provide a
basis for future work to establish their relative utilities. Drug
levels were not assessed as part of the murine efficacy studies,
which were short term and used i.p. injection to administer
drug; the comparable efficacy of the two compounds in these
immunological assays suggests adequate exposure to both com-
pounds, but does not assure similar in vivo potency. Because
poor bioavailability of ICN 17261 could explain the absence of
toxicity observed in rats treated by gavage with this compound,
we assessed the serum levels of ICN 17261 and ribavirin by a
liquid chromatography-mass spectrometry methodology (M.
Larson, O. Oluyedun, and S. V. Ravavendrun, Internal Report
6937-101, Covance Laboratories, Inc., 1999). The serum levels
of ICN 17261 in these rats were proportional to dose and, at
the highest dose, not significantly different from the serum
levels of ribavirin that showed toxicity. Notwithstanding these
encouraging results, the pharmacokinetics of ICN 17261 are of
obvious interest and are the subject of ongoing investigations.

The common paradigm for the mechanism of action of an-
tiviral nucleoside analogs involves transport into cells followed
by enzymatic phosphorylation, generating nucleoside mono-,
di-, and triphosphates. These phosphorylated products act to

inhibit various functions critical to viral replication. Differ-
ences in enzymatic phosphorylation have been reported for
enantiomeric guanosine nucleoside analogs (28). The mecha-
nism(s) for immunomodulation by purine nucleoside analogs
may not require phosphorylation (5, 14), and thus differences
in phosphorylation may account for at least some of the dis-
tinguishing properties we report here for ribavirin and ICN
17261. However, additional work is needed to confirm this
hypothesis.

The multiple properties ascribed to ribavirin provide poten-
tial utility for the treatment of a range of viral diseases and
make determination of the optimal use of the compound more
complex. Its demonstrable inhibition of RSV replication in
vitro, and the satisfactory clinical performance of aerosol riba-
virin in the treatment of RSV pneumonia in pediatric patients,
led to its adoption for this use. In contrast, the absence of a
clear inhibitory effect on the levels of circulating HCV reduced
interest in the use of ribavirin as monotherapy for this disease,
even though reproducible improvement in ALT levels was seen
(10, 23). The occurrence of anemia in some patients further
complicated its clinical use as monotherapy. However, clinical
studies using ribavirin in combination with IFN-a 2b demon-
strated major improvement in the proportion of patients who
clear chronic infection with HCV compared to IFN-« 2b alone
(9,27, 32), leading to widespread adoption of this combination
therapy. Thus, it is likely that the relative importance of each
of ribavirin’s multiple activities varies in the treatment of dif-
ferent viral diseases.

The absence of a substantial effect of ribavirin monotherapy
on circulating levels of HCV is consistent with a range of in
vitro data. Although direct assessment of inhibition of replica-
tion of HCV is difficult, evaluation in primary hepatocytes
showed ribavirin to be inactive, whereas IFN-« inhibited HCV
replication in this system (6). This result also is consistent with
what is known regarding the effects of ribavirin against HCV
molecular targets. For example, HCV utilizes an internal ribo-
some entry site element rather than a 5'-cap structure to ini-
tiate translation, so any inhibition by ribavirin of 5’-cap syn-
thesis is unlikely to affect HCV replication. Evaluation of the
ability of ribavirin nucleotides to inhibit the HCV helicase has
not been reported; however, this enzyme is not selective with
regard to ribonucleoside triphosphates (33), and the high in-
tracellular concentrations of other ribonucleotides should
compete effectively to minimize inhibition by ribavirin triphos-
phate. A more likely target is the HCV-dependent RNA poly-
merase, but the available data are not clear on this point. One
group has determined that ribavirin triphosphate did not in-
hibit this enzyme in vitro (R. Bartenschlager, personal com-
munication), while another has suggested that high concentra-
tions of ribavirin triphosphate in hepatocytes may result in
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some inhibition of the HCV polymerase (16). It is possible that
modest inhibition of the HCV NS5b polymerase results in an
antiviral effect that is only clinically detectable when ribavirin
is combined with IFN-a. Evaluation of HCV dynamics in com-
bination therapy showed no significant change in the viral
clearance rate over a 4-week time frame compared to IFN-a
monotherapy (23); a second study did observe differences later
in therapy (31). It is not clear that this late effect on viral titer
results from direct antiviral activity rather than immunologic
mechanisms.

Also of interest is the fact that the clinical response to
ribavirin monotherapy in patients chronically infected with
hepatitis B virus (12) closely resembles the response to ribavi-
rin monotherapy in patients chronically infected with HCV. In
both diseases, ribavirin treatment suppresses liver damage (as
measured by a reduction in levels of circulating ALT) with only
minor reductions in the levels of circulating virus. As we report
here, ribavirin has no in vitro activity against HBV, an obser-
vation that reinforces the conclusion that direct inhibition of
viral replication by ribavirin does not play a significant role in
its utility in treating viral hepatitis.

In contrast to all these data that indicate a minimal direct
antiviral effect of ribavirin in viral hepatitis, the role of immu-
nomodulation by ribavirin in chronic HCV infection may be
significant. A robust, multispecific T-cell response is seen in the
majority of patients who clear their HCV infections, either
spontaneously or in response to IFN-« treatment (7, 20-22, 35,
37, 42, 44). Ribavirin and IFN-a combination treatment-in-
duced control of viremia is also associated with the develop-
ment of HCV-specific T-cell responses with enhanced IFN-y
and low IL-10 production (8). Such an immune response is
much less frequent in patients who remain chronically infected
following treatment. The favorable clinical interaction of riba-
virin and IFN-« is thus consistent with ribavirin enhancement
of the type 1 cytokine response in stimulated T cells as re-
ported here and elsewhere (18). The recognition that ribavirin
can enhance the type 1 cytokine response provides a rationale
for combination use with IFN-«, even in the absence of a direct
effect of ribavirin on HCV replication.

Thus, the known properties of ribavirin that appear to be of
prime importance in the treatment of chronic viral hepatitis
are the suppression of circulating ALT consequent to liver
damage and the enhancement of a type 1 cytokine T-cell re-
sponse. These properties are separable from the direct antivi-
ral activity of ribavirin, and a compound possessing these prop-
erties (ICN 17261) has significantly reduced toxicity both in
vitro and in vivo. ICN 17261 merits additional evaluation as a
clinical candidate.
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TABLE 3. Four-week daily oral administration of ICN 17261 does not induce anemia or leukopenia in rats
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