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Hemorrhagic fever of arenaviral origin is a frequently fatal infectious disease of considerable priority to the
biodefense mission. Historically, the treatment of arenaviral infections with alpha interferons has not yielded
favorable results. Here we present evidence that interferon alfacon-1, a nonnaturally occurring bioengineered
alpha interferon approved for the treatment of chronic hepatitis C, is active against Pichinde and Tacaribe
arenaviruses in cell culture. In the hamster model of Pichinde virus (PCV) infection, interferon alfacon-1 treatment
significantly protected animals from death, prolonged the survival of those that eventually died, reduced virus titers,
and limited liver damage characteristic of PCV-induced disease. Moreover, interferon alfacon-1 also demonstrated
therapeutic activity, to a lesser degree, when the initiation of treatment was delayed up to 2 days post-virus chal-
lenge. Despite the observed advantages of interferon alfacon-1 therapy, efforts to stimulate the immune system with
the known interferon inducer poly(I:C12U) (Ampligen) offered only limited protection against lethal PCV challenge.
Taken together, these data suggest that the increased potency of the bio-optimized interferon alfacon-1 molecule
may be critical to the observed antiviral effects. These data are the first report demonstrating efficacious treatment
of acute arenaviral disease with alpha interferon therapy, and further study is warranted.

Several viruses of Arenaviridae family pose a considerable
threat to humans. Infection by Lassa, Junin (Argentina), Ma-
chupo (Bolivia), Guanarito (Venezuela), and Sabia (Brazil)
arenaviruses can lead to hemorrhagic fever which is often fatal
(8). With the exception of ribavirin treatment of Lassa fever
(27) and a candidate experimental vaccine for Argentine hem-
orrhagic fever (25), no treatments or vaccines exist for these
deadly viruses. In light of the description above and the po-
tential for intentional release and adverse public health im-
pact, these viruses have been classified as select agents by the
Department of Health and Human Services and have been
prioritized as category A pathogens by the National Institute
for Allergy and Infectious Diseases and the Centers for Dis-
ease Control and Prevention. In many cases, because of the
rapid onset of disease, postexposure prophylaxis from vaccines
may not be beneficial. Thus, measures to treat these infections
must be sought.

Interferon alfacon-1 (Infergen) is an expanded-spectrum cy-
tokine that was engineered to contain the most frequently
occurring amino acids among the nonallelic alpha interferon
(IFN-�) subtypes. In cell culture models, interferon alfacon-1,
also known as consensus interferon, demonstrates increased
potency compared to naturally occurring alpha interferons (4)
and is a more potent inhibitor of hepatitis C virus replication
in comparative clinical trials with naturally occurring alpha
interferons (44). Further, there is considerable evidence that
consensus IFN-� is efficacious against herpesvirus infections in
hamsters (14, 15). More recently, the beneficial activity of

interferon alfacon-1 in hamsters challenged with West Nile
virus was shown, with a measurable increase in survival and
reduction of disease symptoms (30, 31). Hepatitis C and West
Nile viruses are members of the Flaviviridae family, suggesting
that interferon alfacon-1 may be an effective therapy for treat-
ment of flavivirus infections. Interferon alfacon-1 is currently
approved by the Food and Drug Administration for treating
chronic hepatitis C worldwide.

A number of independent studies have shown that acute
arenaviral infections are relatively insensitive to interferon
treatment in vitro and in animal models (7, 11, 24, 35, 42).
However, a recent report demonstrated that IFN-� can inhibit
the replication of several strains of Lassa virus in vitro (3). Due
to the requirement of maximum-level containment facilities
and the dangers associated with working with arenaviruses that
cause hemorrhagic fever in humans, the activity of interferon
alfacon-1 was evaluated against related, less biohazardous
arenaviruses in cell culture and in vivo in the hamster model of
Pichinde virus (PCV) infection previously described (41). The
PCV hamster model of acute infection serves as a surrogate
model system for identifying potential prophylactic and thera-
peutic agents that may be efficacious against the more biohaz-
ardous arenaviruses. Others have demonstrated that PCV in-
fection of hamsters and guinea pigs provides suitable models
for human arenaviral hemorrhagic fever diseases (2, 6, 9, 10,
21, 33). This study was undertaken to provide insight into the
potential use of consensus IFN-� for the treatment of acute
arenaviral disease.

MATERIALS AND METHODS

Viruses and cells. PCV, strain An 4763, was kindly provided by David Gan-
gemi (Clemson University, Clemson, South Carolina). The virus used for in vivo
studies was passaged once through hamsters. Virus stocks were prepared from
pooled liver homogenates from infected hamsters. For cell culture experiments,
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PCV was routinely passaged in the African green monkey kidney cell line BS-C-1
(American Type Culture Collection [ATCC], Manassas, VA). Amapari (AMV),
Latino (LAV), Tacaribe (TAV), and Tamiami (TMV) arenaviruses were ob-
tained from ATCC, and were also passaged in BS-C-1 cells for preparation of
stocks for in vitro use. BS-C-1 cells were maintained in minimal essential medium
(MEM; Gibco, Invitrogen, Carlsbad, CA) supplemented with 0.1% NaHCO3, 50
�g/ml gentamicin (Sigma, St. Louis, MO), and 10% fetal bovine serum (Hy-
Clone, Logan, UT). Cells were plated the day prior to the start of experiments so
that they would be �95% confluent at the time of treatment.

Animals. Weanling female 45- to 55-g golden Syrian hamsters were obtained
from Charles River Laboratories (Wilmington, MA) and quarantined for 48 h
prior to use. In one experiment designed to evaluate poly(I:C12U) (Ampligen) in
older animals, 91- to 100-g hamsters were purchased and allowed to acclimate 6
days prior to the start of the study. Hamsters were fed standard hamster chow
and tap water ad libitum. All animal procedures used in this study complied with
guidelines set by the U.S. Department of Agriculture and Utah State University’s
Institutional Animal Care and Use Committee.

Materials. Interferon alfacon-1 was kindly provided by InterMune, Inc. (Bris-
bane, CA), and had a reported activity of 109 units/mg. Poly(I:C12U) was gen-
erously provided by Hemispherx Biopharma, Inc. (Philadelphia, PA). Loxoribine
was purchased from Invivogen (San Diego, CA) and prepared in 2% NaHCO3

solution, pH 8.7. Ribavirin, previously shown to be effective against PCV infec-
tion in hamsters (41), was used as the positive control and supplied by ICN
Pharmaceuticals, Inc. (Costa Mesa, CA). With the exception of loxoribine, all
drugs were prepared in sterile saline for use in vivo.

Cytopathic effect (CPE) reduction assays and toxicity determination. Antiviral
activity studies were all performed with 96-well microplates. Half-log dilutions of
interferon alfacon-1 diluted in MEM supplemented with 2% fetal bovine serum
were added to test wells (100 �l/well) 24 h prior to infection with viruses. Equal
volumes of virus were diluted in MEM supplemented with 2% fetal bovine serum
to an optimal multiplicity of infection that would give rise to maximal CPE in
BS-C-1 cells by visual examination in preliminary virus titration experiments.
Ribavirin treatment was done in the same manner except that it was added at the
time of infection. For toxicity determinations, drugs were added in the absence
of viral challenge. Plates were incubated at 37°C with 5% CO2 until virus-
infected control wells were observed to have complete viral CPE, at which time
the plates were scored for toxicity and CPE in the drug-treated test wells.
Following visual inspection, 0.034% neutral red (NR) solution was added to each
test well and incubated for 2 h at 37°C with 5% CO2. After incubation, the NR
solution was removed, the wells were rinsed and dried, and the dye was extracted
for 30 min at room temperature in the dark with absolute ethanol buffered with
Sorenson’s citrate buffer. Plates were read at 540 nm on a Bio-Tek EL 309
microplate reader (Bio-Tek Instruments, Inc., Winooski, VT), and the absor-
bance values were expressed as percentages of uninfected, untreated control
cells. The 50% virus-inhibitory or effective concentration (EC50) and the 50%
cytotoxic concentration (IC50) were determined by regression analysis and se-
lectivity index (SI) values were calculated as IC50/EC50. In certain cases, EC50

values appear much higher than their respective IC50 values. This occurs as a
consequence of the normalization procedure incorporated into the evaluation of
NR data in which cell death associated with drug toxicity is subtracted from the
parallel antiviral test and the EC50 is determined based on the remaining pop-
ulation of viable cells.

In vivo studies. Hamsters were randomly assigned to groups that were treated
by the intraperitoneal (i.p.) route (see Tables 2 and 3) with interferon alfacon-1,
ribavirin, or saline (placebo) prior to or after i.p. inoculation with 650 PFU of
PCV. Interferon alfacon-1 was administered once a day, and ribavirin twice a

day, for 7 days. Where indicated, the initiation of interferon alfacon-1 therapy
was delayed until 24 or 48 h post-virus challenge (see Table 3). Five animals from
each group were sacrificed on day 6, since they became moribund and began to
die by day 7. Liver and serum were collected from each hamster for virus titer
determinations and serum liver enzyme analysis, the latter as an indicator of liver
damage. The remaining 10 animals (20 for the saline placebo group) were
observed for 21 days for death. To assess potential toxicity associated with
treatment, three uninfected hamsters from each group were observed for death
and their weights measured the day of initial treatment and 24 h after the
cessation of treatment. Studies with poly(I:C12U) were conducted similarly but
primarily with a single-dose treatment 48, 24, and 4 h pre-virus inoculation and
24 h post-virus inoculation with the indicated doses. For the experiment using
older hamsters, poly(I:C12U) was given once every 4 days starting 24 h before
virus challenge and ending on day 7.

Virus titer and serum alanine aminotransferase (ALT) determinations. Virus
titers were assayed using an infectious cell culture assay as previously described
(41). Briefly, a specific volume of liver homogenate or serum was serially diluted
and added to triplicate wells of BS-C-1 cell monolayers in 96-well microplates.
The viral CPE was determined 7 days post-virus inoculation, and the 50%
endpoints were calculated as described previously (36). Serum ALT levels were
measured using the ALT (serum glutamic pyruvic transaminase) reagent set pur-
chased from Pointe Scientific, Inc. (Lincoln Park, MI), following the manufacturer’s
recommendations. The assay was modified for analysis on 96-well microplates.

Assay for alpha interferon. Induction of alpha interferon by poly(I:C12U) was
determined using a bioassay adapted for the hamster system from previously
described methods (37). Briefly, Chinese hamster ovary (CHO-K1) cells (CCL-
61 [ATCC]) seeded in 96-well microtiter plates were preincubated with diluted
serum samples obtained from 100-g hamsters treated with poly(I:C12U) or lox-
oribine. After a 6-h preincubation period, the Indiana strain of vesicular stoma-
titis virus (VSV) was added (2 � 103 cell culture 50% infectious dose [CCID50]/
well) and the ability of the samples to inhibit CPE was evaluated visually and by
NR assay. Interferon alfacon-1 was included as a positive control.

Statistical analysis. The Fisher’s exact test (two-tailed) was used for evaluating
increases in total survivors. The Mann-Whitney test (two-tailed) was performed
to analyze the differences in the mean days of death (MDD), virus titers, and
serum ALT levels.

RESULTS

In vitro antiviral activity of interferon alfacon-1. Despite the
fact that historically the treatment of acute arenaviral infec-
tions with alpha interferon or interferon inducers has met with
little success, interferon alfacon-1 was found to be active in
vitro against PCV and TAV by the NR uptake assay (Table 1).
Visual analysis of CPE reduction was consistent with these
findings, and activity against both interferon alfacon-1-sensi-
tive viruses was further verified by virus yield reduction (data
not shown). For comparison, the activity of interferon alfa-
con-1 against VSV was also evaluated. As expected, EC50

values were markedly lower against VSV (�0.032 ng/ml),
known to be highly sensitive to the effects of alpha interferon.
Although the effect of interferon treatment was considerably
more refractory against TAV than PCV, ribavirin was equally

TABLE 1. Neutral red determination of inhibitory effects of interferon alfacon-1 against New World arenaviruses in vitroa

Virus Strain Incubation period (days)

Drug characteristicb

Interferon alfacon-1 Ribavirin

IC50 � SD
(ng/ml)

EC50 � SD
(ng/ml) SI IC50 � SD

(�g/ml)
EC50 � SD

(�g/ml) SI

Amapari Be An 70563 13 �83 � 29 �100 1 67 � 30 664 � 291 0
Latino 10924 12 �80 � 35 �100 1 110 � 63 260 � 143 0
Pichinde An 4763 7 �98 � 4 2.0 � 0.3 �49 376 � 209 37 � 10 10
Tacaribe TRVL 11573 10 �100 0.4 � 0.3 �250 110 � 51 9 � 5 12
Tamiami W-10777 13 �100 �100 1 90 � 47 405 � 138 0

a Data are the means and standard deviations from three or four independent NR experiments.
b SI, calculated as IC50/EC50, is the selectivity (therapeutic) index.
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effective, as indicated by the similar SI values (Table 1). Not
surprisingly, extended incubation resulted in increased toxicity
from ribavirin treatment. With Vero 76 cells, similar results
were obtained for PCV and TAV (data not shown), while the
other arenaviruses tested did not produce discernible CPEs.
BS-C-1-cell CPEs caused by AMV, LAV, and TMV appeared
similar and were characterized predominantly by cell elonga-
tion, granularity, and extended incubation (�12 to 13 days)
before monolayer damage and limited clearing was evident. In
contrast, PCV and TAV caused cell rounding and more dra-
matic destruction of the cell monolayers. However, there were
clear differences in the degrees of rounding and the times
required for maximal CPEs to develop, which were 7 days for
PCV and 10 days for TAV.

In vivo efficacy of interferon alfacon-1 against PCV. On the
basis of several independent studies that showed marked an-
tiviral activity against PCV in vitro, the efficacy of interferon
alfacon-1 was evaluated in vivo. In the initial investigation, two
doses were chosen based on previous reports (1, 14, 30). Ham-
sters treated with interferon alfacon-1, ribavirin, or a placebo
were challenged with a lethal dose of PCV as described in
Materials and Methods. At a dosage of 0.01 mg/kg of body
weight/day, interferon alfacon-1 protected 80% of the animals,
and those that died survived appreciably longer than the saline-
treated hamsters (Table 2). At the lower dose (0.001 mg/kg/
day), interferon alfacon-1 was still able to afford protection to
40% of infected animals and significantly extend their MDD
(Table 2). No obvious toxicity in uninfected, toxicity control
animals treated with interferon alfacon-1 was seen. They were
apparently healthy and steadily gained weight (data not
shown). In addition to the group used for the survival analysis,
another group of animals undergoing interferon alfacon-1,
ribavirin, or placebo therapy were sacrificed at day 6 for the
analysis of additional disease parameters. As shown in Table 2,
interferon alfacon-1 was comparable to ribavirin in its ability to
reduce liver and serum virus titers. As an indirect method for
evaluating liver damage resulting from viral disease, ALT ac-
tivity in serum samples from sacrificed animals was assayed. It
has previously been demonstrated that elevated levels of ALT
are associated with PCV infection in hamsters and that treat-
ment with ribavirin effectively abrogates this increase in ALT
activity (41). Interferon alfacon-1 was equally effective as riba-
virin in its capacity to prevent elevation of serum ALT levels as
seen with the saline-treated animals (Table 2). The 0.001-mg/
kg/day treatment was also effective in reducing virus titers and

serum ALT but, consistent with the findings mentioned above,
to a lesser degree (Table 2). Thus, although not as effective
as the 0.01-mg/kg/day treatment regimen, the lower dose was
beneficial in that it was able to ameliorate the infection out-
come and significantly lessen the liver pathology and viral load.

Since interferon alfacon-1 was efficacious in our initial in-
vestigation, the study was expanded to evaluate additional
treatment regimens. Since we were unable to achieve 100%
protection in the first experiment, a higher dose (0.020 mg/kg/
day) of interferon alfacon-1 was tested. Moreover, we evalu-
ated whether treatment initiated 24 or 48 h post-PCV chal-
lenge would still have a beneficial impact on disease outcome.
The results of the second experiment are summarized in Table
3. When treatment was started 4 h prior to PCV challenge, the
0.01- and 0.02-mg/kg/day doses protected the same percent-
age of animals (80%); however, the higher dose extended the
MDD by 5 days. Starting treatment 24 h after virus inoculation
also resulted in significant increases in the numbers of survi-
vors at both doses of interferon alfacon-1, with the most dra-
matic effect observed with the higher dose, protecting almost
as well as the treatments initiated 4 h prior to challenge. When
the start of interferon alfacon-1 therapy was delayed until 48 h
post-PCV challenge, there was a slight increase in the percent-
age of survivors and the MDD for these animals, but these
results were not statistically significant in comparison to the
saline-treated placebo group. Ribavirin treatment, initiated 4 h
prior to virus challenge, protected 100% of infected animals.
Additional therapy schedules with ribavirin were not evalu-
ated. As observed in the initial study, interferon alfacon-1 had
a remarkable effect on various disease parameters used to
measure disease severity associated with PCV infection (Table
3). Although slight reductions were evident therapeutically,
only treatment initiated prior to PCV challenge was signifi-
cantly helpful in limiting liver and serum virus titers, as ob-
served with ribavirin. With the exception of the 0.01-mg/kg/day
dose initiated 24 h postchallenge, interferon alfacon-1 dramat-
ically lowered the levels of serum ALT compared to those
present in the infected placebo-treated animals (Table 3). It
remains unclear as to why this exceptional group would present
with higher levels than those seen with the 48-h-treatment
groups. As with the first experiment, both doses of interferon
alfacon-1 were well tolerated by the hamsters, with no appar-
ent weight loss in toxicity controls during and after the course
of treatment (data not shown).

Despite the ability of interferon alfacon-1 to reduce viral

TABLE 2. Effect of intraperitoneal interferon alfacon-1 treatmenta on hamsters challenged with Pichinde virus

Drug Dosage (mg/kg/day) No. of survivors/total Mean day of
deathb � SD

Mean virus titer � SD Mean serum ALTe,f

(IU/liter) � SDLiverc Serumd

Interferon alfacon-1 0.01 8/10*** 12.5 � 2.1* 4.6 � 0.1** 4.6 � 0.1** 24 � 18**
Interferon alfacon-1 0.001 4/10** 9.5 � 1.0* 7.8 � 0.5* 6.7 � 0.9* 65 � 33**
Ribavirin 40 10/10*** 4.5 � 0.0** 4.8 � 0.5** 24 � 15**
Saline 0/20 8.2 � 0.8 9.0 � 0.4 8.6 � 0.8 294 � 127

a Once daily for 7 days beginning 4 h pre-virus inoculation (ribavirin administered twice daily). * indicates a P of �0.05, ** indicates a P of �0.01, and *** indicates
a P of �0.001 in comparison to saline-treated controls.

b Mean day of death of hamsters dying prior to day 21.
c log10 cell culture 50% infectious dose/g.
d log10 cell culture 50% infectious dose/ml.
e ALT, alanine aminotransferase; measured in international units per liter.
f ALT and virus titers were determined for five hamsters/group sacrificed on day 6.
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loads and liver disease equal to that of the positive-control
drug, ribavirin, complete protection (100% survival rate) could
not be achieved with the treatment regimens tested. To further
investigate potential differences between the two treatments
that may account for the slight disparity in survival, a time-
course study evaluating virus titers and serum ALT, every
other day through the course of treatment initiated 4 h pre-
challenge, was conducted. As shown in Fig. 1A and B, liver
virus titers slightly decrease over time, whereas serum virus
titers remain fairly constant following interferon alfacon-1 and
ribavirin treatment. Although there appear to be slightly lower
virus titers with the ribavirin group, the differences were not
statistically significant in this analysis limited to five hamsters
per group. There were no appreciable differences between the
two treatment groups when comparing serum ALT levels (Fig.
1C). Collectively, these data do not show any remarkable dif-
ferences in these disease parameters in a comparison of inter-
feron alfacon-1 and ribavirin.

Effectiveness of poly(I:C12U) against PCV challenge. In light
of the beneficial effects seen with consensus IFN-�, the ability
of poly(I:C12U), a known interferon inducer, to confer similar
protection against PCV challenge was investigated. For mice,
poly(I:C12U) has been shown to dramatically increase alpha
interferon levels within a few hours of administration, and a
single dose is sufficient to provide complete protection against
Punta Toro virus, a member of the Bunyaviridae family of
viruses (40). In the initial experiment, only the 1-mg/kg/day
dose, given 4 h prior to virus inoculation, provided significant
protection as indicated by the number of survivors, higher
MDD, and reduced virus titers (Table 4). When treatment with
the same dose of poly(I:C12U) was delayed until 24 h after
challenge, no protection was observed (Table 4). In the second
experiment, lower doses of poly(I:C12U) were chosen based on
our initial findings and the drug was given 1 and 2 days before
virus challenge. As shown in Table 4, only the lowest dosage of
poly(I:C12U) (0.25 mg/kg/day), administered 24 h before PCV
challenge, protected a significant number of animals from
death. For treatment of humans, the standard for poly(I:C12U)
administration is twice per week (W. M. Mitchell, personal

communication). Therefore, a third experiment using older
hamsters and a multidose treatment regimen was also con-
ducted in efforts to obtain a more robust immunostimulatory
effect. Although a slight protective effect was evident for both
multidose poly(I:C12U) treatment groups (Table 4), the results
were not statistically significant, and overt toxicity was ob-
served with the 1-mg/kg/day group as all three animals in the
parallel toxicity study died on days 14 (two animals) and 15
(one animal) after the initiation of treatment (data not shown).
No toxicity was evident with the lower multidose or any of the
single dose poly(I:C12U) treatments, as the animals gained
weight and appeared healthy throughout the course of the
experiments (data not shown). Although a slight protective
effect was evident with some of the treatment doses and sched-
ules tested, collectively, the results were disappointing, as our
attempt to beneficially modulate the antiviral immune re-
sponse in hamsters with poly(I:C12U) treatment met with very
limited success.

It is possible that poly(I:C12U) does not elicit a strong in-
terferon response in hamsters, as has been reported with mice
(40). To test the ability of poly(I:C12U) to elicit alpha/beta
interferon, a bioassay was employed to assay for interferon in
serum collected from animals treated with several doses of
poly(I:C12U). Loxoribine, a guanosine nucleoside analog
known to induce interferon (23), was included for comparison.
As shown in Fig. 2, both doses of poly(I:C12U) were able to
induce the production of interferon in serum, as indicated by
the protection of CHO-K1 cells from VSV-induced cytotoxic-
ity. However, the lower dose (0.4 mg/kg) elicited considerably
more interferon activity, which was greater than the protection
observed with treatment of CHO-K1 cells with interferon al-
facon-1 treatment (Fig. 2). These data are consistent with the
findings of the PCV challenge experiments in which the lowest
doses offered the most significant protection to hamsters (Ta-
ble 4, experiments 1 and 2). As expected, the 80-mg/kg dose of
loxoribine elicited significant levels of interferon that were
comparable to that observed with poly(I:C12U). On the other
hand, the 8-mg/kg dose yielded no detectable activity (Fig. 2).
Similar profiles were obtained from samples collected 1 or 4 h

TABLE 3. Effect of delayed intraperitoneal interferon alfacon-1 therapya on Pichinde virus-infected hamsters

Drug Dosage (mg/kg/day)/
start of treatment (h)

No. of
survivors/total

Mean day of
deathb � SD

Mean virus titer � SD Mean serum ALTe,f

(IU/liter) � SDLiverc Serumd

Interferon alfacon-1 0.02/	4 8/10*** 17.5 � 0.7* 4.5 � 0.0** �2.8** 29 � 18*
0.01/	4 8/10*** 12.5 � 2.1* 4.4 � 1.0* �2.8** 17 � 4**
0.02/24 7/10*** 9.7 � 0.6 6.5 � 0.9 5.9 � 0.7 62 � 43
0.01/24 4/10** 10.8 � 2.8* 7.1 � 1.5 5.4 � 1.7 281 � 200
0.02/48 2/10 9.1 � 1.6 7.4 � 0.5 6.5 � 0.8 46 � 13*
0.01/48 2/10 9.8 � 3.9 8.1 � 1.1 7.4 � 1.1 99 � 72

Ribavirin 40/	4 10/10*** 4.7 � 0.2 3.4 � 0.9** 30 � 8**

Saline /	4 0/20 8.8 � 2.8 7.6 � 1.7 7.0 � 1.0 455 � 584

Sham-infected 3/3 42 � 11*

a Once daily for 7 days beginning at indicated times pre-virus inoculation (ribavirin administered twice daily). * indicates a P of �0.05, ** indicates a P of �0.01, and
*** indicates a P of �0.001 in comparison to saline-treated controls.

b Mean day of death of hamsters dying prior to day 21.
c log10 cell culture 50% infectious dose/g.
d log10 cell culture 50% infectious dose (assay detection limit was 2.8 log10 CCID50/ml).
e ALT, alanine aminotransferase, is measured in international units per liter.
f ALT and virus titers were determined for five hamsters/group sacrificed on day 6.
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posttreatment and visual evaluation of CPE reduction con-
curred with the NR assay results (data not shown). Taken
together, these data suggest that poly(I:C12U) is capable of
eliciting alpha/beta interferon production in hamsters.

DISCUSSION

There are more than a dozen closely related IFN-� subtypes.
The antiviral activity of this multigene family has been well

documented, and several IFN-�-based drugs have been ap-
proved by the Food and Drug Administration for clinical use
against hepatitis B and C viruses (38). Of these drugs, inter-
feron alfacon-1 (Infergen) is currently indicated as a treatment
for chronic hepatitis C virus infection. In efforts to identify new
therapeutics for arenaviruses of biodefense interest, this drug
was evaluated in vitro against a cohort of New World arena-
viruses related to those that cause hemorrhagic fever and are
often lethal. Interferon alfacon-1 was found to be effective
against two of the five arenaviruses tested (Table 1). There
were clear differences, upon visual inspection of CPEs, be-
tween arenaviruses that were sensitive to interferon alfacon-1
(PCV and TAV) and those that were refractory to its effects
(AMV, LAV, and TMV). PCV caused visible cell damage,
rounding, and monolayer deterioration in BS-C-1 cells by day
7 in culture. Cells infected with TAV became rounded and
refractory in appearance; however, this CPE took about 10
days to develop. The other arenaviruses all needed 12 or more
days to grossly impact monolayers, and the CPE pattern was
distinct, in that the cells became noticeably elongated and
granular instead of rounded, as seen with PCV and TAV. Since
we do not have an acceptable positive-control drug for AMV,
LAV, and TMV, the observed negative results indicate failure
of interferon alfacon-1 only under the test conditions exam-
ined. It is conceivable that since much lower dilutions, and
likely higher multiplicities of infection of virus, were required
to produce maximal CPE with AMV, LAT, and TMV, the
beneficial antiviral action of interferon alfacon-1 or ribavirin
was overwhelmed by the amount of challenge virus. Moreover,
the requirement of extended incubation (�12 days) to visual-
ize CPE could also account for the observed lack of activity.
This notion is supported by the fact that with PCV, if cultures
are allowed to go out to 10 days, much of the protection seen
on day seven is lost (data not shown). Thus, until a more robust
assay system is developed for AMV, LAV, and TMV, we
cannot conclude that interferon alfacon-1 is inactive against
these viruses in vitro. Perhaps an as-yet-unidentified, more
permissive cell line that would require far less virus and less
time to produce CPE would yield more favorable results. We
are actively working on real-time reverse transcription-PCR-
based strategies for the detection of these viruses in BS-C-1
and other cell lines that would eliminate the need for CPE
development to assess antiviral efficacy. Currently, animal
models have not been developed for these viruses.

Since promising results against PCV and TAV in our cell-
based assay system were obtained, the efficacy of interferon
alfacon-1 was examined in vivo. It is clear that interferon is
crucial to the induction of the host antiviral state (22). Gen-
erally, there are considerable problems associated with evalu-
ating potential human interferon-based therapeutics in animal
models due to weak activity, if any, across species (5, 46).
Interferon alfacon-1 seems to have bypassed the cross-reactiv-
ity problem that is evident across certain rodent and human
systems. Although interferon alfacon-1 is inactive in mice, oth-
ers have previously reported activity in hamsters (1, 14, 15, 30).
Although TAV was more sensitive to the effects of interferon
alfacon-1 in vitro, the virus does not produce any signs of
disease in hamsters (B. B. Gowen, unpublished data), making
the PCV hamster model of acute arenaviral infection the
model system of choice to conduct in vivo studies. For the most

FIG. 1. Analysis of PCV viral load (A and B) and serum ALT levels
(C) following treatment with interferon alfacon-1 or ribavirin initiated
4 h prechallenge. The limit of detection for the virus titer assays was 2.8
log10 CCID50 per g of liver tissue (A) or ml of serum (B) and is
indicated by the hatched gray lines. Values represent the means and
standard deviations of groups of five animals (three for the sham-
infected controls; ALT) sacrificed on the indicated days. Values were
not obtained for the infected saline-treated placebo group for the day
8 time point, since there were no survivors. * indicates a P of �0.05 and
** indicates a P of �0.01 in comparison to saline-treated controls.
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part, at the tested dosages, route, and schedule, interferon
alfacon-1 was remarkably active against PCV (Tables 2 and
3). Significant reduction in mortality, increased survival time,
abrogation of virus-induced liver damage, and decreased virus
titers were observed. PCV targets the liver in our hamster
disease model in a way similar to that of other arenaviruses
that cause hemorrhagic fever (12, 28). Interferon alfacon-1
reduced liver virus titers and abrogated PCV-induced liver
damage as indicated by reduced serum ALT levels. Remark-
ably, the 0.001-mg/kg/day dose, although suboptimal, still pro-
tected animals and significantly reduced all disease parameters
evaluated (Table 2). The results from experiments in which the
initiation of treatment was delayed indicate that there may be
a limited window of opportunity to treat the infection in the
hamster disease model (Table 3). However, since interferon
alfacon-1 was designed for use with humans, our results with
hamsters are likely an underestimate of the beneficial activity
of the drug for treatment of human disease. In the case of
Lassa fever in humans, it is reported that the incubation period
can be as long as 18 to 24 days (18). Due to this apparent
slower disease progression, therapeutic use of interferon alfa-
con-1 may be beneficial if an early diagnosis can be made.
However, due to the nature of the development of arenaviral
hemorrhagic disease, by the time that most physicians can
make the appropriate diagnosis, it may be too late for effective
treatment. With that said, a clinical study indicated that the
treatment of Lassa fever patients with ribavirin initiated by day
6 dramatically reduced death rates, and even administration on

day 7 or later significantly reduced mortality (27). In such
cases, the combination of interferon alfacon-1 and ribavirin
therapy could potentially further decrease the case fatality
rates associated with Lassa and other hemorrhagic fevers of
arenaviral origin. It is likely that the greatest protection against
arenaviral diseases, and potentially other infectious diseases of
viral etiology, would be seen in a situation in which intentional
release has occurred, rapid identification of the infectious
agent has been made, and interferon alfacon-1 can be given 1
to 2 days postexposure.

Interestingly, although interferon alfacon-1 performed well
in vivo against PCV, we were not able to achieve 100% pro-
tection, as evidenced with ribavirin. It is possible that inter-
feron alfacon-1 may not be as effective as ribavirin in earlier
stages of disease progression, contributing to the slight dispar-
ity in survival, even though by the time of sampling (day 6), the
two treatments have become equally effective, resulting in sim-
ilar disease profiles. Our findings in investigating the develop-
ment of several disease parameters over time do not support
this theory (Fig. 1). Another possibility is that the combination
of cytokines and factors elicited by PCV infection with inter-
feron alfacon-1 were deleterious for a small percentage of the
animals. Alternatively, it is possible that following the cessation
of interferon alfacon-1 treatment, most of the hamsters were
well on their way to clearing the virus; however, in a small
group, the infection was able to reestablish itself, resulting in
extended survival times and 20% mortality. If this were the
case, extending the treatment from 7 days to 10 or 14 days may

TABLE 4. Effect of intraperitoneal poly(I:C12U) treatment on hamsters challenged with Pichinde virus

Drug Dosage (mg/kg/day)/
start of treatment (h)

No. of
survivors/total

Mean day of
deathc � SD

Mean virus titer � SD Mean serum ALTf,g

(IU/liter) � SDLiverd Serume

Experiment 1
poly(I:C12U)a 4/	4 0/10 11.0 � 4.0 7.9 � 0.9 7.3 � 1.5 233 � 164

4/24 0/10 9.6 � 1.6 7.4 � 1.3 6.9 � 1.0* 240 � 67
1/	4 3/10* 10.3 � 2.2* 6.9 � 0.8* 6.6 � 1.2* 89 � 40
1/24 0/10 9.7 � 3.4 8.5 � 0.3 8.2 � 0.6 434 � 217

Ribavirin 40/	4 10/10*** 4.7 � 1.2** 4.7 � 1.2** 34 � 25
Salinea /	4 0/20 9.0 � 2.3 8.3 � 0.5 8.2 � 0.4 139 � 25
Sham-infected 3/3*** 60 � 43

Experiment 2
poly(I:C12U)a 1/	24 1/10 11.0 � 0.8 7.4 � 0.7 6.1 � 1.5 85 � 24*

0.25/	24 3/10* 10.1 � 0.4 7.2 � 1.6 6.9 � 1.7 159 � 55
1/	48 0/10 11.5 � 1.2* 7.8 � 1.0 6.3 � 1.2 182 � 40

0.25/	48 1/10 11.7 � 1.4* 8.2 � 1.3 6.6 � 2.0 551 � 238
Ribavirin 40/	4 10/10*** 4.5 � 0.0** 3.7 � 0.1** 80 � 22*
Salinea /	24 0/20 10.5 � 0.9 8.2 � 0.7 6.6 � 0.8 258 � 68
Sham-infected 3/3*** 35 � 7*

Experiment 3
poly(I:C12U)b 1/	24 2/10 10.6 � 1.8 6.1 � 1.7 5.2 � 1.5 854 � 1,031

0.1/	24 2/10 10.5 � 1.4* 5.5 � 1.0 4.3 � 1.2 707 � 792
Ribavirin 40/	4 10/10*** 4.7 � 0.3 3.5 � 0.0 43 � 25**
Salineb /	24 0/20 9.5 � 1.1 5.2 � 1.4 4.4 � 1.3 1,528 � 302
Sham-infected 4/4*** 38 � 11*

a Single dose; 50-g hamsters.
b Treatment every 4 days (	1, 3, and 7); 100-g hamsters.
c Mean day to death of hamsters dying prior to day 21.
d log10 cell culture 50% infectious dose/g.
e log10 cell culture 50% infectious dose/ml.
f ALT, alanine aminotransferase, is measured in international units per liter.
g ALT and virus titers were determined for five hamsters/group sacrificed on day 6 for experiments 1 and 2 and on day 7 for experiment 3.
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have allowed for complete resolution of the infection. It is also
possible that host cells become refractory to daily treatment
with interferon, as is seen with cell culture systems. However,
it is difficult to compare in vitro cell culture data with in vivo
data given the dosing of interferon that can be achieved in
animals. It is unlikely that, in vivo, local concentrations of
interferon alfacon-1 ever achieve anything close to those con-
centrations used in vitro, due to rapid renal elimination. In the
mouse, an animal similar to the hamster, the terminal half-life
of interferon alfacon-1 is approximately 30 min. Thus, giving
the drug once a day is the minimal amount one would admin-
ister to achieve good concentrations of the drug in vivo. These
pharmacokinetic issues are the reason that some interferon
manufacturers have added polyethylene glycol (PEG) to their
products, resulting in improved pharmacokinetic characteris-
tics with constant exposure of PEG-interferon for up to 7 days
following a single administration. For the treatment of hepa-
titis C virus infection, PEG-interferon has led to improved
efficacy despite constant interferon levels present in the blood.
While it remains unclear as to why we were not able to achieve
complete protection, it should be noted that previous experi-
ments have demonstrated substantially reduced activity of in-
terferon alfacon-1 on hamster cells in vitro (20). Nevertheless,
the collective results of our investigation with interferon alfa-
con-1 clearly demonstrate its beneficial effects for the treat-
ment of PCV infection in the hamster model.

Since interferon alfacon-1 was highly effective against PCV,
we also examined the capacity of double-stranded RNA
(dsRNA), a potent interferon inducer (13, 17), for protecting
animals challenged with PCV. We have previously tested
poly(I:C12U), a form of dsRNA, against PCV in the hamster
model and found it to be ineffective under the multidose treat-
ment regimen used (41). In this study, the investigation with

poly(I:C12U) was modified so that the tested treatment sched-
ules should have removed or minimized the possibility of in-
ducing a hyporesponsive state from repeated administration.
Moreover, in the experiment in which a multidose schedule
was used, older hamsters were also evaluated, since they are
likely to be more immunologically developed than weanlings.
In contrast to our previous analysis (41), a slight but statisti-
cally significant protective effect was seen with several of the
treatments (Table 4). Our findings could not be accounted for
by inactivity of the lot of poly(I:C12U) used in these experi-
ments, since its potency was verified by testing against Punta
Toro virus infection in mice (data not shown), which we have
previously reported to be sensitive to poly(I:C12U) therapy (39,
40). It is also possible that poly(I:C12U) does not elicit a mea-
surable alpha interferon response in hamsters, thus resulting in
the observed limited activity against PCV. Lack of efficacy did
not seem to be a result of failure to induce alpha/beta inter-
feron activity, since elevated levels of these cytokines in ani-
mals treated with poly(I:C12U) could be detected and these
levels were comparable to those stimulated by loxoribine (Fig.
2), a immunomodulator and known interferon inducer (23). It
was somewhat of a surprise that treatment with lower doses of
poly(I:C12U) yielded the best disease outcomes and elicited
greater levels of interferon activity. It would seem that toxicity
at the higher doses likely contributes to the observed results.

Due to the distinct nature of the two drugs evaluated in this
study, one being an interferon inducer and activator of
dsRNA-dependent pathways and the other a bio-optimized
IFN-�, the administration schedules were also different and
chosen to achieve optimal performance based on previous ex-
perience. The main objective of this work was not to provide a
direct comparison of these drugs but simply to expand our
findings with interferon alfacon-1 to see whether induction of
native interferon would also protect hamsters from PCV in-
fection. Our findings suggest that the endogenous interferon
induced by poly(I:C12U) may not have the same potency as the
bioengineered consensus IFN-� molecule. However, a simpler
explanation could be that fluctuations or differences in the
levels of interferon induced by poly(I:C12U), as opposed to the
steady infusion of interferon alfacon-1 (given on a daily basis),
allowed the virus to overcome host defenses. Moreover, we
cannot rule out the possibility that PCV may be blocking the
production of interferon, since a number of viruses have
evolved this capacity (16). Further investigation into this mat-
ter is warranted.

There is evidence that IFN-� and IFN-
 play an important
role in antiviral resistance to lymphocytic choriomeningitis vi-
rus (26, 34, 45). Moreover, there appear to be various degrees
of resistance, across various strains of this prototypical arena-
virus, that correlate with their ability to establish persistent
infection in mice (32). Lymphocytic choriomeningitis virus dis-
ease is largely due to immune-mediated pathology, whereas
pathology from arenaviruses that produce acute disease (hem-
orrhagic fever) results from direct cytopathic events (35). Un-
fortunately, unlike with mice, genetically modified hamsters
lacking IFN-�/
 receptors are not currently available. The
aforementioned genetic tools would be of great value to inves-
tigations aimed at delineating the role of alpha/beta interfer-
ons in combating viral diseases in hamster models of infection,
which are emerging as models that more closely resemble

FIG. 2. Poly(I:C12U) induction of alpha/beta interferon in ham-
sters. poly(I:C12U) (4 or 0.4 mg/kg) or loxoribine (80 or 8 mg/kg) was
injected i.p. into 7-week-old hamsters and serum was collected after
2 h. Values are represented as percentages of NR uptake of control
CHO-K1 cells and are a measure of the ability of diluted serum
samples (triplicate) to protect cells from VSV-induced cytotoxicity.
Interferon alfacon-1 (200 ng/ml) was included as a positive control and
diluted as indicated.
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human viral diseases (6, 19, 29, 31, 43, 47, 48). Our results with
interferon alfacon-1 are significant, considering that alpha in-
terferon treatment has not been previously reported to be
effective against acute arenaviral diseases (7, 11, 24, 35, 42).
These findings should spur increased efforts in designing alpha
interferon-based therapeutics for treatment of arenaviral in-
fections. Considering the threat of malicious intentional re-
lease of hemorrhagic fever-causing arenaviruses, combinato-
rial studies employing alpha interferon-based drugs with
ribavirin are necessary and may lead to more effective treat-
ment regimens for fighting these frequently fatal infections.
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