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a b s t r a c t

Lassa virus (LASV), a member of the Arenaviridae family, causes a viral hemorrhagic fever endemic to
West Africa, where as many as 300,000 infections occur per year. Presently, there are no FDA-approved
LASV-specific vaccines or antiviral agents, although the antiviral drug ribavirin has shown some efficacy. A
recently identified small-molecule inhibitor of arenavirus entry, ST-193, exhibits submicromolar antiviral
activity in vitro. To determine the antiviral utility of ST-193 in vivo, we tested the efficacy of this compound
in the LASV guinea pig model. Four groups of strain 13 guinea pigs were administered 25 or 80 mg/kg
ST-193, 25 mg/kg of ribavirin, or the vehicle by the intraperitoneal (i.p.) route before infection with a
lethal dose of LASV, strain Josiah, and continuing once daily for 14 days. Control animals exhibited severe
mall molecule inhibitor
usion inhibitor
lycoprotein
uinea pig

disease, becoming moribund between days 10 and 15 postinfection. ST-193-treated animals exhibited
fewer signs of disease and enhanced survival when compared to the ribavirin or vehicle groups. Body
temperatures in all groups were elevated by day 9, but returned to normal by day 19 postinfection in the
majority of ST-193-treated animals. ST-193 treatment mediated a 2–3-log reduction in viremia relative
to vehicle-treated controls. The overall survival rate for the ST-193-treated guinea pigs was 62.5% (10/16)
compared with 0% in the ribavirin (0/8) and vehicle (0/7) groups. These data suggest that ST-193 may

didat
serve as an improved can

. Introduction

Lassa fever is an acute and often fatal illness endemic to regions
f West Africa, including the countries of Liberia, Guinea, Nigeria
nd Sierra Leone. Recently, the importation of cases into non-
ndemic areas has been of increasing concern. Imported cases of
assa fever have been reported in the United States, Europe and
anada (Lassa fever, 2000a,b,c; Imported Lassa fever, 2004; Atkin
t al., 2009; Kitching et al., 2009; Mahdy et al., 1989). It is estimated
hat 300,000–500,000 cases of Lassa fever occur each year (Fisher-

och and McCormick, 2004; McCormick, 1987; McCormick et al.,
987b), with mortality rates of 15%–20% in hospitalized patients
Buchmeier et al., 2007). The etiologic agent of Lassa fever is Lassa
irus (LASV), a member of the Arenaviridae family of RNA viruses.
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This family is divided into the Old World viruses (e.g., LASV and
lymphocytic choriomeningitis virus, or LCMV) and the New World
viruses (e.g., Junín, Machupo, Guanarito and Sabiá). The natural
host for Lassa virus is the peridomestic multimammate rat (Masto-
mys natalensis). Transmission to humans occurs most often through
contact with infected rodent excreta. Lassa fever poses a particular
threat to health care workers in endemic areas, as nosocomial infec-
tions have occurred in nearly every recorded outbreak (Fisher-Hoch
et al., 1995; Isaäcson, 2001). The incubation period for Lassa fever
is approximately 10 days (with a range of 3–21 days) (Bausch et al.,
2001; Frame et al., 1970; McCormick et al., 1987a; Mertens et al.,
1973; Monath et al., 1974). The early stages of disease are character-
ized by the onset of general flu-like symptoms (headache, malaise,
etc.), thus making a specific early diagnosis of Lassa fever difficult,
as many diseases present in a similar manner in the endemic areas.
Gastrointestinal manifestations are common and sore throat typ-
ically accompanied by inflammatory or exudative pharyngitis is

observed in two out of three of patients (Buchmeier et al., 2007;
McCormick et al., 1987a). Complications of Lassa fever have been
reported in the literature and include mucosal bleeding, and pleural
or pericardial effusion (McCormick et al., 1987a). Bleeding ten-
dencies are observed in less than one third of patients but are an
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ndicator of poor outcome, as is the development of severe edema
Buchmeier et al., 2007; Enria et al., 2006; Frame, 1989). Unilateral
r bilateral deafness associated with infection-related damage to
he eighth cranial nerve is a lasting complication in approximately
ne-third of patients released from the hospital after recovering
rom Lassa fever (Cummins, 1992; Cummins et al., 1990; Liao et al.,
992).

There are currently no FDA-licensed vaccines, therapeutics or
mmunotherapies developed specifically for preventing or treating
assa fever. In addition to supportive care, the primary treatment
ption is administration of intravenous ribavirin, a nucleoside ana-
ogue antiviral drug that has shown efficacy in high-risk patients

hen administered early in the disease (McCormick et al., 1986).
ypically, patients with Lassa fever in the endemic areas do not
resent to a hospital until late in disease progression, diminishing
he likelihood of successful ribavirin treatment. Ribavirin causes
emolytic anemia which is often dose-limiting (Fuster et al., 2005)
nd is extremely teratogenic in animal models. In addition, ribarivin
ombination therapies have been associated with acute hematolog-
cal, mitochondrial, pulmonary, hepatocellular and bone marrow
oxicity, especially in patients who are co-infected with hepati-
is C and human immunodeficiency virus (Bani-Sadr et al., 2005;
rapeau et al., 2008; Fuster et al., 2005; Kumar et al., 2002; Mira
t al., 2007). Frequently, these complications are severe enough to
orce dose reduction or cessation of treatment, thus viable alterna-
ive treatments are necessary (Fuster et al., 2005).

A variety of approaches have been taken for the development
f vaccines and therapeutics against arenavirus infections. Vaccine
andidates include live attenuated, reassortant, yellow fever virus-
ased, and vesicular stomatitis virus-based platforms (Bredenbeek
t al., 2006; Carrion et al., 2007b; Fisher-Hoch and McCormick,
004; Geisbert et al., 2005; Lukashevich et al., 2005). Potential ther-
peutics against arenavirus infections include such novel therapies
s small interfering RNA (siRNA) particles, antiviral compounds,
nd small-molecule inhibitors of virus entry and/or replication.
üller et al. recently demonstrated that siRNA particles were able

o inhibit a LASV replicon system in vitro (Müller and Günther,
007). A pyrazine derivative, T-705, is currently in clinical trials
gainst influenza virus and has shown efficacy against arenavirus
nfection in vitro and in vivo (Gowen et al., 2007, 2008). This
ovel broad-spectrum antiviral demonstrated late-stage efficacy in
Pichinde virus hamster model (a biosafety level-2 surrogate for

ASV infection), though the mechanism is unknown (Gowen and
olbrook, 2008; Gowen et al., 2008). T-705 has yet to be tested
gainst LASV.

Another strategy is to target viral entry into cells, a process
ediated by the virus-encoded envelope glycoprotein. The charac-

eristics of the arenavirus glycoprotein are consistent with a class I
nvelope protein, which is typified by the influenza hemagglutinin
nd found also in retroviruses, paramyxoviruses, coronaviruses,
nd filoviruses (Colman and Lawrence, 2003; Eschli et al., 2006;
ork et al., 2005). The glycoprotein precursor (GPC) is processed

nitially by a signal peptidase to produce an unusual stable sig-
al peptide and subsequent posttranslational cleavage by the host
ell protease SKI-1/S1P yields glycoprotein 1 (GP1) and glyco-
rotein 2 (GP2) subunits (Agnihothram et al., 2007; Lenz et al.,
001). GP1 serves a role in receptor binding, while GP2 contains
tructural motifs consistent with the fusogenic subunit of other
lass I envelope proteins that facilitate host cell entry via acid-
ependent membrane fusion (Borrow and Oldstone, 1992; Burns
nd Buchmeier, 1991; Di Simone and Buchmeier, 1995; Gallaher

t al., 2001; Wright et al., 1990). Attempting to interfere with LASV
PC processing or viral entry mediated by the GP1 or GP2 subunits

epresents a viable antiviral strategy. Two groups have recently
escribed small-molecule inhibitors of LASV entry (Larson et al.,
008; Lee et al., 2008). At least one of these compounds, ST-193,
Fig. 1. ST-193 pharmacokinetics in guinea pigs. Guinea pigs were injected intraperi-
toneally with ST-193 at a dose of either 25 mg/kg or 100 mg/kg of body weight.
Plasma samples were obtained at the indicated time points (two animals per dose
per time point) and the average concentration for each time point is shown.

appears to target the GP2 subunit of the envelope glycoprotein
(Larson et al., 2008). In this study, we assessed the in vivo efficacy
of ST-193 in a guinea pig model of Lassa fever.

The guinea pig is the most practical small animal disease model
for Lassa fever. In-bred strain 13 guinea pigs infected with between
2 and 240,000 plaque-forming units (pfu)/ml of LASV develop a
severe disease characterized by interstitial pneumonia, pulmonary
edema and pleural effusion, necrosis of the kidney and spleen, and
myocarditis resulting in 100% mortality between days 14 and 17
postinfection (range 11–22) (Jahrling et al., 1982). The resulting
disease course did not differ significantly in animals given different
doses of LASV above 2 pfu (Jahrling et al., 1982). LASV titers are
detectable in most tissues, with high titers of LASV found in blood,
lung, spleen, pancreas, lymph nodes, adrenal gland, kidneys, liver
and heart when virus is inoculated subcutaneously (Jahrling et al.,
1982; Walker et al., 1975).

Here, we evaluated the utility of ST-193 against a lethal LASV
infection in the strain 13 guinea pig model as well as compared
the performance of this novel therapeutic to ribavirin, the current
standard of care.

2. Materials and methods

2.1. Pharmacokinetic analysis

ST-193 was formulated as a solution in 32% (w/v) 2-
hydroxypropyl-�-cyclodextrin (HP-�-CD). Compound was dis-
solved in 40% HP-�-CD by acidification with the addition of 10%
final volume 1 M HCl, and subsequently was neutralized by the
addition of 10% final volume 1 M NaOH (final ratio of 0.8:0.1:0.1
of the respective HP-�-CD, HCl, and NaOH solutions). Female Hart-
ley guinea pigs were injected intraperitoneally with a 10 mg/ml
solution of ST-193 at a volume of either 2.5 ml per kg of body
weight (25 mg/kg) or 10 ml per kg (100 mg/kg). Four animals per
dose were used, with blood samples collected from two animals
per dose at each time point in alternating fashion. Blood sam-
ples were obtained at the indicated time points (Fig. 1) through
a jugular cannula and plasma isolated at 15,000 × g for 2 min. at
4 ◦C in plasma separation tubes containing lithium heparin (BD
Microtainer #365958, Franklin Lakes, NJ). Samples were stored at
−80 ◦C, then shipped on dry ice to Absorption Systems (Exton, PA),
extracted on a Tomtec Quadra 96-Model liquid handling system,

and diluted 4-fold in acetonitrile containing 100 ng/ml ritonavir
as the internal standard on a Sirocco Protein Precipitation Plate
(Waters Corporation). Resulting suspensions were mixed by air
aspiration, filtered into a 96-well collection plate by vacuum,
spun briefly at low speed, and filtrates were transferred to Chro-
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acol vials for analysis by liquid chromatography-tandem mass
pectrometry (LC-MS/MS) using a PE Sciex API 3000 system. Chro-
atography was performed with a Keystone Hypersil BDS C18

olumn (3-�m particle size; 30 mm × 2.1 mm) at a flow rate of
.3 ml/min with a mobile phase containing 25 mM NH4OH (to pH
.5 with 88% formic acid) using a PerkinElmer Series 200 Micro
ump with autosampler. Quantitation was performed against cal-
bration curves generated by spiking blank guinea pig plasma

ith ST-193; quality control samples, prepared from independent
eighings, were prepared and quantitated in the same manner to

nsure acceptable precision and accuracy.

.2. Animal study

Strain 13 guinea pigs (Cavia porcellus) 6–12 weeks old were
ivided into four groups, with each group consisting of seven
four male and three female vehicle controls) or eight (four male
nd four female) animals for the treatment groups. Both ST-193
nd ribavirin were solubilized in 32% (w/v) 2-hydroxypropyl-�-
yclodextrin, which was also used without drug as the vehicle
ontrol. Animals were anesthetized with an injectable ketamine-
cepromazine cocktail and then administered a vehicle control,
ibavirin (25 mg/kg), or ST-193 (25 mg/kg or 80 mg/kg) by intraperi-
oneal (i.p.) injection beginning 1 h before LASV infection and
ontinuing once daily for 14 days, as follows: one group (n = 7)
eceived 6.4 ml/kg of the vehicle control (formulation buffer alone);
ne group (n = 8) received 25 mg/kg (6.4 ml/kg of a 3.9 mg/ml
ormulation) of ribavirin; one group (n = 8) received 25 mg/kg ST-
93 (2 ml/kg of a 12.5 mg/ml formulation); and one group (n = 8)
eceived 80 mg/kg ST-193 (6.4 ml/kg of a 12.5 mg/ml formulation).
iral infection was carried out under biosafety level 4 conditions.
ach animal was administered subcutaneously (s.c.) a single dose
f 1000 pfu of LASV (strain Josiah) in a total volume of 100 �l of
hysiological saline. Animals were observed twice daily and were
ssigned a morbidity score. Morbidity scores were assessed by
ssigning symptoms of illness a numeric value. Symptoms evalu-
ted included: piloerection, visible weight loss, dehydration, orbital
xudates, dyspnea, paralysis or hypothermia. The sum of the num-
ers associated with symptoms were added each day and the
verage of the morbidity score was tabulated daily for each treat-
ent group. Blood samples were taken on days −7, 7, 14, 21 and

9 postinfection. Animals were euthanized when non-ambulatory
nd/or moribund, and surviving animals were euthanized and ter-
inal blood samples collected on day 30 of the study (day 29

ostinfection). Serum samples were analyzed for viremia, LASV-
pecific antibodies, neutralizing antibodies, and blood chemistry
alues. Necropsies were performed on each animal, and tissues
ere analyzed for LASV-specific histopathological and immuno-
istochemical analysis.

Research was conducted under an IACUC approved protocol in
ompliance with the Animal Welfare Act and other federal statutes
nd regulations relating to animals and experiments involving ani-
als and adheres to principles stated in the Guide for the Care and
se of Laboratory Animals, National Research Council, 1996. The

acility where this research was conducted is fully accredited by the
ssociation for Assessment and Accreditation of Laboratory Animal
are International.

.3. Analysis of LASV-specific antibody production

Serum samples collected before viral infection and at days 7,

4, 21, and 29 postinfection were analyzed for LASV-specific anti-
ody production by ELISA. A preparation of purified, irradiated
ASV was used as antigen. Cell culture supernatant containing
ASV was gradient purified (unpublished method of P. Jahrling),
hen exposed to cobalt (�) irradiation, 1 × 107 rads total dose.
esearch 90 (2011) 70–79

Viral inactivation was confirmed by performing two rounds of
plaque assays and an immunofluorescence assay. Wells of 96-well
microtiter plates were coated with 2 mg/ml of the purified, irra-
diated LASV preparation and incubated overnight at 4 ◦C. Plates
were washed three times with phosphate-buffered saline plus 0.1%
Tween 20 (PBST) then blocked for 1 h at 37 ◦C with a 5% lowfat
milk solution. After washing three times as before, 100 �l of each
of a twofold serial dilution series ranging from 1:2 to 1:128 of
serum in cell culture medium was added to the wells and incu-
bated for 1 h at 37 ◦C. Bound antibodies were subsequently detected
with guinea pig-specific anti-IgG1 or anti-IgG2 HRP-conjugated
secondary antibodies (Immunological Consultants, Inc.). A colori-
metric assay using SureBlue TMB (KPL Laboratories) as substrate
was performed and absorbance values at A450 obtained using a
microtiter plate reader. Experiments using serum collected from
LASV-infected animals were performed in biosafety level-4 condi-
tions.

2.4. Analysis of viremia

Serum samples collected pre- and postinfection were assayed
for viral titers via a standard plaque assay with some modifications
(Tomori et al., 1987). Briefly, Vero cells seeded in 6-well cell cul-
ture plates were adsorbed with gentle rotation at 37 ◦C, 5% CO2
with 10-fold serial dilutions of serum for 1 h, then an overlay of
0.8% molecular grade agarose in EBME (basal medium Eagle with
Earle’s salts) fortified with 10% fetal bovine serum and 20 �g/ml
gentamicin was applied to each well and allowed to solidify. After
the overlay solidified, cells were incubated at 37 ◦C, 5% CO2 for 4
days, then stained with neutral red. After an overnight incubation
at 37 ◦C in the stain, plaques were counted and recorded.

2.5. Plaque-reduction neutralization test (PRNT)

Neutralizing capabilities of antibodies in the serum were ana-
lyzed by a standard plaque-reduction/neutralization test with
some modifications (Hooper et al., 1999). Briefly, twofold dilutions
of serum (in 100 �l volumes) were incubated for 1 h at 37 ◦C with
LASV diluted to approximately 100 pfu per serum dilution. After
incubation, each serum dilution/virus mixture was then added
to Vero cells seeded in 6-well cell culture plates. The remainder
of the procedure was as described above for the plaque assay.
Plaques were counted and compared to control wells containing
cells infected with 100 pfu LASV pre-incubated with naïve guinea
pig serum. Neutralizing antibody titers yielding a 50% or 80% reduc-
tion in plaques were determined.

2.6. Blood chemistry analysis

Serum samples collected pre- and postinfection were diluted
1:3, then analyzed for glucose, blood urea nitrogen, creatinine,
uric acid, calcium, albumin, total protein, alanine aminotransferase
(ALT), aspartate aminotransferase (AST), alkaline phosphatase (AP),
total bilirubin, gamma glutamyl transferase, and amylase. Approx-
imately 100 �l of serum diluted 1:3 was applied to a General
Chemistry 13-panel rotor and evaluated in a Piccolo point-of-care
blood chemistry analyzer (Abaxis). Values for each serum sample
were normalized for the dilution, recorded and compiled.

2.7. Pathological analysis of tissues
Tissues were collected from all animals at necropsy and stored
in a 10% buffered formalin solution and held in biocontainment
for 21 days. Tissues for histopathology underwent routine his-
tological processing, were embedded in paraffin, sectioned and
were stained with hematoxylin and eosin. Immunohistochemistry
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Fig. 2. Outcome of the different treatment groups post-LASV infection. Animals administered the vehicle control are indicated by the closed circles. The closed squares
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ndicate the ribavirin-treated group. The ST-193 treatment groups are indicated by
riangle indicates the 80 mg/kg treatment group). (A) Survival curve. (B) Average w
ormal body temperature range for guinea pigs. (D) Morbidity score.

as performed on all tissue sections using a mouse monoclonal
ntibody against LASV at a 1:15,000 dilution and a commercially
vailable immunoperoxidase kit (EnVision System; DAKO, Carpin-
eria, CA). After deparaffinization and peroxidase blocking, tissue
ections were incubated with the primary antibody at room tem-
erature for 1 h, then with a secondary antibody and incubated as
efore, then counterstained with hematoxylin.

. Results

.1. In vivo characterization of ST-193

Initial in vivo testing of ST-193 was performed in guinea pigs.
T-193 was found to be tolerated well when administered daily as
n intraperitoneal injection of either 25 or 100 mg/kg/day for 14
ays, as assessed by daily observation, body weight, and terminal
ecropsy (data not shown). Blood plasma obtained after the first
nd last (14th) doses were analyzed by liquid chromatography-
ass spectrometry (LC/MS) to assess ST-193 levels. Fig. 1 shows

he pharmacokinetics of ST-193 after the initial dose. ST-193 con-
entrations were similar after the 14th and final dose, indicating no
ubstantial accumulation (data not shown). Plasma concentrations
f ST-193 were maintained well in excess of the in vitro effective
oncentration (EC50) of 1.6 nM or the equivalent of 0.6 ng/ml, pro-
iding support for a valid assessment of in vivo efficacy with these
osing schemes (Larson et al., 2008).
.2. LASV infection

Thirty-one strain 13 guinea pigs were divided into four treat-
ent groups: low-dose ST-193 (25 mg/kg), high-dose ST-193

80 mg/kg), ribavirin (25 mg/kg) and vehicle alone. ST-193 doses
olid triangles (black triangle indicates the 25 mg/kg treatment group and the gray
postinfection. (C) Average temperature postinfection. The gray band indicates the

were chosen so as not to exceed maximum recommended volumes
for daily i.p. injections. The same buffer formulation (vehicle) was
used for all four groups. One hour after the initial treatment dose,
all animals were exposed subcutaneously with 1000 pfu of LASV,
Josiah strain. This infection dose is uniformly lethal in strain 13
guinea pigs and represents greater than 103 × LD50 (Jahrling et al.,
1982). All surviving animals continued to receive daily treatment
until 13 days postinfection (14 daily doses total).

All vehicle-treated animals succumbed to LASV infection
between days 10 and 15 postinfection, and all ribavirin-treated ani-
mals succumbed between days 13 and 25 postinfection (Fig. 2A).
One animal from the ST-193 25 mg/kg treatment group died
much earlier (day 7 postinfection) than expected for LASV-infected
guinea pigs (Bredenbeek et al., 2006; Carrion et al., 2007b; Jahrling,
1983; Jahrling et al., 1982). This animal developed an infected
wound in its right hind foot 3 days postinfection which became
ulcerated by day four. Although administered topical antibiotics, it
could not be ruled out that this injury contributed to the death of
this guinea pig. Unlike all the other animals in the study, this animal
never became febrile. Daily body weight monitoring revealed pro-
gressive weight loss in all groups but the ST-193 25 mg/kg group
(Fig. 2B). The ST-193 80 mg/kg group lost body weight initially,
but weight loss stabilized by day 14 postinfection and guinea pigs
began to gain weight starting at approximately day 21 postinfec-
tion. Vehicle and ribavirin-treated groups lost body weight at a
steady rate until they were euthanized when moribund. Animals
in all treatment groups experienced elevated body temperatures

starting day 9 postinfection (Fig. 2C). However, fevers (body tem-
perature > 39.5 ◦C) in both ST-193 treated groups resolved in the
majority of animals by day 19 postinfection. Morbidity scores were
observed and recorded daily for each animal (Fig. 2D). Scores were
consistently higher for the vehicle and ribavirin groups than for
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Fig. 3. Serum viremia in animals postinfection. White bars indicate titers obtained from live animals, presented in the same order for each time point and organized in groups
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29 days postinfection, the serum from the two ST-193 treatment
groups showed significant neutralizing ability. The titers demon-
strating either 50% reduction (PRNT50) or 80% reduction (PRNT80)
in plaques are presented in Table 1.
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Fig. 4. Analysis of LASV-specific antibody production postinfection. Animals admin-
s indicated; black bars indicate animal did not survive to that time point. The lim
hown below 40 pfu/ml indicate no plaques were obtained from that sample.

he ST-193-treated groups. Morbidity scores for the ST-193-treated
roups returned to preinfection levels before the study endpoint.
ata presented in Fig. 2 represent the average values observed for
ach group.

.3. Viremia

All groups eventually became viremic postinfection (Fig. 3).
owever, at 7 days postinfection, only half (four of eight) of the

ibavirin-treated and seven of 15 total ST-193-treated animals
xhibited detectable serum titers (≥40 pfu/ml), while all vehicle-
reated animals had titers of 103–104 pfu/ml. At day 14 postinfec-
ion, average viremia in ST-193 treated guinea pigs (n = 14) was
× 102 pfu/ml as compared to 3.5 × 104 in ribavirin treated animals

n = 6) and 2 × 105 pfu/ml in animals receiving the vehicle control
n = 2 survivors at 14 days postinfection). ST-193 treated animals
egan to clear viremia by day 21 postinfection, and viremia was
ndetectable in the majority of animals by day 29 postinfection.

.4. LASV-specific IgG1 and IgG2 responses pre- and post LASV
nfection

LASV-specific IgG2 was detected in the ribavirin-treated and
oth ST-193-treated groups starting at the 21 days postinfec-
ion timepoint (Fig. 4B). No LASV-specific IgG1 responses were
etectable in either the control, ribavirin-treated or ST-193-treated
roups. Data are the average values acquired for each sampling time
or each group.

.5. Pre- and postinfection LASV neutralizing antibody responses
n vehicle and antiviral-treated guinea pigs

The presence of neutralizing antibodies was evaluated in avail-
ble sera from treated and control groups. Neutralizing antibody
as not detectable in either the control or ribavirin-treated groups

sing the methods described. Evaluation of the ST-193-treated
roups showed the presence of neutralizing activity as early as
ay 7. Given the presence of circulating ST-193 during the 14-day
reatment regimen, this neutralizing activity could well be medi-
ted by ST-193. By 21 days postinfection, however, no interfering
etection for all samples is 40 pfu/ml, shown by the height of the black bars; bars

residual ST-193 was expected to remain (the terminal elimination
half-life of ST-193 in guinea pigs is approximately 4 h). At 21 or
istered the vehicle control are indicated by the closed circles. The closed squares
indicate the ribavirin-treated group. The ST-193 treatment groups are indicated
by the solid triangles (black triangle indicates the 25 mg/kg treatment group and
the gray triangle indicates the 80 mg/kg treatment group). Two-fold serial dilutions
of serum were assayed for LASV-specific antibody production. Data from the 1:4
dilution of serum are shown.
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Table 1
Plaque-reduction neutralization test titers of surviving animals on days 21 or 29
post-infectiona.

Treatment group Day 21 postinfection Day 29 postinfection

PRNT50 PRNT80 PRNT50 PRNT80

Vehicle control ND ND ND ND
Ribavirin ND ND ND ND
ST-193 25 mg/kg 64 4 128 16

r

3

s
t
(
g

F
c
T
c
t
g
L
L

ST-193 80 mg/kg 128 16 128 16

a Titers are listed as the reciprocal of the dilution resulting in either 50% or 80%
eduction in plaques compared to control. ND = Not detected.

.6. Blood chemistry analysis

Of the 13 blood chemistry analytes tested, only three displayed

tatistically significant differences between treatment groups and
he vehicle control. Of the analytes tested, ALT, AST and AP
Fig. 5A–C, respectively) were highly elevated in the vehicle control
roup relative to the other treatment groups. The ribavirin-treated
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ig. 5. Blood chemistry analysis. Animals administered the vehicle control are indi-
ated by the closed circles. The closed squares indicate the ribavirin-treated group.
he ST-193 treatment groups are indicated by the solid triangles (black triangle indi-
ates the 25 mg/kg treatment group and the gray triangle indicates the 80 mg/kg
reatment group). The gray bands denote normal levels of AST, ALT or AP in the
uinea pig. (A) Changes in aspartate aminotransferase (AST), a liver enzyme, after
ASV infection. (B) Changes in alanine aminotransferase (ALT), a liver enzyme, after
ASV infection. (C) Changes in alkaline phosphatase after LASV infection.
esearch 90 (2011) 70–79 75

group also displayed elevated ALT and AST, but to a lesser degree
than the control. Surviving animals in the ST-193-treated groups
did not display elevated levels of ALT, AST, or ALP relative to nor-
mal levels during the course of the study, but experienced increases
in ALT and AST at the study endpoint.

3.7. Pathology analysis of guinea pig tissues post-LASV infection

Table 2 summarizes the results of the pathology analysis.
The time to death after infection was 10–15 days postinfection
in vehicle control group, and 13–25 days postinfection in the
ribavirin-treated group. Animals that did not survive in the ST-193
treatment groups succumbed between 7 and 21 days postinfection.
Histological changes were similar in all three groups but varied in
severity. The most common histological observations included hep-
atic necrosis, interstitial pneumonia and lymphadenopathy (Fig. 6).
Other less consistently noted lesions included endocarditis and
pancarditis, renal tubular degeneration and peritonitis. Animals
within the ST-193-treated groups had the least severe changes and
those animals in the ribavirin group had the most severe lesions.
The vehicle control group animals had the most acute course of
disease (shortest time to death) with generally moderate to occa-
sionally severe lesions. Immunohistochemical reactivity was found
primarily with macrophages of the lung, liver and spleen in all
groups (Fig. 7). Surviving animals were evaluated and generally
found to be unremarkable. Evidence of interstitial pneumonia and
mild hepatocellular degeneration or necrosis was noted in sev-
eral animals; however, immunohistochemistry was negative for
the presence of virus in all tissues examined in the surviving ani-
mals.

4. Discussion

LASV is a significant human pathogen for which new treatment
options are needed. This pilot study provides the proof of concept
that ST-193, a small-molecule inhibitor of arenavirus entry, can
protect animals from a lethal LASV infection. Although all infected
animals became viremic, developed fevers, and exhibited clinical
signs of disease (such as piloerection, reduced appetite and weight
loss), treatment with ST-193 significantly limited the disease and
prevented a fatal outcome in a majority of animals. Viremia in par-
ticular, as measured by serum titer, was dramatically suppressed
by ST-193 treatment. In human patient populations, LASV viremia
correlates directly with clinical outcome (Johnson et al., 1987;
McCormick, 1986). Similar observations have been made in mon-
key (Baize et al., 2009; Jahrling et al., 1980) and guinea pig models
(Jahrling et al., 1982).

Although weight loss is a prominent symptom in LASV ani-
mal models, it typically does not manifest itself until several days
postinfection (Carrion et al., 2007a; Lukashevich et al., 2005). Here,
weights declined steadily throughout the first two weeks of the
study. Three of the four groups experienced average weight loss of
more than 20%, while the 25 mg/kg ST-193 group did not exceed
10%. This suggests that weight loss might be exacerbated by the
daily injection volume of test article, as the three high-loss groups
all received 3.2 times as much volume as the 25 mg/kg ST-193
group. This effect appears to correlate with the vehicle (32%, w/v,
2-hydroxypropyl-�-cyclodextrin) and not ST-193, ribavirin or the
animal-handling protocol.

Ribavirin has demonstrated antiviral activity against a broad

range of virus families, including arenaviruses (Stephen et al.,
1980), and was used here as a positive control for in vivo antiviral
activity. The ribavirin dosing scheme was chosen for convenience
as one within the tolerable range for guinea pigs (Kenyon et al.,
1986), yet one with reported efficacy against arenavirus infection
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Table 2
Pathologic findings in guinea pigs subcutaneously infected with 1000 pfu LASV.

Vehicle control Ribavirin 25 mg/kg ST-193 25 mg/kg
Survivors

ST-193 25 mg/kg
Non-survivors

ST-193 80 mg/kg
Survivors

ST-193 80 mg/kg
Non-survivors

Average time to deatha (range) in days 12 (10–15) 20 (13–25) n/ab 16 (7–21) n/ab 18 (14–21)
Lung: ++ +++ ++ ++ + ++
Interstitial pneumoniac

Liver: Necrosis and/or Hepatitisc ++ +++ ++ ++ + ++
IHC positive cellsd Liver-3; Spleen-3;

Lung-3
Liver-3; Spleen-1;
Lung-3

Liver-0; Spleen-0;
Lung-0

Liver-3; Spleen-1;
Lung-3

Liver-0; Spleen-0;
Lung-0

Liver-3; Spleen-3;
Lung-3

Additional lesions Endocarditis;
Meningitis; Lymph
node hyperplasia

Pyelonephritis;
Endocarditis;
Lymph node
hyperplasia

Lymph node
hyperplasia

a Time-to-death of animals that did not survive the entire 29-day study.
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b These animals survived to the end of the study (29 days post-infection), at whic
c (+)—Minimal to Mild; (++)—Moderate; (+++)—Severe to Marked.
d Immunohistochemical (IHC) grading was based on the average number of posi

abeled. (3) (moderate): 10–15 cells labeled. (4) (severe): >15 cells labeled.

Lucia et al., 1989). It may not necessarily be an optimal dosing reg-
men. However, this dose clearly demonstrated antiviral activity
n this study as shown by reduced viremia and prolonged sur-
ival. Although extending ribavirin treatment beyond the 14 days
sed in this study might have improved survival, it is notewor-
hy that viremia was higher in ribavirin-treated animals than in
T-193 animals even during the dosing period. Cursory reports
n the literature with respect to ribavirin efficacy against LASV
n guinea pigs are mixed. While it has been described as protec-
ive (Jahrling and Peters, 1986; Peters et al., 1987; Stephen et al.,
980), it has also been reported that i.p.-administered ribavirin
xtends time-to-death in LASV-exposed guinea pigs with little or
o effect on survival rates (Huggins, 1989), consistent with the
bservations reported here. Likewise, ribavirin administered s.c.
t 45 mg/kg/day has been shown to prolong death in Junín virus-
xposed Hartley guinea pigs without enhancing survival (Kenyon

t al., 1986). Ribavirin-treated animals in this study, though expe-
iencing enhanced survival compared to the vehicle control group,
xhibited a higher morbidity score (Fig. 2C) than the ST-193 treat-
ent groups. In nonhuman primate models, however, ribavirin has

hown clear efficacy against LASV (Jahrling et al., 1980, 1984).

ig. 6. Comparative histopathologic analysis of vehicle control (Column A), ribavirin (Co
urvivor (Column E) (20×). Representative examples from liver (row 1), lung (row 2), an
ehicle control and ribavirin groups. In the ST-193 25 mg/kg, 80 mg/kg, and survivor group
neumonia with thickened alveolar walls, congestion, and alveolar edema and inflamm
evere. Within the heart, inflammation (endocarditis) was present (arrows) in the ribavir
t they were euthanized for pathology analysis.

lls per high-powered field: (1) (minimal): 1–3 cells labeled. (2) (mild): 3–10 cells

Though ST-193 did not completely protect surviving animals
from symptoms of illness, including fever and weight loss, the
dramatic reduction in serum viral titer observed in the surviving
animals at peak viremia may have been sufficient to protect them
until the development of a productive immune response. Serum
from surviving animals collected at all time points postinfection
had the ability to neutralize LASV in an in vitro PRNT test. Though
the ribavirin-treated animals experienced prolonged survival com-
pared to the vehicle control group, none of these animals developed
a neutralizing antibody titer at any time point, despite the fact that
this group had the most robust anti-LASV IgG2 response, as mea-
sured by ELISA (Fig. 4). Interestingly, one animal in the 80 mg/kg
ST-193 treatment group succumbed on day 21 postinfection, yet
had only a minimum viral titer (1.2 × 102 pfu/ml) in the terminal
serum and immunohistochemistry failed to identify virus in the
tissue samples examined. Histological analysis revealed intersti-

tial pneumonia, lymph node hyperplasia and splenic depletion to a
degree similar to that observed in surviving animals. However, this
animal did exhibit significant viremia (>104 pfu/ml) in the day 14
postinfection sample. The terminal serum from this animal had a
neutralizing titer similar to that of the surviving animals.

lumn B), ST-193 low-dose (Column C), ST-193 high-dose (Column D), and ST-193
d heart (row 3) are shown. Necrosis in the liver (arrows) was most severe in the
s, hepatic necrosis was present but to a much lesser degree. In the lung, interstitial

ation was present in all groups, with ribavirin, and ST-193 groups being the most
in and ST-193 80 mg/kg groups.
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Fig. 7. Comparative immunohistochemical analysis of vehicle control (Column A), ribavirin (Column B), ST-193 low-dose (Column C), ST-193 high-dose (Column D), and
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T-193 survivor (Column E) (20×). Representative samples of liver (row 1), lung (ro
he vehicle control, ribavirin, and ST-193 25 mg/kg groups and less strongly in the
here are strongly positive cells within all groups except the ST-193 survivor group
T-193 survivor group.

The neutralizing ability of serum samples from surviving ani-
als was an unexpected result. Previous reports have shown that

eutralizing antibodies only appear later (>32 days postinfection)
n surviving LASV-infected guinea pigs (Jahrling et al., 1982) and
o not appear to play a significant recovery role in human cases
Johnson et al., 1987). Although the formal possibility exists that
esidual compound present in the serum mediated neutralization
f LASV, this explanation seems unlikely as the day 21 and day 29
amples were drawn 8 and 16 days after the last compound dose
as delivered. Thus these results suggest that a specific immune

esponse against LASV was produced in the survivors. One pos-
ibility is that ST-193 treatment may mitigate LASV-associated
ymphopenia (Jahrling et al., 1982) and thus allow for a more timely
umoral immune response. The lack of strong production of LASV-
pecific IgG1 or IgG2 in treated animals as measured by ELISA may
e due to several factors. Because these animals all became viremic
o varying degrees during the study, it is possible that LASV-specific
ntibodies present in the serum were bound to free antigen, thus
reventing binding to the immobilized antigen in the ELISA. Addi-
ionally, it is unknown what effect irradiation has on the antigenic
pitopes of LASV, thus the low specific antibody titer observed may
lso be due to weakened LASV antigens.

Both doses of ST-193, 25 and 80 mg/kg/day, were sufficient to
rovide a level of protection from a lethal LASV infection. Differ-
nces between these two treatment groups were not remarkable,
lthough neither was fully protective. Possibly the lower dose is suf-
cient to yield the maximum antiviral effect, or perhaps the group
izes are too small to detect differences in survival rates between
he two doses. Another consideration is that within the context
f this experiment, while the lower dose provided less ST-193 to
he animals, the higher dose exposed animals to higher volumes of
he vehicle. Weight loss associated with the vehicle volume may
xacerbate the disease and offset the additional quantity of antivi-
al compound. Such an effect might contribute to the poor survival
ate of the ribavirin-treated group as well, as that group received

he same vehicle volume as the 80 mg/kg ST-193 group.

Unexpectedly, some surviving animals in the ST-193 treatment
roups experienced elevated liver enzymes (AST and ALT) at the
tudy endpoint. Levels of AST and ALT were elevated in surviving
nimals, but had returned in the normal range by day 21 postin-
and spleen (row 3) are shown. Within the liver, strongly positive cells are found in
3 80 mg/kg group. There was no positivity in the survivor group. Within the lung,

re are multifocal strongly positive cells within the spleens of all groups except the

fection, only to become elevated again at the study endpoint. One
out of five surviving animals in the ST-193 25 mg/kg treatment
group and three out of five in the ST-193 80 mg/kg treatment group
experienced this late increase in ALT levels. All of the surviving ani-
mals experienced a late increase in AST levels to varying degrees.
This late increase in liver enzymes occurred despite survivors hav-
ing no clinical signs of illness and little or no detectable viremia
at the study endpoint. Repeat analyses were not possible due to
limited sample volumes. Histologically, the surviving animals with
elevated liver enzymes also had evidence of mild hepatocellular
degeneration and/or necrosis at necropsy. Other laboratories have
reported multifocal hepatic necrosis in the Hartley guinea pig that
is unrelated to age or overall health (Maeda et al., 2000). Maeda et al.
observed that in 202 guinea pigs between 4 and 23-weeks old, 111
of these animals displayed multiple necrotic lesions, most com-
monly coagulative necrosis, in the absence of any known disease
(Maeda et al., 2000). Indeed, we have observed this phenomenon
in our laboratory as well in uninfected strain 13 guinea pigs and
at early stages of LASV infection before observable liver pathol-
ogy with corresponding elevated enzyme levels. Another potential
explanation for the elevated liver enzymes could be hemolysis of
the samples, a well known cause of overestimated AST and ALT
(Sonntag, 1986). In fact, another symptom of hemolysis, depressed
alkaline phosphatase (Lippi et al., 2006; Sonntag, 1986) is seen in
parallel with those samples with elevated AST and ALT. Alkaline
phosphatase levels have been reported to actually increase in LASV-
infected guinea pigs (Lukashevich et al., 2005), suggesting that the
depressed levels seen here may be more consistent with hemolysis
than with liver damage. Finally, a subsequent LASV infection study
in strain 13 guinea pigs did not exhibit this phenomenon (R. Car-
rion, personal communication with. S.A.); in this follow-up study,
ST-193-treated survivors displayed normal liver enzyme values.
Ultimately, this finding may be incidental and unrelated to either
LASV infection or treatment with ST-193. Additional studies should
help resolve this.
This work demonstrates that ST-193 can effectively limit viral
replication in an animal model of Lassa fever and protect the major-
ity of animals from lethal disease. Future studies will examine
different dosing regimens (e.g., amount, frequency, and duration),
drug combinations, postinfection treatment and acquisition of pro-
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ective immunity among treated survivors. Given the potency of
T-193 and its ability to inhibit other hemorrhagic arenaviruses
n vitro (Larson et al., 2008), this in vivo validation bolsters its
rospects as a candidate for further development.
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