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Abstract

Category A arenaviruses as defined by the National Institute of Allergy and Infectious Diseases (NIAID) are human pathogens that could be

weaponized by bioterrorists. Many of these deadly viruses require biosafety level-4 (BSL-4) containment for all laboratory work, which limits
traditional laboratory high-throughput screening (HTS) for identification of small molecule inhibitors. For those reasons, a related BSL-2 New
World arenavirus, Tacaribe virus, 67—78% identical toidunrus at the amino acid level, was used in a HTS campaign where approximately

400,000 small molecule compounds were screened in a Tacaribe virus-induced cytopathic effect (CPE) assay. Compounds identified in this scre

showed antiviral activity and specificity against not only Tacaribe virus, but also the Category A New World arenavirise$/@ehupo, and
Guanarito). Drug resistant variants were isolated, suggesting that these compounds act through inhibition of a viral protein, the viraliglycoprote

(GP2), and not through cellular toxicity mechanisms. A lead compound, ST-294, has been chosen for drug development. This potent and selecti
compound, with good bioavailability, demonstrated protective anti-viral efficacy in a Tacaribe mouse challenge model. This series of compound:

represent a new class of inhibitors that may warrant further development for potential inclusion in a strategic stockpile.

© 2005 Elsevier B.V. All rights reserved.
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1. Introduction

category.asp The highest threat agents, the Category A
pathogens, have the greatest potential for adverse public health

The National Institute of Allergy and Infectious Diseasesimpact and mass casualties if used in ill-intentioned ways.
(NIAID) and the Centers for Disease Control and Preven-Within the Category A pathogens, there are a number of viruses
tion (CDC) have classified a number of viruses as potentialhat can cause viral hemorrhagic fevers with high case fatality
agents of bioterrorismhgtp://www.bt.cdc.gov/agent/agentlist- rates. The Category A hemorrhagic fever viruses pose serious
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threats as potential biological weapons because they can: (1) be
disseminated through aerosols, (2) cause disease at a low dose
(1-10 plague forming unit (pfu)), (3) cause severe morbidity
and mortality (case fatality rates of 15—-30%), (4) cause fear and
panic in the general public, and (5) can be readily produced in
large quantities@harrel and de Lamballerie, 2003 he avail-
ability of antiviral drugs directed at these viruses would provide
treatment and a strong deterrent against their use as biowarfare
agents. Since antiviral drugs can be easily administered (oral
pill or liquid) and exert their antiviral effect within hours of
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administration, they will serve to effectively treat diseased(AHF) caused by Jun virus. A live-attenuated vaccine, called

patients, protect those suspected of being exposed to theandid 1, has been evaluated in controlled trials among agri-
pathogen (post-exposure prophylaxis), and assist in the timelgultural workers in AHF-endemic areas, where it appeared to
containment of an outbreak. reduce the number of reported AHF cases with no serious side

Arenaviruses are enveloped viruses with a genome that corffects Enria et al., 1999 It is not known if the Candid 1
sists of two single-stranded RNA segments designated small (8accine would be useful against other arenavirus hemorrhagic
3.5kb) and large (L, 7.5kb), both with an ambisense codindevers.
arrangementouthern, 2001 The S RNA segment encodes  Tacaribe virus is a biosafety level-2 (BSL-2) New World are-
the major structural proteins, nucleocapsid protein (NP) and aavirus (NWA) that is found in clade B and phylogenetically
precursor envelope protein (GPC) encoding two envelope glyrelated to the Category A NWA (Jum Machupo, Guanarito,
coproteins (external GP1 and transmembrane GB&ydr et and Salf). Tacaribe virus is 67—78% identical to durirus at
al., 2003; Froeschke et al., 2003; Kunz et al., 2003; Lenz et althe amino acid level for all four viral proteins. In order to screen
2001, and the L RNA segment encodes the RNA polymeraséor inhibitors of NWA a high-throughput screening (HTS) assay
protein L and an 11 kDa protein, Z protein, with putative reg-for virus replication was developed using Tacaribe virus as a sur-
ulatory function Bowen et al., 1996 GP1 and GP2, which rogate for Category A NWA. A 400,000 small molecule library
form the tetrameric surface glycoprotein spike, are responwas screened using this HTS assay. A lead series was chosen
sible for virus entry into targeted host cells. TAeenaviri- based on drug properties and this series was optimized through
dae family has been divided into two groups according toiterative chemistry resulting in the identity of a highly active and
sequence-based phylogeny. The ‘Old World' group, endemispecific small molecule inhibitor of Tacaribe virus with selec-
in Africa, includes the human pathogens lymphocytic chori-tive activity against human pathogenic NWA (JmnMachupo,
omeningitis (LCM) virus and Lassa virus. The ‘New World’ Guanarito, and Sah). This molecule demonstrates favorable
group, endemic in Latin America, is divided into three cladespharmacodynamic properties which permitted the demonstra-
Clade B includes in addition to Tacaribe and Amapari virusestion of in vivo anti-arenavirus activity in a newborn mouse
the Category A human pathogenic virusesidufArgentine  model.
hemorrhagic fever), Machupo (Bolivian hemorrhagic fever),

Guanarito (Venezuelan hemorrhagic fever), and &éBrazil- 2. Materials and methods
ian hemorrhagic fever). These Category A viruses are capable

of causing severe and often fatal hemorrhagic fever disease hi. Compound library
humans.

Rodents are the natural host of arenaviruses, although The chemical library screened represents a broad and well-
Tacaribe virus is found in bats. The arenaviruses characteridalanced collection of 400,000 compounds accumulated over
tically produce chronic viremic infections in their natural hosta number of years from a variety of distinct sources. The
(Rawls et al., 1976 which in turn shed virus in their urine and library achieves broad coverage across property space involv-
feces, ultimately infecting humans in close contact with theséng the following chemical descriptors: calculated logarithm
infected materials either by aerosol or direct contact with skirof n-octanol/water partition coefficient (ClogP), polar water-
abrasions or cuts. The natural history of the human disease &ccessible surface area (PSA), globularity (three dimensional
determined by the pathogenicity of the virus, its geographicastructure) and molecular weight (average: 394.5 Da).
distribution, the habitat and the habits of the rodent reservoir
host, and the nature of the human-rodent interacti@milds  2.2. Cells and viruses
and Peters, 1993

Currently, there are no virus-specific treatments approved Vero (African green monkey kidney epithelial, ATCC #CCL-
for use against arenavirus hemorrhagic fevers. A number of iB1) cells were grown in Eagle’s minimum essential medium
vitro inhibitors of arenavirus replication have been reported ifMEM, Gibco) supplemented with 2 miMglutamine, 2qug/ml
the literature Candurra et al., 1996; Glushakova et al., 1990;gentamicin, and 10% heat-inactivated fetal bovine serum (FBS).
Petkevich et al., 1981; Wachsman et al., 2000; Rawls et alFor infection medium (IM), the serum concentration was
1976 with modest activity and significant toxicity. Ribavirin reduced to 2%. HEp-2 cells (human carcinoma of the larynx
is the only compound that has shown partial efficacy againstpithelial; ATCC #CCL-23) were cultured in MEM contain-
some arenavirus infections, but with a high level of undesirabléng 10% heat-inactivated FBS and 1% penicillin/streptomycin.
secondary reaction&(ria and Maiztegui, 1994Ribavirinisa  MRC-5 cells (human normal lung fibroblast; ATCC #CCL-171)
nonimmunosuppressive nucleoside analogue with broad antivivere cultured in MEM containing 10% heat-inactivated FBS,
ral properties Jahrling, 199Y. Ribavirin has been shown to 1% penicillin/streptomycin, 1%-glutamine (Invitrogen 25030-
reduce mortality from Lassa fever in high-risk patied{rling, 081), 1% non-essential amino acids (Invitrogen #11140-050),
1997). Treatment of viral hemorrhagic fever currently consists1% sodium pyruvate (Invitrogen #11360-070), and 2% sodium
primarily of supportive carenria and Maiztegui, 1994; Garcia bicarbonate. MA104 cells (epithelial African green monkey kid-
et al., 2000; Leifer et al., 1970The only arenavirus hemor- ney, ATCC CRL-2378.1) were cultured in MEM with 1% peni-
rhagic fever for which studies have been undertaken towardillin/streptomycin, 1%L-glutamine, 1% non-essential amino
development of a vaccine has been Argentine hemorrhagic fevacids, 1% sodium pyruvate, and 2% sodium bicarbonate and
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62.5ug/ml trypsin and no serum during virus infection. All tal violet staining, the plates were fixed with 5% glutaraldehyde
cell lines were incubated at 3€ and 5% CQ. Respiratory and stained with 0.1% crystal violet. After rinsing and drying,
syncytial virus (RSV, A isolate), lymphocytic choriomeningi- the optical density at 570 nm (QR) was measured using a
tis virus (LCMV; Armstrong E350 isolate), cytomegalovirus Microplate Reader. For ELISA analysis, the medium from the
(CMV; AD-169 isolate), herpes simplex virus 1 (HSV-1; KOS LCMV and CMV-infected plates was removed and the cells were
isolate), Vacciniavirus (Strain WR), Tacaribe virus (strain TRVL fixed with 100% methanol (Fisher, CAS #67-56-1, HPLC grade)
11573) and rotavirus (strain WA) were obtained from ATCCfor 20 min at room temperature. The methanol solution was
(#VR-1422, #VR-1540, #VR-134, #VR-538, #VR-1493, #VR- removed and the plates were washed three times with PBS. Non-
1354, #VR-114, and # VR-2018, respectively). Candid 1 andpecific binding sites were blocked by the addition of LBOf
Amapari BeAn 70563 were obtained from Dr. Robert Tesh atSuperblock Blocking Buffer (Pierce #37515) for 1 h at°&7

the University of Texas Medical Branch (Galveston, TX). Work The blocking agent was removed and the wells were washed
done with BSL-4 viruses (Lassa Josiah strain, Machupo Catthree times with PBS. Thirty microliters of a 1:20 dilution of
vallo strain, Guanarito INH-95551 strain, and huiRomero  LCMV nuclear protein (NP) specific monoclonal antibody (gen-
strain) as well as severe acute respiratory syndrome-associatebus gift of Juan Carlos de la Torre, The Scripps Research
coronavirus (SARS-CoV) was conducted by collaborators atnstitute, La Jolla, CA) or 3@l of a 1:200 dilution of CMV

USAMRIID (Fort Detrick, MD). (protein 52 and unique long gene 44 product) specific cocktail
monoclonal antibodies (Dako, #M0854) in Superblock Block-

2.3. Antiviral assays for specificity screening: cytopathic ing Buffer containing 0.1% Tween-20 was added. Following 1 h

effect (CPE) assay, virus plaque reduction assay, and ELISA incubation at 37C, the primary antibody solution was removed

and the wells were washed three times with PBS containing 0.1%

A viral CPE assay was used to evaluate the antiviral effecfween-20. Forty microliters of goat anti-mouse horseradish per-
of compounds against Tacaribe virus (Vero cells), Candid-Ixidase conjugated monoclonal antibody (Bio-Rad #172-1011)
vaccine virus (Vero cells), Amapari virus (Vero cells), SARS- diluted 1:4000 (LCMV) or 1:400 (CMV) in Superblock Block-
CoV (Vero cells), HSV-1 (Vero cells), RSV (HEp-2 cells), ing Buffer containing 0.1% Tween-20 was added to the wells
vacciniavirus (Vero cells), and Rotavirus (MA104). An enzyme-and the plates were incubated for 1 h at@7 The secondary
linked immunosorbent assay (ELISA) was used to evaluate thantibody solution was removed and the wells were washed five
antiviral effect of compounds against CMV (MRC-5 cells) andtimes with PBS. The assay was developed for 15 min by the addi-
LCMV (Vero cells). All of these assays were carried out in thetion of 130ul of 3,3,5,5-tetramethylbenzidine substrate (Sigma
appropriate media containing 2% heat-inactivated FBS. Ninety#T0440) to quantify peroxidase activity. The @gof the result-
six-well cell culture plates were seeded 24 h before use witling reaction product was measured using a Molecular Devices
1.5x 10 cells per well (Vero), 2.% 10* cells per well (HEp-2  Kinetic Microplate Reader with a 650 nm filter.
and MA104), and 4.5 10* cells per well (MRC-5). For com- Antiviral activity against Tacaribe virus was evaluated by
pound susceptibility testing, compounds (solubilized with 100%hree methods: CPE assay, plaque reduction, and virus yield
DMSO) were added to duplicate wells at final concentrations ofnhibition assay. For the HTS CPE assay, Vero cells were plated
50, 15.8, 5, 1.6, 0.5, 0.16, 0.05, 0.016, andN\0. The final  at 80% confluency on 96-well plates. Test compounds (80 per
concentration of DMSO in the assays was 0.5%. Virus stockplate) from the library were added to wells at a final con-
were titrated in a separate experiment to determine the concenentration of uM. Tacaribe virus was then added at a virus
tration that resulted in 90% destruction of the cell monolayemilution that would result in 90% CPE after 5 days (multiplicity
(CPE assay) after 3 days (HSV-1, Rotavirus and vaccinia) oof infection [MOI] approximately 0.001) from a seed stock of
4 days (SARS-CoV, RSV, Tacaribe virus, Candid 1 vaccinel x 10'° pfu/ml (10% of final volume). Plates were incubated at
virus and Amapari virus) or the concentration that generate®7°C and 5% CQfor 5 days, then fixed with 5% glutaraldehyde
an ELISA signal of 2.5 at an optical density of 650nm (§3§)  and stained with 0.1% crystal violet. The extent of virus CPE
after 3 days (LCMV) or 4 days (CMV). These pre-establishedwas quantified spectrometrically at @3 using an Envision
dilutions of virus (250 pfu for Tacaribe virus) were added toMicroplate Reader. The inhibitory activity of each compound
wells containing serial dilutions of compound. Uninfected cellswas calculated by subtracting from the gyof test compound
and cells receiving virus without compound were included onwell from the average Ofg of virus-infected cell wells, then
each assay plate. In addition, reference agents, when availabttiyiding by the average O3 of mock-infected cell wells. The
were included on each assay plate (gancyclovir for HSV-1 andesult represents the percent protection against Tacaribe virus
CMV, Sigma #G2536; ribavirin for LCMV and RSV, Sigma CPE activity conferred by each compound. “Hits” in this assay
#R9644; rifampicin for vaccinia virus, Sigma #R3501). Plateswere defined as compound that inhibited virus-induced CPE
were incubated at 3T and 5% CQ for either 3 days (HSV- by greater than 50% at the test concentrationd. Hits that
1, Rotavirus, LCMV, Vaccinia virus) or 4 days (Tacaribe virus, possessed chemical tractability were further evaluated for their
Amapari virus, Candid 1 virus, SARS-CoV, RSV, and CMV). inhibitory potency. The inhibitory concentration 50% (&g
HSV-1, SARS-CoV, Rotavirus, Vaccinia virus, RSV, Tacaribe values were determined from a plot of the compound inhibitory
virus, Amaparivirus, Candid 1 vaccine virus infected plates werectivity following the CPE assay across eight compound con-
processed for crystal violet staining while plates infected withcentrations (50, 15, 5, 1.5, 0.5, 0.15, 0.05, and 0,0d3. All
CMV and LCMV were processed for ELISA analysis. For crys- determinations were performed in duplicate.
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In the plaque reduction assay, Vero cell monolayers grow2.6. Time of addition experiment
in six-well plates were infected with about 50 pfu/well in the
absence or presence of various concentrations of the com- This experiment was designed to characterize the mecha-
pounds. After 1 h of virus adsorption at 32, residual inocu- nism of action of the anti-viral compounds. Vero cells were
lum was replaced by a 50:50 mix of 1% seaplaque agarosgrown in 24 well culture plates. The medium was removed
(in de-ionized water) and 2 MEM. Plagues were counted when the cells reached 70-80% confluency and replaced with
after 5-7 days of incubation at 3€. The EGp was calcu- infection medium. Cells were infected with Tacaribe virus at
lated as the compound concentration required to reduce virddOI =0.1. After 1 h adsorption, the viralinoculum was removed
plague numbers by 50%. Under BSL-4 conditions at USAM-and replaced with fresh infection medium. Duplicate wells were
RIID the plague reduction assays (with Lassa, Machupo, Guareated with 31M ST-336 1 h prior to infection, at the time of
narito, and Juim viruses) were performed as follows: 200 pfu infection or at specific times post-infection (from 1 to 20 h p.i.).
of each virus was used to infect Vero cells. After virus adsorp-Control infected cell cultures were treated with drug vehicle
tion, cell monolayers were rinsed and overlaid with completg DMSO) only. ST-336 was removed 1 h post-absorption and the
medium containing 1% agarose and either lacking test commonolayer was washed twice with cold PBS-M and replaced
pound or with different concentrations ranging from 15 towith fresh infection medium. The cells were harvested at 24 h
0.05uM. After 5 days incubation at 37TC, the monolayers p.i. and were titrated as described above.
were stained with neutral red and the numbers of plagues were In a separated experiment, Vero cells plated i6 well dish
counted. were infected with Tacaribe virus at MOl =4. Absorption was

In virus yield reduction assays, Vero cells grown in 24-carried out for 1h. A 3uM of ST-336 was added for 1h at
well plates were infected with Tacaribe virus at a MOI of 0.1 1 h before infection, during infection, and 1 h following infec-
in the presence of different concentrations of the compoundsion. Following drug addition and virus infection, monolayers
two wells per concentration. After 48 h of incubation at’®  were washed three times with complete media. Four hours fol-
virus was harvested and the virus yields were determined blpwing last drug addition, monolayers were overlaid with 1%
plague formation in Vero cells. The Bgvalues were calculated agarose without compound until plaques developed. At 5-7 days
as indicated above and similar calculations were performed tpost-infection, monolayers were fixed, crystal violet stained and
determine EGp and EGg. plaque numbers counted.

2.4. Cytotoxicity assay 2.7. Assay for compound binding to intact virus

Cell viability was measured by a cell proliferation assay This experiment was designed to test the binding/fusion
to determine a compound’s effect on cellular functions sanhibitory properties of ST-336 towards Tacaribe virus. Vero
that a 50% cytotoxicity concentration (G§} could be calcu- cells were grown in MEM with 2% fetal calf serum. For this
lated; the ratio of this value to the Bgis referred to as the experiment, cells were grown to 70-80% confluency in 24-well
selective index (SI=Cg/ECsg). Two types of assays were culture plates. In one set of tubes Tacaribe virus (4000 pfu)
used to determine cytotoxicity. One was a colorimetric methodvas treated with 1% DMSO, serially diluted tenfold in infec-
that measures the reduction of 3-(4,5-dimethylthiazol-2-yl)-2,5tion medium and treated with the specific concentrations of
diphenyl-tetrazolium bromide (MTT), and the other uses fluo-ST-336 (400 pfu + 0.5.M ST-336, 40 pfu + 0.0p.M ST-336) or
rimetry to measure the reduction of resazurin (Alamar Blue)DMSO only (400 or 40 pfu + DMSO). Final DMSO concentra-
Both methods produced similar data. Confluent as well as rapidlgion is each well is 0.5%. In another set of tubes Tacaribe virus
dividing cell cultures in 96-well plates were exposed to differ- (4000 pfu) was treated with oM ST-336 then serially diluted
ent concentrations of the compounds, with two wells for eachienfold in infection medium. The suspensions were plated in
concentration, using incubation conditions equivalent to thosevells and after adsorption for one hour inocula were removed

used in the antiviral assays. and overlaid with 0.5% Seaplaque agarose in MEM. The plate
was incubated at 37T until cytopathic effect was observed in
2.5. Medicinal chemistry the DMSO control well. The cells were fixed with 5% gluter-

aldehyde and stained with 0.1% crystal violet for plaque visual-
Several potent compounds were identified by the Tacaribeation.

HTS and were grouped into several clusters of structure type. Another assay employed to test the binding properties of
One cluster of compounds, with ST-336 (FW =407.3) repre-ST-336 to pre-fusion F-proteins on virions was a dialysis exper-
senting the prototype based on antiviral activity and chemicaiment. Purified Tacaribe virus (1000 pfu) was incubated with
tractability, was chosen for further development. Through retb uM of ST-336 or 0.5% DMSO. The suspensions were dialyzed
rosynthetic analysis of ST-336, it was determined that a library obvernight at £C in a dialysis chamber. Twenty-four hours post-
analogues could be prepared convergently in a single synthetdialysis viral suspensions were titrated on Vero cells. One hour
step by combining an isocyanate with an acyl hydrazide. Usingost-adsorption, inocula were removed and a 0.5% Seaplaque
this chemistry, 165 analogues were prepared and the most poteagarose in MEM overlay was applied. The plate was incubated at
examined for in vitro metabolic stability in S9 liver extracts 37°C until cytopathic effect was observed. The cells were fixed
(described below). with 5% gluteraldehyde and stained with 0.1% crystal violet.
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To confirm absence of free drug in dialysed virus—drug samplegf homogenized liver from various species as a source of
virus was spiked in dialysed mixture at time of infection andoxidative conjugation enzymes (e.g., cytochromes P450, UdP-

plagues developed as described above. glucuronosyl transferase) that are known to be the primary
pathways of biotransformation for most drugs. The metabolic
2.8. Isolation of drug resistant variant viruses stability was measured as the persistence of parent compound

over incubation time in the S9 fractions by mass spectrometry.

Initially, single plagues of WT Tacaribe virus were isolated. Briefly, human, rat, mouse and guinea pig S9 fractions were
For this plaque-purification Vero cells in a six-well plate were obtained from Xenotech (Lenexa, KS). The reaction mixture,
infected with 50 pfu/well of WT Tacaribe virus for Lh at3Z.  minus cofactor cocktails, was prepared (1 mg/ml liver S9 frac-
Following virus adsorption the inoculum was removed and eaclions, 1 mM NADPH, 1 mM UDPGA, 1 mM PAPS, 1 mM GSH,
well was overlaid with 0.5% Seaplaque agarose in MEM andLOO mM potassium phosphate pH 7.4, 10 mM magnesium chlo-
incubated at 37C until plaques were visible (5—7 days). Four ride, 10u.M test article) and equilibrated at 3€ for 3 min. An
plagues were picked and further amplified in Vero cells in a 24-aliquot of reaction mixture was taken as a negative control. The
well plate until CPE developed (5-7 days). Virus-infected cellreaction was initiated by the addition of cofactor cocktails to the
extracts were harvested by scraping cells into the media and theeaction mixture only, and then the reaction mixture and negative
collected in 1.5 ml microcentrifuge tubes. Each plaque-purifieccontrol were incubated in a shaking water bath at@7Aliquots
isolate was further amplified in 150 mm plates, and then eactilO0pul) were withdrawn in triplicate at 0, 15, 30, and 60 min and
virus stock that originated from one virus plaque was titrated. combined with 90Qul of ice-cold 50/50 acetonitrile/dyO to ter-

For the isolation of compound-resistant Tacaribe virus variiminate the reaction. Each sample was analyzed via LC/MS/MS.
ants, each wild type plaque-purified isolate was titrated in thé@'he natural log of the percent remaining was plotted versus time.
presence of M ST-336 as described. Vero cells in a six-well A linear fit was used to determine the rate constant. The fit was
plate were infected with 8-1¢P pfu/well in media containing truncated when percent remaining of test article was less than
3uM ST-336 for 1 h, then the cells were overlaid with 0.5% 10%. The elimination half-lives associated with the disappear-
seaplaque agarose in MEM containingl@d ST-336 and incu- ance of test and control articles were determined to compare
bated until plaques formed. Plaques were picked and used tbeir relative metabolic stability.
infect Vero cells in a 24-well plate without compound. When
CPE developed the infected wells were harvested. Each drug-12. Genoroxicity
resistant isolate was then titrated on a 96-well plate in 0.5log
dilutions, starting with 2%l of pure virus stock, without com- An exploratory bacterial mutagenicity assay (Ames test) was
pound and with 1 and @M ST-336. Each mutant went through used to assess the potential of the compound genotoxicity. This
several rounds of plaque purification before final virus stockassay utilized. typhimurium tester strains TA7007 and TA7006

were made. (single base pair mutations) and TA98 (frame shift mutation)
with and without metabolic activation (Arochlor-induced rat
2.9. Sequencing liver S9) as described previouslylaron and Ames, 1983

RNA was extracted from each of the Tacaribe WT isolates2.13. Pharmacokinetic (PK) assessments in rats and
(1-4) and four of the drug resistant isolates (DR#1-4) andiewborn mice
used for reverse transcription PCR. Primers specific to the GPC

(Tac-forward: 5GCCTAACTGAACCAGGTGAATC and Tac- Analysis of the oral pharmacokinetics of selected compounds
reverse: 5 TAAGACTTCCGCACCACAGG) from Tacaribe was performed in Sprague—Dawley rats in a single dose study
were used for amplification and sequencing. with serum samples taken over a 24 h period. For the new-
born mice PK evaluation, 4 day old BALB/c mice were dosed
2.10. Solubility intraperitoneally (IP) and serum samples were taken over a 24 h

period (5min, 15min, 30min, 1 h, 2h, 4h, 6h, 8h, and 24 h).

Two tests were used to assess compound solubility: solubilith 50 wl aliquot of plasma was combined with 1500f 100%
in cell culture medium with and without various concentra-acetonitrile containing an internal standard (100 ng/ml tolbu-
tions of serum and solubility in aqueous buffer at pH 7.4. Thetamide) in a 1.5 ml centrifuge tube. Samples were vortexed and
solutions were stirred overnight and then filtered through arcentrifuged at 13,000 rpm for 10 min. An @0 aliquot of the
Amicon Centrifree YM-30 column with a 30,000 MW cut off to resulting supernatant was then transferred to an HPLC for vial
remove potentially precipitated compound and compound boundnalysis. Plasma levels of each compound were determined by
to protein. The compound was quantified by LC/MS or UV specLC/MS/MS, and pharmacokinetic parameters were determined
trometry. using WinNolin software.

2.11. Stability 2.14. Efficacy in newborn mouse model

In vitro metabolic stability was determined by Absorp- To determine tolerability of ST-294, newborn (4 days old)
tion Systems (Exton, PA) using the 90RQ supernatant (S9) BALB/c mice were given IP dosages of O (vehicle), 10, 25, or
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. NiN/N\/f
F O//S

Formula:C 45 H,;5 N3O, Fg S,
MW: 407.33

100 mg/kg/day of ST-294 for 5 days with assessment of clinical
status daily.

To test the efficacy of ST-294 in the Tacaribe newborn mouse
model, four day old BALB/c mice (eight per dose group) were
challenged with 3 103 pfu (30XLDsg) of Tacaribe virus per
mouse by IP injection with death as the end point. Mice were
either treated with placebo (vehicle), ribavirin (MP Biomedical)
administered IP at 25 mg/kg once a day for 10 days, or ST-294
administered IP at 100 mg/kg once a day or at 50 mg/kg twice a
day for 10 days. Mice were monitored daily and weighed every
other day throughout the study. Any mice showing signs of mor-  Fig. 1. Chemical structure, formula, and molecular weight of ST-336.
bidity were euthanized by Casphyxiation. All animal studies
conformed to the Institute for Laboratory Animal Research andith S| values of at least 10 were considered further. Of the 2347
were approved through appropriate IACUC review. hits identified, 36 compounds exhibited all the characteristics of
quality hits. These compounds were chemically tractable, had
ECsp values<5pM and Sl values=10. Among the 36 quality
hits, there were several clusters of structure type. One struc-
ture type was chosen for further development and ST-336 is the

representative prototype for this series. ST-336 is a 407.33 Da
There are currently 23 recognized viral species of the Arecompound and its structure is showrfiy. 1

naviridae family Clegg and Bowen, 2000These viruses have
been classified into two groups: the Old World (Lassa/LCM)4.2. Characterization of ST-336
arenaviruses and the New World (Tacaribe complex) group.

The New World Tacaribe complex comprises three phyloge- Asseen inTable 1, ST-336 has submicromolar potency, good
netic lineages, designated clades A-C. Clade B includes thgelectivity and antiviral specificity against Tacaribe virus as well
prototypic Tacaribe virus, Amapari virus and the four Southas the Category A NWA. Evaluation of ST-336 in a virus yield
American Category A pathogens (JapMachupo, Guanarito, reduction assay against Tacaribe virus produceghE6d EGg
and Sal). Tacaribe virus is 67-78% identical to duwirus at  values of 0.068 and 0.088M, respectively. The Cg value
the amino acid level for all four viral protein€legg, 2002 for ST-336 on Vero cells is >2@M, which represents the sol-
Working with authentic Category A arenaviruses requires maxubility limit of this compound in cell culture media, giving it a
imum laboratory containment (BSL-4), and therefore presentselective index of >363. The activity of ST-336 against Tacaribe
significant logistical and safety issues. Since Tacaribe virus igjrys was tested on multiple cell lines and all thesg@alues
closely related to the Category A pathogens it was chosen asigere similar to those achieved on Vero cells (data not shown).
surrogate BSL-2 NWA for the development of a HTS assay tanhen tested against several arenaviruses, ST-336 showed no
screen for inhibitors of virus replication. inhibitory activity against OWA, either LCM virus or authen-
tic Lassa virus Table J). This drug also lacked activity against

3. Homology

3.1. Homology between Tacaribe and other BSL-4 NWA

4. Results the NWA Amapari virus. This was a surprising result given the
4.1. Tacaribe HTS assay Table 1
Specificity of ST-336
Since Tacaribe virus grows well in cell culture and causes Assay ST-336(M)
clear virus-induced cytopathic effect (CPE) a robust HTS CPE _
assay was developed in a 96-well plate. The CPE assay is a whdlg/A viruses
cell assay which allows for calculation of the selective index of Tacaribe CCPPEEEECQQ'; 8'(1)22

the compounds and identification of inhibitors of any essential

Virus yield EC90 0.068

steps in the virus life cycle. Of the 400,000 compounds screened Virus yield EGyg 0.085
inthe Tacaribe virus HTS assay, 2347 hits were identified (0.58% Plaque reduction E£g 0.100
hit rate). All of these hits had Efgvalues<5 wM. The 2347 hits Candid 1 CPEEG 0.062
were then qualified based on four criteria: (i) chemical tractabil- Amapari CPEEG >20%
ity, (ii) inhibitory potency, (iii) inhibitory selectivity, and (iv) ~ Machupo Plaque reduction & 0.150
antiviral specificity. A chemically tractable compound is defined  Suanarito Plaque reduction B& 0.300

. . . . . Juirin Plaque reduction B 0.150
as an entity that is synthetically accessible using reasonable
chemical methodology, and which possesses chemically stabigva viruses
functionalities and potential drug-like qualities. Hits that passed Lassa Plaque reduction & >20
this medicinal chemistry filter were evaluated for their inhibitory ~ LEMV ELISA ECso >20

potency. EGp, CCsp, and selective index (SI) values were deter-Rresults represent the average of at least two independent determinations.

mined to assess whether the hit was a selective inhibitor. Hits® 20uM represents limit of compound solubility.



92 T.C. Bolken et al. / Antiviral Research 69 (2006) 86-97

close phylogenetic relationship between Amapari and Tacaribthen determined at 5 days post-infection. Dateig 2B showed
viruses Clegg, 2002; Bowen et al., 19R6This discrepancy is that while compound added before and after virus adsorption for
later discussed following sequencing of GP2 of all NWA. How- 1 h had no effect on plague formation, compound added during
ever, importantly ST-336 showed potent antiviral activity againsthe 1 h adsorption/entry process dramatically reduced Tacaribe
the vaccine strain of Jimvirus (Candid 1) as well as Machupo, plaque formation. These data are consistent with ST-336 being
Guanarito, and Jun viruses Table 1. an adsorption/entry inhibitor.

The specificity of the antiviral activity exhibited by ST-336 ~ Two approaches were taken to determine if ST-336 is bind-
was determined by testing against a number of related and unrig to intact virions. In the first experiment, 1000 pfu of purified
lated viruses. ST-336 showed no activity against a variety offacaribe virus was incubated with ST-336 or DMSO and dia-
unrelated DNA (HSV, CMV, vaccinia virus) and RNA (RSV, lyzed overnight at 4C and titrated. While no virus was titrated

Rotavirus and SARS-CoV) viruses. from the dialyzed bag originally incubated with drug, more than
300 pfu of virus was titrated from the DMSO vehicle dialyzed
4.3. Mechanism of action of ST-336 bag (data not shown). No drug was biologically detected in the

dialysis bag originally containing oM of drug as measured by

A single cycle (24 h) time of addition experiment was donethe incapability of the virus plus drug dialyzed mixture to inhibit
to determine when during the virus replication cycle ST-336freshly added Tacaribe virus (300 pfu). These data suggested
exerts its antiviral activity. The effect of ST-336 on Tacaribe virusthat ST-336 binds intact virions with a very slow dissociation
yield was determined following addition of compound to Vero constant. In the second experimehiy 3), Tacaribe virus was
cell cultures at various times before or after infection. ST-33@ncubated in a test tube withgM of ST-336 or DMSO. Serial
was added at 1 h before infectionl h), during virus adsorption  1:10 dilutions were performed and for some samples ST-336
(0 h), and at several times post-infection. Drug was kept, followwas added as a specified dilution representing the concentration
ing sequential addition, on infected cell cultures for the entireof drug expected following sample dilution. As virus and com-
time of the experiment. Control infected cultures were treateghound are diluted with media, the compound concentration will
with drug vehicle (DMSO) only. At 24 h post-infection, sam- reach a concentration without an inhibitory effect, unless the
ples were collected, and virus yields were determined by plaqueompound was capable of binding to virus. Test virus without
assay. As shown iRig. 2A ST-336 exerted its inhibitory effect compound in the initial tube was also diluted in media and com-
only at the very early stage in the virus life cycle. Addition of pound concentrations corresponding to that found in the tubes
ST-336 at any time points post-infection had no effect on virusvhere virus and compound were diluted together was added
yield. These data suggest that ST-336 is an early stage inhibitée each virus dilution. Titration on Vero cells showed that ST-
of virus replication. 336 present in excess in the initial tube was carried over for

These results were confirmed in a second type of time addiwo additional 1:10 dilutions through specific virus binding and
tion experiment. In this experiment, compound was spiked innhibits virus infection. Whereas when drug was added at a spec-
the culture medium for only 1 h, at 1 h before infectienl(h), ified dilution virus was not inhibited to the same degree as virus
during infection (0) and at 1 h post-infection (+1h), and thendiluted with drug (data not shown). These data suggest that ST-
removed. The cultures were washed to remove any residual cor336 binds with at least a sloWys to intact protein present on
pound and overlaid with agarose. Virus plague numbers weréacaribe virus.

1E4
=00 B DMSO
450 W ST-336
1E3 — =g %ﬁm oy —
350
= +—
E 162 E 300
= p—
2 £ 250
2 200
1 pmso O
1E1 150 ™
sT-335 ¢4 .
50
1EO - , : - : -
-5 0 5 10 15 20 25 07w o 1 hr
(A) Drug added at (hrs PI) (B) Time of drug addition

Fig. 2. Effect of the time of addition of ST-336 on Tacaribe virus yield and plaque formation. (A) Vero cells were infected with Tacaribe virus at 0@ EB36

was added prior to or during Tacaribe infectienl(, 3, 6, 9, 12, 15, 18 or 21 h p.i.). At 24 h p.i. virus yields were determined by plaque assay. (B) Vero cells were
infected with 400 pfu Tacaribe virus. ST-336 was added for 1 h before the infeetibn for 1 h during adsorption (0), and for 1 h after the infection (+1). Infected
monolayers were washed with PBS and overlaid with medium containing agarose. Five days post-infection, cells were glutaraldehyde fixed aietatgsted/

prior to plaque counting.



T.C. Bolken et al. / Antiviral Research 69 (2006) 86-97 93

WT Tacaribe
4000pfu
+ 5uM ST-336 ;“’D‘;f.’g{;‘

‘ 1/10 dilution l l N Lo ;
400pfu 400pfu  400pfu and add 3 5o - :
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(13 R | .
110 dilu!ionj \ : g '
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+0.05uM ST-336 + DMSO 4 0.05uM ST-336 \
A

Fig. 3. ST-336 binds with slow Koff to intact Tacaribe virion in absence of cells. (A) Diagram of virus dilution scheme prior to plating. Virus mix8d-886
and diluted (left side) or virus diluted and ST-336 added after dilution (right side). (B) Picture of plaques that resulted after plating eackhdilution A on Vero
cells.

4.4. Isolation of drug resistant variants 433 (S433l) and in DR#4.1 at amino acid 436 (F4361). 1418 is
similarly conserved (I or L, but never a T) in all clade B New

The expected mutation rate of RNA viruses is very high ( World arenavirus, while T416 is conserved among all clade B
resistant variant in 10,000 virions) and a common approach tdlWA. F436 is similarly conserved with one exception; Amapatri
determining the target of an antiviral is to isolate virus resistanceirus encodes a leucine at position 436. This change in Ama-
to the antiviral and then map the site of resistance. Virus variantsari virus may explain its lack of susceptibility to ST-336. 1418,
with reduced susceptibility to ST-336 were isolated from wild T416, S433 and F436 lie near the N- and C-terminal limits of the
type Tacaribe virus stocks plated in the presence of ST-33utative transmembrane domain of GP2, a region known to play
The observed frequency of ST-336 drug resistant (SP3B6 a vital role in enveloped virus fusioBagai and Lamb, 1996;
variants was as expected for RNA viruses. Sixteen SP836 Harman et al., 2002; Jeetendra et al., 2003; West et al., 2001;
isolates from four independent wild type Tacaribe virus stocksrao and Compans, 1995Taken together, these data suggest
were isolated and plaque purified three times. All ST®$36 that amino acid changes in arenavirus GP2 at either position
isolates were tested for their ability to grow in the presencetl6, 418, 433 or 436 are sufficient to confer reduced suscep-
of ST-336. The growth of ST-38% isolates was unaffected tibility to ST-336 and are consistent with the proposed fusion
by the presence of ST-336 at concentrations that completelyhibition mechanism suggested by virological experiments.
inhibited wild type Tacaribe virus replication (data not shown).

The isolation and confirmation of drug resistant virus variantss. 5. Hit-to-lead optimization
strongly suggest that ST-336 acts as a direct antiviral inhibitor.

To determine the genetic basis for resistance and the molec- Preliminary data showed that ST-336, while demonstrating
ular target of ST-336, RNA was isolated from the wild type andinteresting antiviral activity and specificity, had poor pharma-
ST-33@R isolates. Based on the time of addition experimentscokinetic (PK) properties in rodents (mouse and rats, data not
it was suspected that the viral glycoproteins might be the tarshown). In order to improve the PK properties of ST-336, a lead
get of ST-336. The entire glycoprotein precursor GPC regioroptimization chemistry campaign was initiated. The objective
of the S segment was sequenced. Sequence analysis was parthe optimization program was to develop compounds that
formed on four wild type isolates (WT#1-4) and four ST-886  possess attributes consistent with the ultimate drug product pro-
isolates derived from drug selection applied to each correspondie. Lead optimization activities comprised a series of iterations
ing parental wild type isolate (DR#1.1 from WT#1, DR#2.1 involving design and chemical synthesis of analogs of the lead
from WT#2, DR#3.1 from WT#3 and DR#4.1 from WT#4). structure, followed by a series of biological, physiochemical, and
The sequence analysis showed that the GPC gene from the fopinarmacological evaluations of the new compounds. Chemical
parental wild type isolates had identical sequences. When conanalogs flowed through a compound evaluation paradigm that
pared to the GPC sequences of four drug resistant variants, eaitivolved first in vitro virological and cytotoxicity assessments,
possessed a single nucleotide change that in all cases resulfetlowed by a series of evaluations as listed: in vitro metabolic
in an amino acid chang€ig. 4A shows the location of each of stability (S9), solubility, exploratory bacterial mutagenesis and
the mutations which are located in or around the transmembramgharmacokinetic assessments. One hundred and sixty-five ana-
domain of GP2. The sequence alignments of the region of thevpgues were prepared and the most potent were examined for
GP2 containing the changes is presenteflign 4B. The single  in vitro metabolism in S9 liver extracts. The most stable were
change in DR#1.1 was at amino acid position 418 (1418T), indosed in rats, and ST-294 emerged as a potent, orally bioavail-
DR#2.1 at amino acid 416 (T416N), in DR#3.1 at amino acidable representative of the compounds.
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Fig. 4. Mapping of ST-336 drug resistant variants (DRV’s). (A) Linear map of the glycoprotein precursor (GPC) showing the location of the sidedStpti

transmembrane domain (TM), the cleavage site between GP1 and GP2 (K261-A262) and the location of the four ST-336 resistant mutants (DRV#Im#jand the a
acid change for each. (B) Amino acid sequence alignment of GP2 from wild type NWA and ST-336 DRV's. Shown is the amino acid sequence of the C-terminal

portion of GP2 (aa397-457) containing the transmembrane domain (marked by vertical lines), the location of the mutations for DR#1-4 (undehmad)ina

acid difference in Amapari (bold).

4.6. Characterization of ST-294

serum and up to 480M in buffer at pH 7.4 Table 2. The

metabolic stability of ST-294 was tested in S9 liver extracts

The structure of ST-294 M-2-(1,1,1,3,3,3-hexafluoro-1- from rat, mouse, human, and guinea pigs and was found to be
methylpropy) - 2-[(4-difluoromethoxyphenyl)sulfonyllhydraz- most stable in human S9 followed by mouse, rat and guinea pig
ine-1-carboxamide) is show Fig. 5. ST-294 was tested against respectively {able 3. Analysis of the oral pharmacokinetics
the drug resistant Tacaribe mutants generated with ST-336
(DR#1-4) and all ofhthe ;nutants elici;ed cross-resisthance tcT) ble 2
ST-294 suggesting that this compound is targeting the sa o
area of GP2 as ST-336 (data not shown). The activity of ST-ZEr)nﬁ]araCtenzauon orsT2e4

against Tacaribe, Machupo, Guanarito, andidwiruses was ST-294
similar to that seen with ST-33@4ble 7). The CGg of ST-294  virus (assay)
on Vero cells is >5@M yielding a selective index of >416.  Tacaribe (CPE E&) 0.120pM
Further characterization of ST-294 showed that this compound Iﬂacar:'be (E"T‘q“e feddUC“t‘?” E@% géggum
- . . - 0 achupo (plaque reduction .300u
is soluble up to 23M in media containing 10% fetal calf Guanarito (plaque reduction &g 1.0uM
Jurin (plaque reduction Efg) 0.300puM
Properties
F Q Solubility (0%, 2%, 10% FBS) 18, 21 and a3/
R » Solubility (plon, pH 7.4) 48QuM
0 Stability (S9) rat/mouse/human/guinea pig 26/74/100/23 min
F \ | Genotoxicity (Ames test) Negative
NH HN—_
/
o F PK
F Rat/oral
F Half-life 2h
F o) F Bioavailability (F) 68%
Formula:Cy, Hyq N;O,FgS, Newborn mouse/IP
MW: 445.29 Half-life 3h
Crmax 2910 ng/ml

Fig. 5. Chemical structure, formula, and molecular weight of ST-294.
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of ST-294 was initially performed in the rat as this species is The drug levels and half-life shown in the PK study in the
well characterized for this type of study. The rats were doseaewborn mice was not equivalent to that seen in the rats, but the
with ST-294 by oral gavage and samples were taken over a 24derum levels seemed sufficient to perform a proof-of-concept
period. Serum levels were very higifax=6670ng/ml) and animal study in the Tacaribe animal model. Four day old mice
ST-294 has good oral bioavailability (68.2%gble 2. were challenged with 30XLE) of Tacaribe virus and treated
with placebo, ribavirin as a control or ST-294. As the results
in Fig. 6 demonstrate, ST-294 showed efficacy in the Tacaribe
infected newborn mice with both survival and a delay in death

ST-294 has potent antiviral activity against NWA and goodsimilar to the drug control (ribavirin). Taken together these data

drug-like properties, so the next step was to test the ability of ST§uggest that ST-294 is a promising and appropriate drug candi-

L . : . . date to advance into definitive animal studies where guinea pigs
294 to inhibit NWA-induced disease in an animal model. For the . . . !
nd primates will be challenged with authentic NWA (iuand

Category A agents, the experiments require BSL-4 containmeng L . . . .

However, in an effort to obtain an initial readout, a Tacaribe uanarito V|rL_|ses) a_nd treated at various times post-infection
virus challenge model in newborn mice was established. Ir?md prophylatically with 5T-294.
preparation for this study, PK and tolerability experiments were_ __, .
performed with ST-294 in newborn mice prior to conducting ans' Discussion
efficacy trial. Newborn (4-day old) BALB/c mice were dosed IP

. . Through a successful HTS and medicinal chemistry program,
with 10 mg/kg of ST-294 and blood samples were collected fo% NWA antiviral drug candidate, ST-294, has been identified.

analysis. Relative to in vitro antiviral concentrations required.l_his drug potently and selectively inhibits NWA viruses in vitro
to inhibit Tacaribe virus CPE =66 ng/ml), mean plasma . . .
(B g/mb) b IJncludmg the three NIAID/CDC Category A viruses (Jon

concentrations in newborn mice were well above this level fo . ; )

prolonged periods of time (>35through 8h and & at 24 h Machupo, and Gggna}rlto V|.ruses). This compogr!d was also

after dosing, data not shown). In this model the drug is deIiveregv"’l!uat.ed for Sta.b'“ty in S9 liver extracts and fo.r itis pharma-

via the IP route due to the difficulty of performing multiple oral COk'net'_C propertles and was_fo_und to b? metab_ollcally stable and
rally bioavailable. In a preliminary animal efficacy study, ST-

gavages on newborn mice. To test tolerability, newborn mic 94<h d significant protecti NSt T be virus induced
were given IP dosages ranging from 0 to 100 mg/kg/day of ST- showedsignificant protection against acaribe virus induce

294 for 5 days. Dosages of 100 mg/kg/day for 5 days were Weﬁiisease in newborn mice. Through mechanism of action studies

tolerated by the newborn mice as there were no clinical signs df's appargnt .th'at this series of cqmpqunds targets GP2 and are

toxicity and the mice gained weight at the same rate as the coniral entry inhibitors. Further studies will be undertaken to elu-
idate the experimental affinity of ST-294 to GP2 and the precise

trol mice (data not shown). This highest tested concentration iy oal . . . . i
ST-294 of 100 mg/kg/day was used in a Tacaribe animal efficaégmdmg site. Also the fitness of drug resistant variants will be
nalyzed both in vitro and in vivo.

study. From the dialysis and dilution experimentsid. 3) it is
apparent that the drug binds to virus and is carried over dur-
ing dilutions. This phenomenon could potentially have an effect
whentitrating virus samples during other experiments. However,
in the time of addition experiment, there was not enough drug
carry over due to high dilution to affect the titers when added
1 h or more after infectionHig. 2).

Since ST-294 has better S9 stability than ST-336 does, it
is thought that metabolism occurs at the methyl group on the
aromatic ringFig. 1). The benzylic position is susceptible to oxi-
dation. When there is no benzylic hydrogen present as in ST-294
(Fig. 2, the oxidation is blocked and thus eliminates the fastest
metabolism pathway. The addition of the difluoromethoxy group
in ST-294 gave this compound increased S9 stability, but did not
Day 9 Day 10 reduce antiviral activity.

Days Post-Challenge In the Tacaribe newborn mouse model the mice appear to
= die of a neurological disease (indicated by hind quarter paral-
g;gg: fﬁo"‘,ﬁg'}EgBé?n ysis_) and _it is not knoyvn v_vhether ST-294 can cross the blood
B Ribavirin 25 mg/kg SID brain barrier (BBB). Ribavirin does not cross the BBB in adult

species; however the extent that ribavirin can cross the barrier in
Fig. 6. Effect of ST-294 in newborn mice challenged with Tacaribe virus. Fournewborn mice is unknown. Also the drug levels and half-life of

day old BALB/c mice were infected IP with 30XLdg Tacaribe virus and treated this drug candidate given IP in newborn mice is not as good as

daily for 10 days with vehicle (control), ribavirin at 25 mg/kg, ST-294 twice a | dosing i t | | d d getting to th
day (BID) at 50 mg/kg or once a day (SID) at 100 mg/kg. Shown are the percery’ & J0SING IN rats SO serum Ievels and compound gettng to the

survivors in each treatment group on days 9 and 10 after infection. SignificancBrain may have compromised the ability to obtain complete pro-
(P values) was determined using the Fisher exact test. tection in this model. The more appropriate animal models for

4.7. Efficacy study with ST-294 in newborn mouse model
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