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Arenaviruses merit interest as clinically important human pathogens and include several causative
agents, chiefly Lassa virus (LASV), of hemorrhagic fever disease in humans. There are no licensed LASV
vaccines, and current antiarenavirus therapy is limited to the use of ribavirin, which is only partially
effective and is associated with significant side effects. The arenavirus glycoprotein (GP) precursor GPC
is processed by the cellular site 1 protease (S1P) to generate the peripheral virion attachment protein GP1
and the fusion-active transmembrane protein GP2, which is critical for production of infectious progeny
and virus propagation. Therefore, S1P-mediated processing of arenavirus GPC is a promising target for
therapeutic intervention. To this end, we have evaluated the antiarenaviral activity of PF-429242, a
recently described small-molecule inhibitor of S1P. PF-429242 efficiently prevented the processing of GPC
from the prototypic arenavirus lymphocytic choriomeningitis virus (LCMV) and LASYV, which correlated
with the compound’s potent antiviral activity against LCMV and LASYV in cultured cells. In contrast, a
recombinant LCMYV expressing a GPC whose processing into GP1 and GP2 was mediated by furin, instead
of S1P, was highly resistant to PF-429242 treatment. PF-429242 did not affect virus RNA replication or
budding but had a modest effect on virus cell entry, indicating that the antiarenaviral activity of PF-429242
was mostly related to its ability to inhibit S1P-mediated processing of arenavirus GPC. Our findings
support the feasibility of using small-molecule inhibitors of S1P-mediated processing of arenavirus GPC

as a novel antiviral strategy.

Arenaviruses merit significant interest both as tractable ex-
perimental model systems to study virus-host interactions and
as clinically important human pathogens (7). Several arenavi-
ruses cause hemorrhagic fever (HF) disease in humans. Thus,
the Old World Lassa virus (LASV) and New World (NW)
Junin virus (JUNV) are the causative agents of Lassa fever
(LF) and Argentine HF disease, respectively (11, 21, 27). In
addition, evidence indicates that the globally distributed pro-
totypic arenavirus lymphocytic choriomeningitis virus (LCMV)
is a neglected human pathogen of clinical significance in con-
genital infections (1, 14, 22). Moreover, LCMV infection of
immunosuppressed adults can result in severe disease and
death (9, 28). Arenaviruses also pose a biodefense threat, and
six of them, including LASV, are classified as category A
agents (6). Public health concerns about arenavirus infections
are aggravated by current arenavirus vaccines being limited to
the JUNV live attenuated Candid 1 strain licensed only in
Argentina and present antiarenavirus therapy being restricted
to the use of the nucleoside analogue ribavirin, which is only
partially effective and is associated with significant side effects.
Therefore, it is important to develop novel antiviral strategies
and drugs to combat human pathogenetic arenaviruses.

Arenaviruses are enveloped viruses with a bisegmented, neg-
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ative-strand (NS) RNA genome and a life cycle restricted to
the cell cytoplasm (7). Each RNA segment uses an ambisense
coding strategy to direct the expression of two gene products in
opposite orientations and separated by a noncoding intergenic
region. The large segment (L; 7.2 kb) encodes the L protein, an
RNA-dependent RNA polymerase, and the small RING finger
protein Z that is the counterpart of the matrix (M) protein
found in many enveloped NS RNA viruses. The small segment
(S; 3.5 kb) encodes the viral nucleoprotein (NP) and the gly-
coprotein (GP) precursor GPC that is posttranslationally pro-
cessed to yield the peripheral virion attachment protein GP1
and the fusion-active transmembrane protein GP2. Trimers of
GP1/GP2 form the spikes that decorate the virus surface and
mediate cell entry via receptor-mediated endocytosis (7).

We (16, 34) and others (4, 19) have shown that correct
processing of arenavirus GPC by the cellular proprotein con-
vertase sterol regulatory element-binding protein (SREBP)
site 1 protease (S1P) is strictly required for production of
infectious progeny and cell-to-cell virus propagation and
thereby for both intra- and interhost virus propagation (16, 19,
32). S1P mediates GPC processing for all tested arenaviruses
(4, 16, 19, 34). Notably, studies on LCMV and JUNV infec-
tions of cells deficient in S1P indicated that the appearance of
viral variants capable of growing independently of S1P-medi-
ated processing of GPC is highly unlikely. These findings
strongly support the idea that inhibitors of S1P would repre-
sent promising antiarenaviral drug candidates (20, 35). Be-
cause S1P also mediates processing of the major GP precursor
of Crimean-Congo HF virus (CCHFV) (39, 44), drugs target-
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ing S1P function are likely to be effective against not only HF
arenaviruses but also CCHFV, a tick-borne pathogen that
causes HF in humans throughout regions of Africa, Asia, and
Europe.

S1P is encoded by the membrane-bound transcription factor
S1P gene and is an endoplasmic reticulum (ER)/early Golgi
membrane-anchored serine protease (38, 40). Despite its
broad consensus sequence, S1P exhibits exquisite substrate
specificity and is involved in the proteolytic processing of a
defined set of cellular proteins. The key role of SIP in the
regulation of lipid metabolism and cholesterol biosynthesis has
raised significant interest in developing specific inhibitors of
S1P activity. However, so far, a cell-permeating, specific inhib-
itor of S1P that shows little or no mechanism-based toxicity has
not been reported (2, 5). Several peptide- and non-peptide-
based S1P inhibitors have provided proof of principle, but the
lack of cell-permeating ability would impose severe limitations
on their use as antiviral drugs in vivo. More recent efforts
focused on the development of S1P inhibitors on the basis of
decanoylated chloromethylketone (CMK)-derivatized pep-
tides containing the RRLL recognition sequence of S1P that
can act as potent suicide inhibitors of S1P catalytic activity.
These drugs cause irreversible inhibition of the catalytic activ-
ity of S1P against all targets, host cell and pathogen derived,
which might result in unacceptable levels of cellular toxicity.
Recently, the small molecule PF-429242 was reported to be a
potent S1P inhibitor both in vitro and in cell-based assays (12,
13). Moreover PF-429242-treated mice exhibited reduced ex-
pression levels of hepatic SREBP target genes and lower rates
of cholesterol and fatty acid synthesis (12, 13). Here, we report
that PF-429242 has a potent inhibitory effect on S1P-mediated
processing of LCMV and LASV GPC that correlates with a
strong inhibition of virus propagation.

MATERIALS AND METHODS

Plasmids. Plasmids (pCAGGS) expressing LCMV-GPC, LCMV-GPCf,
LASV-GPC, LCMV-Z, and LASV-Z have been previously described (23, 35,
43). All GPC and Z constructs were tagged at the C terminus with the Flag
epitope.

Cells and viruses. 293T, Vero E6, and BHK-21 cells were grown in Dulbecco’s
modified Eagle’s medium (DMEM; Invitrogen) containing 10% fetal bovine
serum, 2 mM L-glutamine, 100 mg/ml streptomycin, and 100 U/ml penicillin.
rLCMV-WT, Armstrong strain, was generated by reverse genetics as described
previously (10). rLCMV-GPCf, rLCMV-LASVGPC, and rVSV/LCMV-GPC
have been described previously (35, 36). [LCMV/Z-Flag was generated by re-
verse genetics using a pol-I Lag/Z-Flag plasmid that has a Flag tag epitope at the
C terminus of the Z open reading frame. Experiments involving LASV, Josiah
strain, were conducted in the Robert E. Shope biosafety level 4 facility at the
University of Texas Medical Branch, Galveston.

PF-429242. The compound PF-429242 was synthesized according to previously
published methods (13).

GPC cleavage assay. 293T cells (2.5 X 10°) were transfected with 0.1 pg of
pCAGGS-LASV-GPC, pCAGGS-LCMV-GPC, or pCAGGS-LCMV-GPCf. At
5 h posttransfection, the medium was replaced with fresh medium including the
indicated concentration of PF-429242. At 36 h posttransfection, cell lysates were
prepared (1% NP-40, 50 mM Tris-HCI [pH 8.0], 62.5 mM EDTA, 0.4% sodium
deoxycholate) and subjected to sodium dodecyl sulfate-polyacrylamide gel elec-
trophoresis (SDS-PAGE), followed by Western blotting (WB).

In vitro enzymatic assay. For the in vitro enzymatic assay to assess inhibition
of the processing of a LASVGP-derived SKI-1/S1P peptide substrate by PF-
429242, we used the previously described methyl coumaride (MCA) peptide
Succ-YISRRLL-MCA containing the sequence YISRRLL derived from the S1P
recognition site of LASV GPC (24). The fluorogenic peptide was custom made
by GenScript Corp. Stock solutions were obtained by dissolving the lyophilized
peptide in dimethyl sulfoxide (DMSO) at a 10 mM final concentration. Enzy-
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matic assay was performed as described previously (24). Briefly, conditioned
medium from HEK293 stably expressing soluble SIP (sS1P) was used without
further purification. For each reaction, 20 pl HEK293-conditioned medium
containing sS1P was preincubated with the indicated concentrations of PF-
429242 for 20 min prior to the addition of Succ-IYISRRLL-MCA at 20 mM.
Each reaction was carried out at room temperature in 100 pl buffer solution (25
mM Tris-HCI, 25 mM morpholineethanesulfonic acid [MES; pH 7.5], 1 mM
CaCl,). Enzymatic activity measurements with MCA-conjugated peptides were
performed by detecting the liberated 7-amino-4-methylcoumarin (AMC) with a
Tristar LB 941 fluorometer (Berthold) with an excitation wavelength of 360 nm
and an emission wavelength of 460 nm.

Virus titrations. LCMV titers (focus-forming unit [FFU] counts) were deter-
mined by immunofocus assay (3). Briefly, 10-fold serial virus dilutions were used
to infect Vero E6 cell monolayers in a 96-well plate, and at 20 h postinfection
(hpi), cells were fixed by using 4% formaldehyde in phosphate-buffered saline
(PBS). After cell permeabilization by treatment with 0.3% Triton X-100 in PBS
containing 3% bovine serum albumin (BSA), cells were stained by using an
anti-NP mouse monoclonal antibody and an Alexa Fluor 568-labeled anti-mouse
second antibody (Molecular Probes). Vesicular stomatitis virus (VSV) titers
(PFU) were determined by plaque assay.

Retroviral pseudotypes. Retroviral pseudotypes bearing the GPs of LASV,
LCMYV, and VSV were produced as described previously (37). For inhibition
studies, retroviral pseudotypes were preincubated with PF-429242 at the indi-
cated concentrations for 45 min on ice, added to fresh monolayers of BHK-21
cells in 96-well plates (10* cells/well), and then incubated for 1 h in the presence
of the drug. Unbound viral particles were removed, the cells were washed twice
with DMEM, and fresh medium was added. Pseudotype infection was assessed
by determination of luciferase activity after 48 h by Steady-Glo luciferase assay
(Promega).

Reverse transcription (RT)-quantitative PCR (qPCR). RNA was isolated us-
ing an RNeasy mini kit (Qiagen catalog no. 74106) and a QIAqube (Qiagen).
Briefly, we lysed LCM V-infected cells with a supplied buffer, homogenized them
with a QIAshredder, and then applied these samples to a QIAqube. RT was done
according to the manual (Qiagen) using a total of 0.5 pg RNA. We used specific
primers for LCMV S genome and Hamster glyceraldehyde 3-phosphate dehy-
drogenase (GAPDH) detection. We performed qPCR using TagMan 7900HT
(Applied Biosystems).

Minigenome rescue assay. BHK-21 cells were seeded at 4.5 X 10° per M-12
well and on the following day transfected with p-T7, pMG-CAT, pCAGGS-NP,
or pCAGGS-L under conditions previously described (17, 18, 26, 29, 30). At 5 h
posttransfection, the medium was replaced with fresh medium containing differ-
ent concentrations of PF-429242. At 48 h posttransfection, cell lysates were
prepared to determine levels of chloramphenicol acetyltransferase (CAT) pro-
tein by enzyme-linked immunosorbent assay (ELISA) using a CAT ELISA kit
(Roche catalog no. 11363727001). Briefly, cells were lysed with 1 ml of lysis buffer
(supplied with the kit) and an aliquot (4 ml) was used for ELISA. Dilutions of a
known amount of CAT were used to generate a calibration curve. CAT ELISA
plates were incubated for 1 h at 37°C and washed twice with wash buffer, and the
samples were reacted with an antibody to CAT for 1 h at 37°C. After reaction
with the primary antibody, the samples were washed twice and then reacted with
the secondary antibody for 1 h at 37°C, followed by two washes prior addition of
the substrate. After 20 min at room temperature, samples were analyzed with an
ELISA reader (SPECTRA max plus 384; Molecular Devices) to determine the
absorbance (405 nm for samples, 490 nm for the reference).

Budding assay. 293T cells (2.5 X 10°) were transfected with 0.1 ug of either
pC-LCMV-Z or pC-LASV-Z using Lipofectamine 2000 (10 pl/pg DNA). At 5 h
after transfection, the medium was replaced with fresh medium containing the
indicated PF-429242 concentrations. At 36 h posttransfection, we collected virus-
like particle (VLP)-containing tissue culture supernatants (TCS) and cells. After
removal of cell debris by centrifugation (1,500 X g; 5 min), VLPs were collected
by ultracentrifugation (100,000 X g; 30 min at 4°C) through a 20% sucrose
cushion. Cells and VLPs were resuspended in lysis buffer (1% NP-40, 50 mM
Tris-HCI [pH 8.0], 62.5 mM EDTA, 0.4% sodium deoxycholate) and analyzed by
SDS-PAGE, followed by WB.

Immunoblotting. Cell lysates or VLP samples were resolved by SDS-PAGE,
followed by WB using a rabbit polyclonal serum to Flag (Cayman catalog no.
162150) or a mouse monoclonal antibody to actin (sc-1616-R; Santa Cruz) as the
first antibody and horseradish peroxidase (HRP)-conjugated anti-mouse IgG or
HRP-conjugated anti-rabbit IgG as the second antibody.

Immunofluorescence assay. Cells were fixed by using 4% formaldehyde in PBS
at the indicated time points after either ILCMV-WT or r[LCMV-GPCf infection.
After cell permeabilization by treatment with 0.3% Triton X-100 in PBS con-
taining 3% BSA, cells were stained by using an anti-NP mouse monoclonal
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FIG. 1. (A) PF-429242 inhibits LCMV and LASV GPC cleavage by
S1P. 293T cells (2.5 X 10°/M6 well) were transfected with 0.1 pg of
pC-LCMV-GPC, pC-LASV-GPC, or pC-LCMV-GPCf using Lipo-
fectamine 2000 (10 pl/wg DNA), and at 5 h posttransfection, the
transfection mixture was removed, the cells were washed once, and
fresh medium containing PF-429242 (1, 10, or 30 uM) or the vehicle
(DMSO) was added. At 36 h posttransfection, GPC and GP2 expres-
sion levels in cell lysates were determined by WB using a polyclonal
serum to Flag. As a control, we also determined the level of actin in
each sample (bottom). The cleavage sequences within GPC recognized
by S1P or furin are indicated (arrows). (B) In vitro activity of PF-
429242. Soluble S1P was preincubated with the indicated concentra-
tions of PF-429242 for 20 min prior to the addition of the substrate
Succ-YISRRLL-MCA (20 mM). The reaction was carried out at room
temperature with 25 mM Tris-HCI-25 mM MES (pH 7.5)-1 mM
CaCl,, and enzymatic activity measurements were performed by de-
tecting the liberated AMC in a fluorescence plate reader. Plots repre-
sent initial rates at the indicated inhibitor concentration with 50%
inhibition at circa 200 nM PF-429242 (asterisk).

antibody and an Alexa Fluor 568-labeled anti-mouse second antibody (Molecular
Probes).

Cytotoxicity assay. PF-429242 cytotoxicity was assessed in Vero E6, 293T, and
BHK-21 cells using the CellTiter-Glo Luminescent Cell Viability Assay (Pro-
mega), which determines the number of viable cells in a culture based on levels
of ATP (8). Briefly, 5 x 10* cells were plated per 96-well plate and cultured
overnight. The cells were treated with several concentrations of PF-429242, and
24 and 48 h later, CellTiter-Glo reagent was added. Thereafter, the assay was
performed according to the manufacturer’s recommendations, with a luminom-
eter (Centro LB 960; Berthold Technologies). The viability of DMSO-treated
control cells was set at 100%.

RESULTS

Effect of PF-429242 on S1P-mediated processing of LCMV
and LASV GPCs. We first examined whether PF-429242 inhib-
ited the cleavage of LCMV and LASV GPCs in a cell-based
transfection assay. For these studies, we used a plasmid ex-
pressing an LCMV GPC whose processing into GP1 and GP2
is mediated by furin instead of S1IP (GPCY) as a control (35).
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All of the GPCs used were tagged at the C terminus with the
Flag epitope to facilitate the detection of GPC and GP2.

At 36 h posttransfection, we prepared cell lysates and used
the same amount of total cell protein from each sample to
determine the expression levels of GPC and GP2 by WB using
a polyclonal serum to Flag (Fig. 1A). We observed a dose-
dependent inhibition by PF-429242 of LCMV and LASV GPC
cleavage. PF-429242 treatment did not inhibit the processing
of GPCH, a finding consistent with a specific activity of PF-
429242 on S1P. Actin expression levels were similar for all of
the samples, suggesting that at the concentrations tested, PF-
429242 did not appear to have significant effects on cell viabil-
ity, which was supported by results of PF-429242-associated
toxicity in 293T cells (Table 1). Transfected cells treated with
1 wM PF-429242 showed significantly higher levels of LASV
GP2 than LCMV GP2, suggesting that PF-429242 was less
efficient in inhibiting S1P-mediated cleavage of GPC from
LASV than that from LCMV. However, in an in vitro assay,
PF-429242 very efficiently inhibited the cleavage by S1P of a
peptide containing the S1P recognition site present in LASV
GPC (Fig. 1B). A similar assay could not be done using the
equivalent LCMV GPC-derived substrate because previously
published work has shown that such a peptide is a very poor
substrate for S1P (24).

Effect of PF-429242 on LCMV multiplication in cultured
cells. We next asked whether the inhibitory effect of PF-429242
on GPC processing by S1P correlated with an inhibitory effect
on virus multiplication. For this, we infected BHK-21 cells
(multiplicity of infection [MOI] of 0.01) with recombinant

TABLE 1. Effect of PF-429242 on cell viability”

Avg % viability = SD after

Cell line and PF-429242 treatment for

concn (M)
24 h 48 h
293T
0 100 £ 7.9 100 = 1.2
1 98 =49 84 £1.2
10 100 £ 2.9 77 = 8.8
30 89 = 3.0 66 = 10.9
VeroE6
0 100 = 2.0 100 = 3.9
1 102 = 3.0 8558
10 95 = 0.8 8554
30 84 74 73 9.8
BHK-21
0 100 = 4.4 100 = 2.9
1 100 = 2.5 77 =19
10 91 =99 45 =104
30 80 = 1.8 1954

“ Cell toxicity associated with PF-429242 treatment was assessed by determin-
ing cell viability after 24 and 48 h of treatment with different concentrations of
PF-429242. Cell viability was determined using the CellTiter-Glo Luminescent
Cell Viability Assay (Promega), which measures cell viability based on the quan-
tification of cellular ATP (8). We observed a dose- and cell type-dependent effect
of PF-429242 on cell viability after 24 and 48 h of treatment. Inhibition of SIP
activity results in impaired synthesis of several lipids that play important roles in
cell physiology, which may contribute to PF-429242-associated cell toxicity. We
therefore examined whether providing cells with these lipids exogenously influ-
enced PF-429242-associated cell toxicity. Addition of these lipids at the time
treatment with PF-429242 was started resulted in only modest increases in cell
viability (data not shown).
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FIG. 2. PF-429242 inhibits multiplication of LCMV in cultured cells. (A to D) Effect of PF-429242 on production of infectious progeny. Cells were
infected with TLCMV-WT (A), r(LCMV-GPCf (B), rVSV-WT (C), or r'VSV/LCMV-GPC (D) (MOI of 0.01). After 90 min of adsorption time, the
inoculum was removed, the cell monolayers were washed, and fresh medium containing PF-429242 (0, 1, 10, or 30 uM) was added. At the indicated times
p.i., virus titers were determined in TCS by an immunofluorescence (LCMV) or a plaque (VSV) assay. LOD, limit of detection. (E) PF-429242 treatment
causes a reduction in the PFU/total viral particle ratio. Cells were infected with rTLCMV/Z-Flag (MOI of 1) in the absence or presence of PF-429242 (10
wM), and at 24 hpi, TCS were collected. Infectious virus titers in TCS were determined by counting FFU. To assess levels of total virion particles, TCS
samples (equal volumes) were clarified at low-speed centrifugation and total virion particles were collected by ultracentrifugation and subjected to WB
using an antibody to Flag. (F) Treatment with PF-429242 inhibits GPC processing in LCM V-infected cells. Cells were infected with I(LCMV-WT (MOI
of 3) and treated with either PF-429242 (10 wM) or the vehicle (DMSO). At 24 hpi, cell lysates were prepared and analyzed by WB using a mixture of
mouse monoclonal antibodies to GP1 and GP2. The faster GPC band corresponds to nonglycosylated GPC species. (G) PF-429242 inhibits cell-to-cell
propagation of LCMV. Cells were infected with either ILCMV-WT or rLCMV-GPCf (MOI of 0.01) in the presence of the indicated concentration of
PF-429242, and at 12 and 36 hpi, the numbers of virus antigen-positive cells were determined by immunofluorescence assay using an antibody to NP.
Nuclei were counterstained with 4',6-diamidino-2-phenylindole (DAPI). Bars, 200 pwm.

hp.i.

LCMVs, generated via reverse genetics, expressing either WT
GPC (rtLCMV-WT) or GPCf (rLCMV-GPCY) (35) in the pres-
ence of different concentrations (0, 1, 10, and 30 wM) of
PF-429242. At the indicated times postinfection (p.i.), we de-
termined titers of infectious virus in TCS (Fig. 2A and B). We
observed a dose-dependent inhibitory effect of PF-429242 on
the multiplication of both rTLCMV-WT and tLCMV-GPCH, but
the magnitude of the inhibitory effect on rTLCMV-WT was
much greater than that on rLCMV-GPC{. Thus, at 48 hpi in
the presence of 10 wM PF-429242, production of infectious
rLCMV-WT and rLCMV-GPCf was reduced by 4 and 2 logs,
respectively, compared to the titers produced by the corre-

sponding infected but mock-treated cells. After 48 h in the
presence of 10 uM PF-429242, the viability of BHK-21 cells
was close to 50%, indicating that the 4-log reduction in the
production of infectious [LCMV-WT could not be explained
by PF-429242-associated toxicity (Table 1). The finding that
PF-429242 was able to inhibit the multiplication of rLCMV-
GPCf was consistent with previously published data showing
that peak titers of rTLCMV-GPCf are significantly lower in
S1P—/— cells than in S1P+/+ cells (35).

To further confirm that the effect of PF-429242 on LCMV
multiplication was related to its ability to inhibit the S1P-
mediated processing of the arenavirus GPC, we examined the
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effect of PF-429242 on the multiplication of recombinant
VSVs, generated via reverse genetics, that expressed either
WT VSV G (rVSV-WT) or LCMV GPC instead of VSV G
(rVSV/LCMV-GPC) (31). We infected BHK-21 cells (MOI of
0.01) with either rVSV/LCMV-GPC or rVSV-WT in the pres-
ence of the indicated PF-429242 concentrations, and at 0, 12,
and 24 hpi, we determined levels of infectious virus in TCS
(Fig. 2C and D). At the lowest concentration of PF-429242
used (1 wM), we observed a dramatic inhibition (>3 logs) of
the production of infectious titers of rVSV/LCMV-GPC,
whereas the titers of r'VSV-WT were not significantly affected.
At higher concentrations of PF-429242 (10 and 30 pM), levels
of infectious progeny of rVSV/LCMV-GPC were below the
level of detection (>7-log reduction). At these higher concen-
trations, PF-429242 also caused a reduction in the infectious
titers of r'VSV-WT of about 1.5 logs (10 uM PF-429242) and 3
logs (30 uM PF-429242). Whether the effect of higher PF-
429242 concentrations on rVSV-WT multiplication reflect off-
target effects or a role for S1P in the life cycle of VSV, or both,
remains to be determined.

Reduced production of infectious LCMV progeny in PF-
429242-treated cells is predicted to reflect the inability of un-
processed GPC to be incorporated into arenavirus particles
(16, 19, 34), which should result in a decreased PFU/total viral
particle ratio in TCS from LCMV-infected cells and delayed
virus spread following infection at a low MOI in the presence
of PF-429242. We therefore first compared the PFU/total viral
particle ratios of TCS from LCM V-infected cells (MOI of 1) in
the absence or presence of PF-429242. For this experiment, we
used a recombinant LCMV carrying a Flag-tagged version of Z
(rLCMV/Z-Flag) to facilitate the detection of virion particles
by WB. PF-429242 treatment resulted in a decreased PFU/
total viral particle ratio in TCS from infected cells (Fig. 2E).
Consistent with these findings, processing of GPC was inhib-
ited in LCMV-infected cells treated with PF-429242 (Fig. 2F).
Likewise, propagation of rfLCMV-WT, but not of rLCMV-
GPCH, was strongly reduced following infection (MOI of 0.01)
in the presence of PF-429242, as determined by the numbers of
LCMYV antigen-positive cells (Fig. 2G).

Effect of PF-429242 on early steps of LCMV cell entry.
PF-429242 could have had a virucidal effect on LCMYV or affected
very early steps of LCMV multiplication that might have contrib-
uted to the antiviral activity of PF-429242. To specifically assess
the effects of PF-429242 on cell entry of LASV and LCMV, we
used recombinant retroviruses that bear the GPs of LCMV,
LASV, and VSV in their envelope and contain a luciferase re-
porter in their genome (37). Since cell attachment and entry of
arenaviruses are mediated exclusively by the viral GP, these ret-
roviral pseudotypes allow the detection of possible interference of
PF-429242 with these early steps in arenavirus infection. Retro-
viral pseudotypes were preincubated with increasing concentra-
tions of PF-429242 for 45 min, followed by infection of BHK-21
cells in the presence of the drug. At 48 hpi, pseudotype infection
was determined by detection of luciferase activity. As shown in
Fig. 3A, PF-429242 did not significantly affect infection with any
of the pseudotypes, suggesting that the drug acts at a postentry
step of infection.

We also used RT-qPCR to measure levels of cell-associ-
ated LCMV S genome RNA at 1.5 and 3.5 hpi (MOI of 3)
of BHK-21 cells on the presence of the indicated concen-

CHEMICAL INHIBITION OF ARENAVIRUS GPC PROCESSING 799

A
140 1
c
.2
£ 100 ELCMV GP
£ OLASV GP
; 60 BVSV G
20
PF-429242 ©
(uM) 0 1 10
Bi

LCMV + PF-429242

e 45 min/RT?

)
S e N =

15h
BHK-21 cells - Wash - Wash
- Isolate total - Isolate total
cellular RNA cellular RNA
(1.5 h p.i.) (3.5 h p.i.)
Bii 2 _
g'e
(=]
g3 ¢
N g
T Q
N5 2
ﬁ [ =
£
o Q
Zz©° 0
hpi 15 35 15 35 15 35 15 3.5
PF-429242 0 1 10 30

(uM)

FIG. 3. (A) PF-429242 does not interfere with GP-mediated arena-
virus cell entry. Retroviral pseudotypes bearing the GPs of LASV,
LCMYV, and VSV were preincubated with PF-429242 at the indicated
concentrations for 45 min on ice and then added to fresh monolayers
of BHK-21 cells for 1 h in the presence of the drug. Pseudotype
infection was assessed by luciferase assay after 48 h. Data are lumi-
nescence levels normalized to those of untreated samples means *
standard deviations (n = 3). (B) PF-429242 does not significantly affect
levels of viral genome RNA at early times during infection. (Bi) Sche-
matic of the experiment. LCMV was incubated with PF-429242 (0,1,
10, or 30 M) for 45 min before infection of BHK-21 cells (MOI of 3).
At 1.5 hpi, infected cells were washed with PBS and fresh medium
without PF-429242 was added. At 1.5 and 3.5 hpi, total cellular RNA
was isolated. (Bii) Levels of S genome RNA. RNA (0.5 pg) from each
sample was analyzed by RT-qPCR. Copy numbers of S genome RNA
were normalized on the basis of GAPDH mRNA copy numbers. Data
are averages and standard deviations from three independent experi-
ments (P < 0.002).

trations of PF-429242 during the first 1.5 h of infection (Fig.
3B). Levels of S genome RNA were normalized with respect
to levels of GAPDH mRNA also determined by RT-qPCR
in the same sample. Levels of S genome RNA were very
similar among all of the samples at 1.5 hpi, further indicat-
ing that PF-429242 did not affect the efficiency of virus cell
internalization. However, PF-429242 caused a modest but
significant (P < 0.002) dose-dependent decrease in levels of
S genome RNA at 3.5 hpi.
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FIG. 4. PF-429242 does not affect arenavirus RNA replication and
gene expression. (A) PF-429242 does not affect levels of arenavirus
genome RNA replication. (Ai) Schematic of the experiment. BHK-21
cells were infected with LCMV (MOI of 3). At 1.5 hpi, the virus
inoculum was removed, cells were washed with PBS, and fresh medium
containing PF-429242 (0, 1, 10, or 30 wM) was added. At 1.5 and 13.5
hpi, total cellular RNA was isolated. (Aii) Levels of S genome RNA.
RNA (0.5 pg) from each sample was analyzed by RT-qPCR. Copy
numbers of S genome RNA were normalized on the basis of GAPDH
mRNA copy numbers. Data are averages and standard deviations from
three independent experiments. (B) Effect of PF-429242 on LCMV
minigenome expression. BHK-21 cells were transfected with pC-T7,
pMG-CAT, pC-NP, and pC-L under previously described conditions
(17, 18, 26, 29, 30), and 5 h after transfection, the transfection media
were replaced with fresh media containing PF-429242 (0, 1, 10, or 30
wM). At 48 h posttransfection, cell lysates were prepared for CAT
ELISA. The CAT activity obtained from vehicle (DMSO)-treated cells
was set to 1.0 to normalize CAT activities from the other samples.
Data are averages and standard deviations from three independent
experiments.

Effect of PF-429242 on LCMV RNA replication. To examine
the effect of PF-429242 on virus RNA replication, we infected
BHK-21 cells with LCMV (MOI of 3) in the absence of PF-
429242 during the first 1.5 h of infection, followed by addition
of PF-429242 at the indicated concentrations. Levels of S ge-
nome RNA were similar among all of the samples at both 1.5
and 13.5 hpi (Fig. 4A), suggesting that PF-429242 does not
interfere with the steps involved in the initiation of viral RNA
synthesis directed by the virus ribonucleoprotein (RNP) fol-
lowing its release in the cytoplasm of the cell upon completion
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FIG. 5. PF-429242 does not affect Z-mediated budding. 293T cells
(2.5 X 10°) were transfected with 0.25 pg of either pC-LCMV-Z or
pC-LASV-Z, and at 5 h posttransfection, the media were replaced with
fresh media containing PF-429242 (0, 1, 10, or 30 pM). At 36 h
posttransfection, TCS were collected and total cell lysates were pre-
pared. VLPs were isolated from TCS as described previously (43).
Levels of Z protein in total cell lysates and VLPs were detected by WB
using an antibody to Flag (Cayman catalog no. 162150).

of the virus cell entry process. Accordingly, we observed that
PF-429242 did not significantly affect the expression levels of
the CAT reporter gene produced by an LCMV minigenome
(Fig. 4B).

Effect of PF-429242 on Z-mediated budding. To examine
whether PF-429242 affected virus budding, we used a cell-
based assay for Z-mediated budding. This assay is based on the
bona fide budding activity of Z that allows it to produce VLPs
in the absence of other viral gene products (25, 41-43). For this
assay, we transfected 293T cells with 0.25 g of either pC-
LASV-Z or pC-LCMV-Z, and at 5 h posttransfection, the
medium was replaced with fresh medium including PF-429242
or a DMSO control. At 36 h posttransfection, we collected
TCS and prepared cell lysates. Z-containing VLPs were iso-
lated from TCS as described in Materials and Methods and
previously (43). Levels of Z in cell lysates and VLP prepara-
tions were determined by WB using an antibody to Flag. PF-
429242 treatment affected neither cell expression levels of
LASV or LCMV Z nor Z-mediated budding (Fig. 5).

Effect of PF-429242 on LASV multiplication in cultured
cells. Inhibition of LCMV GPC cleavage by PF-429242 corre-
lated with the ability of PF-429242 to inhibit the propagation of
LCMV in cultured cells. We therefore examined whether this
finding could be extended to highly pathogenic LASV. For this,
we first examined the effect of PF-429242 on the propagation
of a recombinant LCMV where LASV GPC was substituted
for LCMV GPC (rLCMV-LASVGP) (36). We infected
BHK-21 cells with TLCMV-LASVGP (MOI of 0.01) in the
presence of different amounts of PF-429242, and at the indi-
cated time points p.i., we determined the titers of infectious
virus in TCS. PF-429242 treatment significantly reduced the
production of infectious virus compared to that in DMSO-
treated control cells (Fig. 6A). Virus titers at 48 hpi were
reduced by 3 and almost 5 logs by treatment with 1 wM and 10
M, respectively. We could not detect infectious virus at 48 hpi
in samples treated with 30 pM PF-429242. Consistent with
these results, PF-429242 at a concentration (10 pM) associated
with a modest decrease in cell viability also exhibited a strong
inhibitory effect on the multiplication of LASV in Vero E6
cells (Fig. 6B and C and Table 1).

DISCUSSION

Individuals succumbing to LASV infection generate very
limited or no anti-LASV immune responses, and histological
examination of LF cases has revealed minimal immune cell
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FIG. 6. PF-429242 inhibits multiplication of LASV in Vero E6 cells. (A) BHK-21 cells were infected with rILCMV-LASVGP (MOI of 0.01).
At 1.5 hpi, the virus inoculum was removed, cells were washed, and fresh medium containing PF-429242 (0, 1, 10, or 30 wM) was added. At the
indicated times p.i., virus titers in TCS were determined. (B) Vero EG6 cells were infected with LASV (MOI of 0.01). At 1.5 hpi, the virus inoculum
was removed, cells were washed, and fresh medium containing PF-429242 (0, 1, 10, or 30 M) was added. At 24 and 48 hpi, cells were fixed (4%
paraformaldehyde-PBS) and infected cells were identified by immunofluorescence assay using a polyclonal antibody raised against LASV (kindly
provided by Robert Tesh), followed by a secondary antibody labeled with Alexa Fluor 594. Nuclei were visualized by DAPI staining. (C) Quan-

titation of immunofluorescence assay data shown in panel B.

infiltrates and tissue damage (45). These findings support the
idea that the morbidity and mortality associated with LASV
infection are due to the failure of the host’s innate defense
mechanisms to limit virus multiplication early during infection
and to facilitate the initiation of an effective adaptive immune
response capable of controlling and eliminating the infection.
Accordingly, viremia levels are a good predictor of the out-
come of LF patients (15). Notably, a similar scenario has been
described in recent cases of fatal LCMYV infection associated
with organ transplantation (9, 28). Since arenavirus GPC pro-
cessing by the cellular protease S1P is critical for productive
arenavirus infection (16, 19, 32), the inhibition of this late step
in the virus life cycle should slow down virus propagation, thus
providing the host’s immune system with a window of oppor-
tunity for the generation of an efficient antiviral immune re-
sponse. Therefore, S1P-mediated processing of arenavirus
GPC is an attractive target for therapeutic intervention against
human pathogenic arenaviruses.

Previous studies have shown that expression in mammalian
cells of S1P-adapted al-antitrypsin variants resulted in the
inhibition of S1P-mediated processing of the envelope GP of
LASV (20) and also the human pathogen Crimean Congo HF
virus (33). Since these protein-based S1P inhibitors have very
poor cell-permeating ability, their application for antiviral
therapy in vivo may be difficult. Recently, the peptide-based
suicide inhibitor of the S1P catalytic activity decanoyl-RRLL-
CMK was shown to be able to interfere with LCMV multipli-
cation in cultured cells (35). However, the irreversible nature
of this inhibition, also preventing the processing of S1P cellular
targets, may pose difficulties for an optimal therapeutic ap-

proach aimed at specifically inhibiting S1P-mediated process-
ing of arenavirus GPC while minimizing side effects on cell
physiology. Moreover, CMK is very unstable and has a short
half-life. Therefore, the identification of nontoxic and stable
small-molecule inhibitors of S1P-mediated processing of
arenavirus GPC could provide a novel type of antiarenaviral
drugs. For this approach, a first and necessary step would be to
prove that a small-molecule inhibitor of S1P can inhibit arena-
virus multiplication in cultured cells under conditions associ-
ated with acceptable levels of cell toxicity. Here we have used
PF-429242, a recently described reversible, competitive amin-
opyrrolidineamide inhibitor of S1P (12, 13), to provide proof
of concept for the feasibility of using small-molecule inhibitors
of S1P to inhibit the propagation of arenavirus in infected
patients.

We confirmed that PF-429242 was able to inhibit the S1P-
mediated processing of LCMV and LASV GPCs efficiently
(Fig. 1). The specificity of this inhibition was supported by the
observation that PF-429242 did not inhibit the processing of
LCMV GPCf (Fig. 1A). In cell-based transfection assays, PF-
429242 inhibited LASV GPC less efficiently than LCMV GPC.
At 1 uM PF-429242, LCMV GPC, but not LASV GPC, cleav-
age was strongly inhibited (Fig. 1A). The reasons for these
differences remain to be determined. However, it should be
noted that SI1P-mediated processing of LASV and LCMV
GPCs takes place in the ER and Golgi compartments of the
cell, respectively (4, 46). It is plausible that differences between
these two subcellular environments could influence the activity
of PF-429242 or its access to SIP or the SIP-GPC complex.
Consistent with this possibility, PF-429242 very efficiently in-
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hibited in vitro cleavage of a peptide containing the S1P rec-
ognition sequence present in LASV GPC (Fig. 1B).

The inhibitory activity of PF-429242 on S1P-mediated pro-
cessing of LCMV GPC in transfection assays correlated with
the compound’s ability to inhibit the propagation of LCMV
(Fig. 2A) and rVSV/LCMV-GPC (Fig. 2D) in cultured cells.
We observed that multiplication of rLCMV-GPCf was also
inhibited, though to lesser degree, by PF-429242 (Fig. 2B), a
finding consistent with our previous observation that peak ti-
ters of TLCMV-GPCf are about 2 logs lower in S1P—/— cells
than in S1P+/+ cells (35). Our new results further support the
possibility that S1P plays other roles, in addition to the pro-
cessing of GPC, in the arenavirus life cycle, which may also
contribute to the barrier to the emergence of S1P-independent
viral variants. For reasons as yet unknown, we observed a
significantly stronger inhibitory effect of PF-429242 on the
multiplication of r'VSV/LCMV-GPC than on that of LCMV
(compared Fig. 2A and D). On the other hand, the observed
effect of PF-429242 on rVSV-WT multiplication may reflect
off-target effects of the compound. However, we cannot ex-
clude the possibility that S1P, via the processing of one or
several of its cellular substrates, may play a role in the life cycle
of VSV.

Treatment of LCMV-infected cells with PF-429242 caused a
decreased in the PFU/total viral particle ratio in the TCS that
was associated with reduced levels of intracellular processing
of GPC. These findings strongly support the conclusion that
inhibition of S1P-mediated processing of GPC played a key
role in the antiviral activity associated with PF-429242. To
further assess the specificity of the mechanism of action by
which PF-429242 exerted its inhibitory effect on LCMV mul-
tiplication in cultured cells, we examined the effects of PF-
429242 on several critical steps, other than GPC processing, of
the virus life cycle, including very early steps of virus cell entry,
amplification of genome RNA via replication, and budding.
These studies indicated that PF-429242 does not affect GP-
mediated arenavirus cell entry (Fig. 3) or virus RNA replica-
tion (Fig. 4) or budding (Fig. 5). Intriguingly, when PF-429242
treatment started at the time of virus adsorption, we observed
a modest reduction in the levels of S genome RNA at 3.5 hpi
in cells infected with tLCMV-WT (Fig. 3B). However, the
same PF-429242 treatment schedule did not affect the numbers
of (LCMV-GPCf-infected cells, as determined by detection of
virus antigen expression (Fig. 2G). These results suggest a
possible effect, though modest, of PF-429242 on an early entry
event after the GP-mediated fusion event that releases the
virus RNP into the cytoplasm of the infected cell to initiate
virus RNA synthesis.

PF-429242 exhibited a stronger inhibitory effect on the prop-
agation of ILCMV/LASV-GPC than on that of LCMV (com-
pare Fig. 2A and 6A) following infection of BHK-21 cells with
each virus at the same MOI. A possible explanation for these
differences relates to the slower growth kinetics of TLCMV/
LASV-GPC than LCMV, which may facilitate a more efficient
inhibition by PF-429242 of S1P-mediated GPC processing.
This, in turn, could result in lower infectious progeny output
levels per cell, which would negatively impact virus propaga-
tion following infection at a low MOI. Results from cell-based
transfection assays revealed that PF-429242 inhibited the S1P-
mediated processing of LASV less efficiently than that of
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LCMV GPC. Consistent with this result, we observed that
inhibition of the propagation of bona fide LASV in Vero E6
cells required 10 wM or a higher concentration of PF-429242
(Fig. 6B and C). Nevertheless, treatment with 10 wM PF-
429242 resulted in a dramatic reduction of LASV antigen-
positive cells at 48 hpi.

The key role of S1P-mediated processing of GPC in produc-
tive arenavirus infection, together with a low probability of the
emergence of S1P-independent escape variants, makes S1P a
promising cellular target for the development of novel and
potent antiarenaviral drugs. Since S1P plays important roles in
a number of physiological processes, the development of in-
hibitors that specifically target the processing of arenavirus
GPC while having minimal effects on the processing of other
cellular substrates of S1P would provide the ideal type of
therapeutic drug. Here, we have documented that the small-
molecule S1P inhibitor PF-429242 also inhibits the S1P-medi-
ated processing of arenavirus GPC, which correlates with a
potent antiviral activity in cell-based infectivity assays. Our
results provide strong support for the implementation of
screening efforts aimed at identifying additional small-mole-
cule inhibitors of S1P-mediated GPC processing that could be
developed into antiviral drugs to combat infection by arenavi-
ruses pathogenic to humans. To this end, future efforts should
be focused on examining the antiviral activity of PF-429242 in
animal models of arenavirus infection.
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