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FIG. 2. Colocalization of LCMV GP with S1P. HEK293 cells were transfected with HA-tagged S1P, either alone or in combination with
Flag-tagged WT LCMV GP or LCMV GP-RRRR. After 48 h, the cells were fixed, permeabilized, and stained for LCMV GP with a rabbit
polyclonal anti-Flag antibody, MAb F7 anti-HA (mouse IgG2a), combined with MAbs to the ER marker Calnexin (mouse IgG1) and the Golgi
apparatus marker GM130 (mouse IgG1). Primary antibodies were detected with specific secondary antibodies: anti-rabbit IgG-FITC (green),
anti-mouse IgG2a-Rhodamine RedX (red), and anti mouse IgG1-Cy5 (blue). The Images were analyzed using LSM Image Examiner and Image
J. Overlap of red and green signals appears white in the merged image. Bar = 10 pM.

cells was reconstituted by transient transfection of recombi-
nant S1P. Transfection with an expression plasmid for S1P, but
not empty vector, resulted in production levels of rTLCMV-
RRLA and rLCMV-RRRR comparable to those of WT
CHOKI1 cells (Fig. 4C).

Antiviral activity of dec-RRLL-CMK. To asses the inhibition
of LCMV GPC processing by dec-RRLL-CMK in the context
of productive arenavirus infection, we infected CHOKI cells
with ILCMV-RRLA and rLCMV-RRRR at a high MOI (3),
which resulted consistently in >98% of the cells expressing
viral antigen. At 1 h postinfection, we treated the cells with
increasing concentrations of dec-RRLL-CMK, and 36 h later,
cell lysates were prepared for Western blot analysis to assess
GPC processing (Fig. 5A). The processing of GPC of tLCMV-
RRLA, but not -LCMV-RRRR, was inhibited by dec-RRLL-

CMK in a dose-dependent manner with consistent inhibition
of >90% at 12.5 pM. At a higher concentration, dec-RRLL-
CMK affected the overall expression level of GPC, likely due
to nonspecific cytotoxicity (data not shown).

To determine the ability of dec-RRLL-CMK to block viral
spread, monolayers of CHOKI1 cells were infected at a low
(0.01) MOI with rLCMV-RRLA and rLCMV-RRRR and
treated with increasing concentrations of inhibitor. As an ad-
ditional control, a recombinant LCMV expressing the GP of
vesicular stomatitis virus (VSV) was included. In contrast to
WT LCMV GP and LCMV GP-RRRR, the biosynthesis of
fusion-competent VSV GP does not depend on proteolytic
processing by cellular proteases (41). To assess the possible
effects of dec-RRLL-CMK on early steps of LCMV infection,
the inhibitor was added 1 hour prior to infection, and the
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FIG. 3. Rescue of recombinant LCMV expressing mutant GPs. (A) Schematics of plasmids encoding antigenomic LCMV S and L RNA Pol
I-MGNP-Bsm(+)/LCMVGP-RRRR and Pol I L(+), respectively, flanked by a Pol I promoter and a Pol I terminator (Pol I ¢). The ORFs for
LCMV NP (NP), LCMV GP-RRRR, LCMV L (L), and LCMV Z (Z), as well as the intergenic region (IRG) separating the ORFs and the flanking
untranslated regions (UTR), are indicated (for details, see the text). (B) Growth of rLCMVs. VeroE6 cells were infected with rLCMVs or WT
LCMV ARMS53b cl-13 (MOI = 0.1), and virus titers were determined in the supernatants after the indicated time points by plaque assay on

VeroEpb cells.

cultures were fixed after one round of viral replication (16 h).
Infected cells were detected by IF staining for LCMV NP, and
the number of infected foci was determined. Up to 12.5 pM,
dec-RRLL-CMK had no significant effect on the number of
infected foci, excluding inhibition of viral entry and other early
steps of the viral life cycle (Fig. 5B). To assess inhibition of
cell-to-cell propagation of infection, cells were infected at an
MOI of 0.01 and the inhibitor was added at 1 hour postinfec-
tion. The cells were cultured for 36 h, and the percentage of
infected cells was determined by intracellular staining for
LCMV NP in flow cytometry. Increasing concentrations of
dec-RRLL-CMK resulted in a dose-dependent reduction in
the numbers of NP-positive cells in cultures infected with
rLCMV-RRLA, but not rLCMV-RRRR and rLCMV-VSV
G (Fig. 5C).

Next, we assessed the ability of dec-RRLL-CMK to block
virus production from infected cells. For this purpose, CHOK1
cells were infected at a high MOI (3) and virus production was
determined in the presence and absence of inhibitor. Treat-
ment with dec-RRLL-CMK resulted in a significant reduction
of TLCMV-RRLA titers; only mild reduction in rLCMV-
RRRR, which was not consistently observed; and no significant
drop in rfLCMV-VSVG titers (Fig. 5D). Compared with the
infection of S1P-deficient cells with rLCMV-RRRR, inhibition
of S1P with dec-RRLL-CMK showed a weaker impact on virus
production (compare Fig. 5D with Fig. 4B). The reason for this
is not entirely clear, but it may be due to the incomplete
inhibition of S1P activity in dec-RRLL-CMK-treated cells, as
illustrated by the detection of residual GPC processing at the
inhibitor concentration used (Fig. 5A).

Inhibition of GPC processing and ribavirin show additive
antiviral effects. The only licensed drug for the treatment of
human arenavirus infection is the nucleoside analogue ribavi-
rin (29). In vitro and in vivo studies have documented the
prophylactic and therapeutic value of ribavirin against several
arenaviruses, including LCMV (42), LASV (24), Machupo vi-
rus (15), and JUNV (25). Experimental studies with LCMV

revealed that a main mechanism by which ribavirin exerts its
antiviral effect is by inhibiting virus replication (42), opening
the possibility of additive effects with inhibitors of arenavirus
GPC processing. To investigate this possibility, CHOK1 cells
were treated for 6 hours with either a low dose (50 uM) or a
high dose (400 wM) of ribavirin, followed by infection at a low
(0.1) MOL One hour postinfection, dec-RRLL-CMK (12.5
pM) was added, and infectious virus production was moni-
tored over time. Due to the instability of dec-RRLL-CMK, a
second dose of inhibitor was added after 24 h. The combina-
tion of high-dose ribavirin with dec-RRLL-CMK resulted in an
additive antiviral effect in cells infected with rLCMV-RRLA,
but not tILCMV-RRRR (Fig. 6A). Low-dose ribavirin com-
bined with dec-RRLL-CMK resulted in an additive antiviral
effect, and the combination of high-dose ribavirin with the S1P
inhibitor resulted in undetectable titers of infectious virus after
48 h as assessed by IF staining in CHOKI1 cells. However,
despite the absence of detectable infectious-virus titers, we
consistently detected viral RNA by RT-PCR in cells treated
with high-dose ribavirin and dec-RRLL-CMK after 48 h (Fig.
6B), arguing against complete extinction of the virus. A possi-
ble concern with the combined application of furin inhibitor
and ribavirin was excessive toxicity due to some unknown syn-
ergistic effects of the two compounds on normal host cell
metabolism. To address this issue, we assessed the cytotoxici-
ties of the individual compounds and combinations thereof
using the CellTiter-Glo assay. The combination of dec-RRLL-
CMK with ribavirin did not significantly increase cytotoxicity
beyond that observed with ribavirin and dec-RRLL-CMK
alone (Table 2), suggesting that the additive antiviral effects
are not due to increased toxicity of the combined treatments.

Emergence of S1P-independent viral escape variants is an
unlikely event. The use of antiviral drugs is complicated by the
frequent emergence of resistant virus variants. In fact, drug-
resistant variants have been isolated for virtually any virus for
which specific antiviral drugs have been developed. In partic-
ular, viruses with an RNA genome, like arenaviruses, have high
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FIG. 4. Furin processing is required for production of infectious LCMV-RRRR and cell-to-cell propagation. (A) Monolayers of furin-deficient
(FD11), S1P-deficient (SRD12B), and WT CHOKI1 cells were infected with WT LCMV (LCMV wt) and r(LCMV-RRRR at an MOI of 0.01. After
36 h, the cells were fixed, and infected cells were detected by immunostaining them with MADb 113 to LCMV NP using a FITC-labeled secondary
antibody. Nuclei were counterstained with DAPI. Bar = 50 wM. (B) Production of infectious virus in FD11, SRD12B, and CHOKI cells. The cells
were infected with WT LCMV (wt), (LCMV-RRRR (RRRR), and [LCMV-RRLA (RRLA) at an MOI of 1. The cell supernatants were harvested
at the indicated times, and infectious-virus titers were determined by plaque assay on VeroE6 cells (means * standard deviations; n = 3).
(C) Expression of recombinant S1P in S1P-deficient cells restores multiplication of rLCMV-RRLA and rLCMV-RRRR. CHOKI cells and
SRD12B cells were transiently transfected with either an expression plasmid for recombinant S1P (SRD12B + S1P) or empty vector (SRD12B
control) and subsequently infected with ILCMV-RRLA and rLCMV-RRRR. After 48 h, virus titers in the supernatant were determined as for

panel B.

mutation rates that allow them to rapidly adapt to changes in
the environment, e.g., the presence of an antiviral drug. The
assessment of the likelihood of such drug-resistant viruses
emerging has important practical implications, and we sought
to investigate this issue in the context of inhibition of arenavi-
rus GPC processing. The ability of arenaviruses to establish
long-term persistent infections provided us with an experimen-
tal setting that allowed a continued increase in the number of
rounds of intracellular virus replication, facilitating the selec-
tion of viral variants whose GPCs could be processed by an-
other protease.

To address this issue, we monitored the emergence of escape
variants of LCMV in cells deficient in S1P. Considering the
differences in the recognition site of SIP (RRLA) present in
LCMYV and the sequence specificity of other cellular propro-
tein convertases (R-X,-R), the generation of escape variants
with altered protease requirements may require two simulta-
neous nucleotide substitutions, necessitating a large virus pop-
ulation of >10° infectious particles. To ensure a starting pop-
ulation of sufficient size, 5 X 10° cells were infected with

rLCMV-RRLA at a high MOI of 1, resulting in >95% infected
cells after 48 h, and the cells were then passaged every 4 days
for 28 days. At each passage, the virus titers in the cell culture
supernatant were determined by IF assay. Parallel cultures
were infected with rLCMV-RRRR. As expected, infection of
WT CHOKI1 cells with all viruses resulted in persistently in-
fected cell lines that produced high levels of infectious virus
over time (Fig. 7A). Consistent with our previous findings,
rLCMV-RRRR production in S1P-deficient cells was lower
than in WT cells. Nevertheless, (LCMV-RRRR established a
persistent infection in S1P-deficient cells, with high titers of
virus production throughout the experiment. Interestingly,
over the entire duration of the experiment, S1P-deficient cells
persistently infected with WT LCMV and LCMV-RRLA pro-
duced negligible titers of infectious virus (Fig. 7A). We also
performed serial passages of virus in S1P-deficient and WT
cells. The cells were infected at a high MOI, resulting in >95%
infected cells. The supernatants were collected after 3 days and
used to initiate serial passages, where each time fresh cell
monolayers were infected with tissue culture supernatants
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FIG. 5. The S1P inhibitor dec-RRLL-CMK shows specific antiviral activity. (A) Inhibition of GPC processing by dec-RRLL-CMK. CHOK1
cells cultured in lipid-supplemented medium were infected with rLCMV-RRRR and rLCMV-RRLA (MOI = 3) or left uninfected (u). One hour
postinfection, the indicated concentrations of dec-RRLL-CMK were added for 36 h. The processing of GPC was examined by Western blot analysis
using an antibody to LCMV GP2. Unprocessed GPC and mature (processed) GP2 are indicated. For normalization, a-tubulin (a-Tu) was detected.
(B) The S1P inhibitor dec-RRLL-CMK has no effect on early LCMV infection. Monolayers of CHOK1 cells in LabTek tissue culture chambers
were pretreated with the indicated concentrations of dec-RRLL-CMK for 1 hour and then infected with 100 PFU of rLCMV-RRRA, rLCMV-
RRRR, and rLCMV-VSVG. After 16 h in the presence of dec-RRLL-CMK, the cultures were fixed, and foci of infected cells were detected by
IF using MAb 113 to LCMV NP (means * standard deviations; n = 4). (C) The S1P inhibitor reduces cell-to-cell propagation of infection.
Monolayers of CHOKI cells were infected with the recombinant LCMV variants at an MOI of 0.01. One hour postinfection, the indicated
concentrations of dec-RRLL-CMK were added, and the cells were cultured in the presence of inhibitor. After 36 h, the cells were detached by mild
trypsinization and fixed, and intracellular staining for NP was performed, followed by quantification of NP-positive cells by flow cytometry (see
Materials and Methods). The percentages of NP-positive cells are given (means = standard deviations; n = 3). (D) The S1P inhibitor reduces virus
production. CHOK1 monolayers were infected with ILCMV-RRLA, rLCMV-RRRR, and r(LCMV-VSVG (MOI = 3), and dec-RRLL-CMK (12.5
wM) was added at 1 hour postinfection. The cell culture supernatants were harvested and dialyzed against Hanks balanced salt solution to remove
the inhibitor, and infectious-virus titers were determined by IF assay on VeroE6 cells (means * standard deviations; n = 4).

from the previous passage. High virus titers were consistently inhibitors are likely efficacious early in infection, they are
detected in culture supernatants from WT cells, whereas sys- rather ineffective once the host cell has become infected. It is
tematic extinction of WT LCMV and rLCMV-RRLA, but not therefore of great importance to also target later steps of
rLCMV-RRRR, in S1P-deficient cells was observed after a few arenavirus multiplication, allowing combinatorial multidrug
passages (Fig. 7B). therapies. Arenavirus GPC processing by cellular S1P is critical
for productive arenavirus infection (2, 17, 21, 37), making this

DISCUSSION late step in the viral lif.e cycle an at.tractive c%.lndidate fpr com-

plementary therapeutic intervention. Previous studies em-

In human arenavirus infections, the strong predictive value ployed S1P-adapted al-antitrypsin variants to target S1P-me-

of the virus concentration in the patient’s blood for discase diated processing of the envelope GP of the human-pathogenic
outcome indicates a close competition between viral spread Crimean Congo hemorrhagic fever virus (34) and the GPC of
and replication and the patient’s antiviral immune defense. LASV (22). When expressed in mammalian cells, these pro-
Recently, we and others have identified novel classes of arena- tein-based S1P inhibitors inhibited cleavage of LASV GPC and

virus entry inhibitors, including DNA aptamers (19) and sev- reduced LASYV infectious titers produced by infected cells (22).
eral potent small-molecule inhibitors (3, 20). While such entry Since protein-based S1P inhibitors are not cell permeable,
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FIG. 6. Inhibition of GPC processing enhances the antiviral activity of ribavirin. (A) Treatment of infected cells with ribavirin and S1P inhibitor.
CHOKI cells were treated for 6 hours with 50 wM ribavirin (Rib low), 400 uM ribavirin (Rib high), or vehicle (Control) and then infected with
rLCMV-RRRA and rLCMV-RRRR at an MOI of 0.1. At 1 hour postinfection, 12.5 pM dec-RRLL-CMK was added. Virus titers were determined
by IF assay on VeroEG6 cells. Each time value represents the average of two independent experiments. (B) Detection of viral RNA in cells treated
with 400 uM ribavirin and 12.5 pM dec-RRLL-CMK. Total cellular RNA was extracted at the indicated time points and analyzed by RT-PCR.
The RT reaction was primed with random hexamers, and the resulting cNDAs were amplified with specific primers for the viral NP or the cellular
GAPDH housekeeping gene. RNA from uninfected cells was included as a negative control (—). One out of three representative examples is

shown.

their application for antiviral therapy in vivo may be difficult.
In the present study, we therefore evaluated a recently devel-
oped peptide-derived inhibitor of S1P, dec-RRLL-CMK (30).
Since previous reports documented significant cytotoxicity of
this inhibitor, we selected a cell line and experimental condi-
tions that minimized toxicity. To control for off-target effects of
dec-RRLL-CMK in our studies, we generated a recombinant
LCMV with a furin recognition site in its GPC, rLCMV-
RRRR. The rescued virus showed no significant attenuation
compared to the WT, despite a complete switch in protease
dependence from S1P to furin. The furin-dependent mutant
virus was nonlytic and established persistent infection in mam-
malian cells. Interestingly, despite the S1P-independent pro-
cessing of ILCMV-RRRR GPC, the mutant virus showed im-
paired multiplication in S1P-deficient cells. Reconstitution of
S1P activity by transient expression of recombinant SIP re-
stored virus production to WT levels, suggesting a role of S1P
for optimal LCMV multiplication that is unrelated to GPC
cleavage. This finding was somewhat surprising and in appar-
ent contradiction of results obtained with recombinant LCMV
expressing the GP of VSV, which grew to similar titers in
S1P-deficient and WT CHOKI cells (32), a finding we were

TABLE 2. Cytotoxicity of dec-RRLL-CMK combined with ribavirin
in CHOKI1 cells”

Drug Cell viability (%)
dec-RRLL-CMK ..o 91.1 2.1
Ribavirin low 12
Ribavirin high ... 88.5 £ 5.6
dec-RRLL-CMK + ribavirin low ........ccceceuevviccuennccnennnd 89.5£6.2
dec-RRLL-CMK + ribavirin high ..o 822 +55

“ Cells were treated with 12.5 pM of dec-RRLL-CMK and ribavirin at a low
dose (50 pM) and a high dose (400 wM) for 48 h, and cell viability assessed by
CellTiter-Glo assay. The relative cell viability was calculated using the dimethyl
sulfoxide control for normalization (means * standard deviations; n = 3).

able to confirm (data not shown). The reasons for this discrep-
ancy are currently unclear but might be related to the signifi-
cantly lower multiplication rate of rTLCMV-VSV G due to
attenuation (32). Since the S1P-deficient SRD12B cells were
supplemented with cholesterol, the impaired multiplication of
rLCMV-RRRR might be unrelated to S1P-dependent choles-
terol homeostasis. In the host cell, S1P is also crucial for the
processing of the activation transcription factor ATF6 impli-
cated in the host cell’s ER stress response. We currently cannot
exclude the possibility that the effect is related to the cell’s
ability to cope with ER stress that may occur during arenavirus
infection. The roles of ATF6 and the cell’s ER stress response
in the context of arenavirus infection are currently under in-
vestigation in our laboratory.

The availability of a furin-dependent, S1P-independent LCMV
variant allowed the evaluation of the specific antiviral effect of
dec-RRLL-CMK mediated by blocking of S1P-dependent
arenavirus GPC processing. Despite the consistent detection of
circa 5% residual cleaved GPC in rfLCMV-RRLA-infected
cells treated with the maximal concentration of dec-RRLL-
CMK used, we observed a marked reduction of cell-to-cell
propagation of infection and infectious-virus production. Due
to the oligomeric structure of the LCMV GP, which resembles
other class I fusion-active viral GPs (10), partial GPC cleavage
may perturb the function of GP oligomers, e.g., GP-mediated
fusion in acidified endosomes during viral entry, resulting in a
significant antiviral effect even with only partial inhibition of
processing. Combination with ribavirin, which is currently the
only drug used clinically to treat arenavirus infections in hu-
mans (16, 24, 47), resulted in additive antiviral effects. This
finding suggests that combined drug therapy with ribavirin and
inhibitors of GPC processing may allow the use of lower doses,
which would reduce unwanted side effects of the drug.

A major concern with each novel class of antiviral drugs is
the frequent emergence of resistant virus variants. This is also
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FIG. 7. Extinction of WT LCMV from S1P-deficient cells. (A) Persistent infection of LCMV-WT, rLCMV-RRLA, and r[LCMV-RRRR in
S1P-deficient cells. Triplicates of S1P-deficient SRD12B cells and WT CHOKI1 cells were infected with WT LCMV (LCMV-WT), rLCMV-RRLA,
and TLCMV-RRRR at an MOI of 1 and passaged every 4 days. At the indicated times, virus titers were determined by IF assay on VeroE®6 cells.
One representative example out of three independent experiments is shown. (B) Triplicates of S1P-deficient SRD12B and CHOKI1 cells were
infected with LCMV-WT, rILCMV-RRLA, and r[LCMV-RRRR at an MOI of 1. After 3 days, conditioned tissue culture supernatant was mixed
1:1 with fresh medium and used to infect fresh monolayers of cells. For each passage, virus titers in supernatants were determined as for panel
A. Note the extinction of LVMV-WT and rLCMV-RRLA in S1P-deficient cells.

a problem with arenaviruses, whose error-prone RNA-depen-
dent RNA polymerases facilitate rapid virus evolution and
adaptation to changes in the environment, e.g., the presence of
antiviral drugs (50). Arenaviruses establish long-term persis-
tent infections in mammalian cells in culture. This provided us
with an experimental setting that allowed the selection of viral
variants whose GPCs could be processed by another protease.
In cells deficient in S1P, the furin-dependent LCMV variant
established persistent infection with production of high titers
of infectious virus for several weeks. In contrast, persistently
WT LCMV- and rLCMV-RRLA-infected S1P-null cells pro-
duced negligible or undetectable infectivity despite a contin-
ued presence of intracellular viral antigen. A similar effect was
previously observed in our laboratory with S1P-deficient cells
infected with the New World arenavirus JUNV vaccine strain
Candid 1 (37). Moreover, serial passages of ILCMV-RRRR in
S1P-null cells maintained productive virus infection, whereas
WT LCMV and rLCMV-RRLA underwent rapid and consis-
tent virus extinction after a few passages. Together, the data
suggest that the emergence of S1P-independent viral escape

variants is an unlikely event. The reasons for this are currently
unclear. In theory, an escape variant in S1P-deficient cells will
be generated when a processing pathway involving a protease
other than S1P becomes operational. This may require some
types of mutations at the protease recognition site, but also
likely elsewhere in GPC, as S1P recognition appears to involve
amino acid residues of GPC outside of the actual protease
recognition site (30). In a follow-up to the present study, we
aim to characterize the GPC variants present in the low-titer
infectious virus released from persistently infected S1P-null
cells. It will be interesting to identify specific mutations that
allow LCMV to grow independently of S1P and to test the
competitive fitness of these viral variants.

The key role of S1P in productive infection with human-
pathogenic arenaviruses, 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
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GPC while having minimal effects on the processing of other
cellular substrates of S1P has, of course, the highest priority.
However, hemorrhagic fevers caused by arenaviruses in hu-
mans are acute diseases with a relatively rapid course of infec-
tion (12, 23). Consequently, drug intervention to treat hemor-
rhagic arenaviruses would be restricted to short periods.
Dietary supplementation of cholesterol and other lipids for
patients in intensive care would counteract the effects of S1P
inhibitors on lipid metabolism. Further, cells deficient in S1P
are still able to mount an ER stress response at circa 30% of
that observed in WT cells (53), indicating that short-term in-
hibition of the S1P activity is unlikely to result in unacceptable
levels of cell and tissue toxicity. Therefore, candidate drugs
that lack absolute specificity and to some degree affect the
processing of cellular targets of S1P may still represent impor-
tant candidates to be evaluated as antiviral drugs.
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