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Cyclophilin Inhibitors Block Arterivirus Replication by Interfering
with Viral RNA Synthesis
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Virus replication strongly depends on cellular factors, in particular, on host proteins. Here we report that the replication of the
arteriviruses equine arteritis virus (EAV) and porcine reproductive and respiratory syndrome virus (PRRSV) is strongly affected
by low-micromolar concentrations of cyclosporine A (CsA), an inhibitor of members of the cyclophilin (Cyp) family. In infected
cells, the expression of a green fluorescent protein (GFP) reporter gene inserted into the PRRSV genome was inhibited with a
half-maximal inhibitory concentration (IC;,) of 5.2 uM, whereas the GFP expression of an EAV-GFP reporter virus was inhib-
ited with an IC;,, of 0.95 uM. Debio-064, a CsA analog that lacks its undesirable immunosuppressive properties, inhibited EAV
replication with an IC,, that was 3-fold lower than that of CsA, whereas PRRSV-GFP replication was inhibited with an IC, simi-
lar to that of CsA. The addition of 4 nM CsA after infection prevented viral RNA and protein synthesis in EAV-infected cells, and
CsA treatment resulted in a 2.5- to 4-log-unit reduction of PRRSV or EAV infectious progeny. A complete block of EAV RNA
synthesis was also observed in an in vitro assay using isolated viral replication structures. The small interfering RNA-mediated
knockdown of Cyp family members revealed that EAV replication strongly depends on the expression of CypA but not CypB.
Furthermore, upon fractionation of intracellular membranes in density gradients, CypA was found to cosediment with membra-
nous EAYV replication structures, which could be prevented by CsA treatment. This suggests that CypA is an essential component

of the viral RNA-synthesizing machinery.

he replication of RNA viruses strongly depends on their suc-

cessful interplay with the host cell at multiple levels. By now, a
wide variety of host cell proteins have been implicated in RNA
virus replication, and some of these might, in fact, constitute in-
teresting targets for antiviral therapy (1). Thus, the possibility to
target host factors rather than viral proteins is receiving increasing
attention as an alternative and promising antiviral approach (re-
viewed in references 2 and 3). In contrast to antiviral therapy that
aims to inhibit viral protein functions, the use of drugs targeting
host factors should not lead to drug resistance, which is a common
problem when combating RNA viruses, due to their high muta-
tion rate and potential for rapid adaptation.

The drug cyclosporine (CsA) was previously found to inhibit
the replication of a number of RNA viruses (4-8). Recently, mul-
tiple laboratories, including our own, reported that the replication
of various (human) coronaviruses, including the severe acute re-
spiratory syndrome coronavirus (SARS-CoV), can also be inhib-
ited by CsA treatment (9-11). This drug affects the function of
several members of the cellular cyclophilin (Cyp) protein family,
which consists of peptidyl-prolyl isomerases (PPIases) that act as
chaperones to facilitate protein folding and are involved in protein
trafficking and immune cell activation (12, 13). Although Cyps
share many similarities in terms of structure and activity, impor-
tant differences in specific functions and subcellular localization
have been documented (12). In line with the inhibition of virus
replication by CsA, Cyp family members were identified to be
essential host factors in the replicative cycle of several virus groups
(reviewed in reference 14).

The drug CsA has been widely used as an immunosuppressant,
e.g., in organ transplant patients (15), as its binding to various
Cyps impairs calcineurin activity and abrogates the T-cell re-
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sponse. As Cyps appeared to be relevant targets for antiviral ther-
apy, several Cyp inhibitors that lack the immunosuppressive
properties of CsA, which would be an undesirable side effect dur-
ing antiviral therapy, have been developed. The efficacy of several
such compounds, e.g., Debio-025 and NIM811, is currently being
explored in clinical trials for the treatment of hepatitis C virus
(HCV) infection (16-18).

Since the replication of coronaviruses like SARS-CoV is inhib-
ited by CsA (9, 10), we investigated whether this drug also inhibits
the distantly related arteriviruses, which together with the coro-
navirus and ronivirus families constitute the order Nidovirales
(19). The arterivirus porcine reproductive and respiratory syn-
drome virus (PRRSV) is one of the leading veterinary pathogens,
causing an estimated annual loss of $664 million in the swine
industry in the United States alone (20). Equine arteritis virus
(EAV), in addition to being a relevant horse pathogen, has been
used for decades as a model to dissect the molecular details of
arterivirus and nidovirus replication (21).

Arteriviruses are positive-stranded RNA viruses with a genome
size of about 13 to 16 kb (22). Their complex genome expression
strategy involves genome translation to produce the polyprotein
precursors for the viral nonstructural proteins (nsps) as well as the
synthesis of a nested set of subgenomic (sg) mRNAs to express the
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structural proteins (23). The viral nsps, presumably together with
various host factors, are thought to assemble into membrane-as-
sociated replication and transcription complexes (RTCs) that
drive viral RNA synthesis (for recent reviews, see references 22 and
24). Arterivirus RNA synthesis was reported to be associated with
a virus-induced network of endoplasmic reticulum (ER)-derived
membrane structures, including large numbers of double-mem-
brane vesicles (25). Many arteriviral proteins were found to be
associated with these membrane structures, on which viral RNA
synthesis was found to depend (26, 27). However, thus far, the
identity and role of proviral host factors involved in the replicative
cycle of arteriviruses have remained largely unexplored.

Using EAV and PRRSV, our studies on the inhibition of nidovirus
replication by CsA have now been extended to arteriviruses and ex-
plored the mechanism of action of the compound in more detail. We
show that low-micromolar concentrations of CsA can fully block ar-
terivirus RNA synthesis and that the nonimmunosuppressive cyclo-
philin inhibitor Debio-064 is an even more potent inhibitor. These
compounds probably exert their effect through their inhibition of
CypA, as RNA interference (RNAi)-mediated knockdown of CypA
strongly affected EAV RNA synthesis and CypA was found to cosedi-
ment with EAV replication structures.

MATERIALS AND METHODS

Cell culture, infection, and virus titration. BHK-21 (28), Vero E6 (29),
and MARC-145 (30) cells were cultured as described previously. 293/
ACE2 cells (31) were cultured in Dulbecco’s modified Eagle’s medium
(DMEM; Lonza) supplemented with 8% fetal calf serum, 100 U/ml of
penicillin, 100 pg/ml of streptomycin, 2 mM L-glutamine, and 12 pwg/ml
blasticidin (PAA Laboratories). A cell culture-adapted derivative of the
EAV Bucyrus isolate (32) and green fluorescent protein (GFP)-expressing
recombinant EAV (33) were used to infect monolayers of BHK-21, Vero
E6, and 293/ACE2 cells at a multiplicity of infection (MOI) of 5, as de-
scribed previously (28, 29). MARC-145 cells were infected with a GFP-
expressing recombinant PRRSV (SD01-08-GFP) atan MOI of 0.1, as pre-
viously described (34). EAV titers in cell culture supernatants were
determined by plaque assay on BHK-21 cells (28), whereas PRRSV titers
were determined by fluorescent focus assay (FFA) on MARC-145 cells, as
described previously (35). For half-maximal inhibitory concentration
(ICs,) determinations, cells were grown in black 96-well plates (Greiner),
infected with EAV-GFP or PRRSV-GFP, and treated with compounds in
octuplet. GFP reporter expression was quantified by measuring the fluo-
rescence in a 96-well plate reader, using an excitation wavelength of 485
nm and an emission wavelength of 535 nm.

Antibodies and drugs. Rabbit polyclonal antibodies against CypA
(Abcam), CypB (Abcam), and calnexin (BD), a goat polyclonal antiserum
against GAPDH (glyceraldehyde-3-phosphate dehydrogenase; Santa
Cruz), and a mouse monoclonal antibody (MAb) against 3-actin (Sigma)
were used. Rabbit antisera recognizing the EAV replicase subunits nsp3
(36) and nsp9 (27) and the EAV membrane (M) protein (29) and a MAb
against the EAV nucleocapsid (N) protein (37) have been described pre-
viously. The cyclophilin inhibitors CsA (Sigma) and Debio-064 (Debio-
pharm, Switzerland) were dissolved in dimethyl sulfoxide (DMSO). CsA
was stored as a 50-mg/ml stock at —20°C, and Debio-064 was stored as a
10 mM stock at 4°C in aliquots for single use. The IC, of inhibitors was
calculated with GraphPad Prism (version 5) software using a nonlinear
regression model.

Immunofluorescence microscopy. EAV-infected or mock-infected
BHK-21 cells, grown on coverslips at 39.5°C, were fixed with 3% paraform-
aldehyde in phosphate-buffered saline (PBS), permeabilized with 0.1%
Triton X-100, and processed for immunofluorescence microscopy as de-
scribed previously (26). Specimens were examined with a Zeiss Axioskop
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2 fluorescence microscope with an Axiocam HRc camera and Zeiss Axio-
vision (version 4.4) software.

Western blot analysis. After SDS-PAGE, proteins were transferred to
Hybond-LFP membranes (GE Healthcare) by semidry blotting. Mem-
branes were blocked with 1% casein in PBS containing 0.1% Tween 20
(PBST) and were incubated with anti-nsp3 (1:2,000), anti-nsp9 (1:2,000),
anti-M (1:2,000), anti-N (1:10,000), anti-CypA (1:1,000), anti-CypB (1:
2,000), or anti-B-actin (1:50,000) antiserum diluted in PBST with 0.5%
casein. Biotin-conjugated swine anti-rabbit IgG (1:2,000) or goat anti-
mouse IgG (1:1,000) antibodies (Dako) and Cy3-conjugated mouse anti-
biotin (1:2,500) antibodies were used for detection. Blots were scanned
with a Typhoon 9410 imager (GE Healthcare) and analyzed with
ImageQuant TL software.

Isolation of EAV RTC-containing replication structures and in vitro
RNA synthesis assays. EAV replication structures were isolated from
BHK-21 or Vero E6 cells, and in vitro RNA synthesis assays were per-
formed essentially as described previously (27). In short, approximately
1 X 10® EAV-infected BHK-21 or Vero E6 cells were harvested at 6 or 7 h
postinfection (p.i.), and cells were lysed to obtain a postnuclear superna-
tant (PNS) (27). A standard in vitro RNA synthesis assay mixture con-
tained 20 ul of PNS (the equivalent of 6 X 10* cells) from EAV-infected
BHK-21 cells, 5 ul of an inhibitor solution, or 5 ul of RTC dilution buffer
(control). Following gel electrophoresis, >*P-labeled reaction products
were analyzed by denaturing agarose gel electrophoresis and by exposing
a PhosphorImager screen directly to the dried gel, after which screens
were scanned with a Typhoon 9410 imager (GE Healthcare), and incor-
poration of label was quantified using ImageQuant TL software.

Density gradient fractionation. Subcellular fractionation of PNS was
performed in continuous 0 to 30% OptiPrep density gradients in RTC
dilution buffer. The gradients were prepared in 13.2 ml Ultra-Clear cen-
trifugation tubes (Beckman Coulter) using a Gradient Master gradient
former (Biocomp). One milliliter of PNS from Vero E6 cells was carefully
loaded on top of the preformed gradient. After centrifugation for 17 h at
48,000 X g in an SW41 rotor at 4°C, the gradient was fractionated into
0.5-ml fractions. The density of each fraction was determined with a re-
fractometer (GETI).

Metaboliclabeling of viral RNA synthesis. Labeling of viral RNA with
[PH]uridine was performed essentially as described previously (38).
Briefly, at 4.5 h p.i.,, 4 X 10° EAV-infected BHK-21 cells in 4-cm? dishes
were given medium containing 10 pg/ml actinomycin D (ActD; Sigma-
Aldrich) and either 4 uM CsA or 0.01% DMSO as a solvent control. After
1 h, viral RNA synthesis was labeled by adding 100 wCi of [*H]uridine to
the medium. The *H-labeled RNAs were isolated, separated in denaturing
agarose gels, and visualized by fluorography. To verify that equal amounts
of total RNA were loaded, the gel was hybridized with a **P-labeled oli-
gonucleotide probe (5-TTCACGCCCTCTTGAACTCTCTCTTC-3")
recognizing 28S rRNA, as described previously (27).

RNA interference. ON-TARGETplus smart-pool small interfering
RNA (siRNA) duplexes (Dharmacon) against CypA (PPIA; catalog no.
L-004979-04) and CypB (PPIB; catalog no. L-004606-00) were used to
silence CypA and CypB expression in 293/ACE2 cells. A nontargeting
siRNA (D-001810-10) was used as a control, and a GAPDH-targeting
siRNA (D-001830-10) was used to monitor transfection and knockdown
efficiency. Stock solutions of 2 uM were prepared by dissolving siRNAs in
1X siRNA buffer (Dharmacon). For transfection of cells in 96-well clus-
ters, 1 X 10* 293/ACE2 cells per well were transfected with a 100-p.l
mixture containing 100 nM siRNA, 0.2 pg DharmaFECT]1 transfection
reagent (Dharmacon), Opti-MEM reduced-serum medium (Invitrogen),
and antibiotic-free culture medium, according to the manufacturers’ in-
structions. For cells in 12-well clusters, 600-.l transfection mixtures were
used. Medium was replaced at 24 h posttransfection (p.t.) by antibiotic-
free culture medium, and at 48 h p.t., cells were infected with EAV-GFP or
wild-type (wt) EAV. Duplicate cultures were used either to prepare lysates
to analyze protein expression levels or to monitor cell viability using a
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FIG 1 Cyclosporine treatment blocks EAV-GFP and PRRSV-GEFP replication. (A) BHK-21 cells were infected with EAV-GFP at an MOI of 5, and at 1 h p.i., the
inoculum was replaced by medium containing different concentrations of CsA, as indicated on the x axis. Cells were fixed at 18 h p.i., and GFP reporter expression
was quantified and normalized to the GFP signal of control cells (100%) treated with DMSO (the solvent concentration was equal to that in cultures that received
4 pM CsA). (B) The effect of CsA on cell viability compared to the viability of untreated control cells (100%) was determined using a CellTiter 96 AQ,,¢oys
nonradioactive cell proliferation assay (Promega). Graphs show the results (average and SD) of a representative experiment performed in quadruplicate. (C)
MARC-145 cells were infected with PRRSV-GFP at an MOI of 0.1, and at 1 h p.i., the inoculum was replaced by medium with CsA. Cells were fixed at 24 h p.i.,
and GFP reporter expression was quantified and normalized to the signal in solvent-treated control cells (100%). (D) Effect of CsA on the viability of the
MARC-145 cells compared to the viability of untreated control cells (100%). Graphs show the results (average and SD) of a representative experiment (n = 8).

All experiments were repeated at least twice.

CellTiter 96 AQ,,., nonradioactive cell proliferation assay (Promega),
according to the manufacturer’s instructions.

RESULTS

EAV-GFP and PRRSV-GFP replication is inhibited by CsA. The
effect of CsA on arterivirus replication was investigated in cell
culture using two representatives of the arterivirus family, EAV
and PRRSV (European genotype). For the initial experiments, we
employed GFP-expressing recombinant viruses, since quantifica-
tion of GFP expression provides a rapid and reliable method to
detect inhibition of virus replication. BHK-21 cells were grown in
96-well plates and infected at an MOI of 5 with GFP-expressing
recombinant EAV (33). Upon removal of the inoculum (at 1 h
p-i.), medium containing 0.03 to 4 wM CsA was given, and at 18 h
p.i., cells were fixed and GFP expression was quantified. We ob-
served a strong dose-dependent inhibition of EAV-GFP replica-
tion (Fig. 1A) in the absence of significant cytotoxic effects at the
CsA concentrations used (Fig. 1B). The IC;, of CsA for EAV-GFP
replication in BHK-21 cells was determined to be 0.95 pM.

A similar experiment was performed with PRRSV-GFP in
MARC-145 cells (Fig. 1C). Although less sensitive to CsA treat-
ment than EAV-GFP, the replication of PRRSV-GFP was com-
pletely blocked at 16 wM CsA, and an ICs,, of 5.22 WM was deter-
mined. Cell viability was only slightly affected by CsA concentrations
above 4 uM (Fig. 1D).

The cyclophilin inhibitor Debio-064 blocks EAV-GFP and
PRRSV-GFP replication. Although CsA has been found to effec-
tively block the replication of various RNA viruses in cell culture
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(14), its use in antiviral therapy would be complicated by the im-
mune suppression (39) that is a major side effect. Therefore, sev-
eral alternative Cyp inhibitors that lack the immune-suppressive
properties of CsA, like SCY-635, NIM811, and Debio-025, which
all block HCV replication, have been developed (17, 18, 40).

In this study, we tested whether the nonimmunosuppressive
Cyp inhibitor Debio-064 is able to block EAV-GFP and PRRSV-
GFP replication (Fig. 2A). Debio-064 is a structurally modified
cyclosporine exhibiting an approximately 5-fold higher affinity
for CypA than CsA. Debio-064 is 300-fold less active than CsA at
inhibiting mouse T-cell proliferation induced by concanavalin A,
suggesting that the compound does not inhibit calcineurin (41).
EAV-GFP-infected BHK-21 cells (Fig. 2B) or PRRSV-GFP-in-
fected MARC-145 cells (Fig. 2D) were treated with various non-
cytotoxic concentrations of Debio-064, and viral replication was
quantified as described for CsA treatment. Compared to CsA,
Debio-064 had a stronger inhibitory effect on EAV-GFP replica-
tion. At a concentration of 0.5 wM Debio-064, the EAV-GFP sig-
nal was hardly detectable (Fig. 2A), and an IC,, 0f 0.29 M, which
is about 3-fold lower than that of CsA, was determined. For
PRRSV-GFP, an almost complete block in GFP expression was
observed at 8 wM, and an IC;, of 5.14 pM (Fig. 2C), which is
comparable to the inhibitory effect of CsA on PRRSV-GFP repli-
cation, was determined.

CsA and Debio-064 prevent arterivirus protein expression.
In our initial experiments, we tested the effect of CsA on the replica-
tion of a GFP-expressing recombinant EAV. To verify that wt EAV
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FIG 2 The CsA analog Debio-064 blocks EAV-GFP and PRRSV-GFP replication. (A) EAV-GFP-infected BHK-21 cells (MOI, 5) were incubated with various
concentrations of Debio-064 from 1 h p.i. onwards. Cells were fixed at 18 h p.i., and GFP reporter expression was quantified and normalized to the GFP signal
of control cells (100%) that were treated with DMSO (the solvent concentration was equal to that in medium containing 4 pM Debio-064). (B) Effect of
Debio-064 on BHK-21 cell viability compared to the viability of untreated control cells (100%). (C) PRRSV-GFP-infected MARC-145 cells (MOI, 0.1) were
incubated with various concentrations of Debio-064 from 1 h p.i. onwards. Cells were fixed at 24 h p.i., and GFP reporter expression was quantified and
normalized to the GFP signal of control cells (100%) that were treated with DMSO. (D) Effect of Debio-064 on MARC-145 cell viability compared to the viability
of control cells (100%). Results (average and SD) of a representative experiment performed in quadruplicate are shown, and all experiments were repeated at least

twice.

replication could also be inhibited by the drug, we analyzed wt EAV-
infected BHK-21 cells that were treated with 0.25 to 8 uM CsA. At6 h
p.1., cells were lysed and lysates were subjected to Western blot anal-
ysis. The expression of viral nonstructural proteins (the nsp5-8 pre-
cursor and nsp9) and the structural M and N proteins was hardly
detectable after 4 WM CsA treatment, while a clear reduction in pro-
tein expression could already be observed at 2 uM CsA (Fig. 3A). As
observed for EAV-GFP, Debio-064 had a stronger inhibitory effect
than CsA on the replication of wt EAV. Viral protein expression was
clearly reduced in the presence of 0.5 WM the drug and became almost
undetectable at 1 uM Debio-064 (Fig. 3B).

The effect of CsA and Debio-064 was further characterized by
immunofluorescence microscopy of infected cells. For wt EAV,
double-stranded RNA (dsRNA) (data not shown) and viral pro-
teins were undetectable after a dose of 4 uM CsA (Fig. 3C) or 1 pM
Debio-064 (Fig. 3D). In the case of PRRSV-GFP-infected MARC-
145 cells (data not shown), maximal inhibition was observed at a
16 wM CsA dose. However, as previously observed for coronavi-
rus-infected Vero E6, 17Cl1, or Huh?7 cells (9), a small fraction of
the MARC-145 cells remained capable of supporting PRRSV-GFP
replication, even at high CsA doses of up to 64 pM (data not
shown). We did not observe such a small, residual population of
apparently drug-insensitive cells in EAV-infected BHK-21 cul-
tures treated with either CsA or Debio-064 (Fig. 3C and D).

CsA and Debio-064 block the production of arterivirus infec-
tious progeny. To assess the extent to which CsA and Debio-064
treatment affected infectious progeny titers, we performed plaque
assays to measure EAV titers at 12 h p.i. using supernatants from
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infected (MOL, 5) BHK-21 cells that had been treated with CsA or
Debio-064 (Fig. 4A). CsA strongly reduced EAV progeny titers,
with an almost 4-log-unit reduction at 4 uM CsA. Treatment
probably completely abolished virus production, as the titers ob-
served after treatment with 4 .M CsA were similar to those mea-
sured at 1 h p.i., which likely reflected the remainder of the high-
MOI inoculum used (data not shown). These data correlated well
with the barely detectable expression of the nsp5-8, nsp9, and the
M and N proteins and the lack of dsRNA after treatment with 4
M CsA (Fig. 3A and C). Treatment with Debio-064 also resulted
in an ~4-log-unit reduction of infectious progeny at 2 wM, while
a 2- to 3-log-unit reduction was already achieved by treatment
with 1 uM the compound.

Using a fluorescent focus assay, we also analyzed the produc-
tion of PRRSV-GFP infectious progeny in culture supernatants of
CsA-treated MARC-145 cells at 24 h p.i. As observed for EAV, the
production of PRRSV-GFP infectious progeny was affected by
CsA treatment, although significantly higher concentrations were
required. At 16 uM CsA, an ~1.5-log-unit reduction in the yield
of infectious progeny was observed, while an apparently complete
block (2.5-log-unit reduction) required a dose of 32 uM (Fig. 4B,
gray bars). Treatment with Debio-064 resulted in an ~1.5-log-
unit reduction of infectious progeny at 16 wM and an ~2.5-log-
unit reduction of infectious progeny at 32 wM (Fig. 4B, white
bars), which are comparable to the reduction in PRRSV progeny
observed upon CsA treatment.

Cyclophilin inhibitors affect EAV RNA synthesis both in
vivo and in vitro. The above-described experiments showed that
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FIG 3 CsA and Debio-064 treatment block viral protein expression in cells infected with wild-type EAV. BHK-21 cells were infected with EAV (MOI, 5) and
treated from 1 h p.i. on with CsA (A) or Debio-064 (B) at the concentration indicated above each lane. Cells were lysed at 6 h p.i., and viral protein expression
was analyzed by SDS-PAGE and Western blotting with antibodies against nsp9 and nsp5-8, the M protein, and the N protein. B-Actin was used as a loading
control. For immunofluorescence microscopy, mock-infected or EAV-infected and CsA-treated (C) or Debio-064-treated (D) cells were fixed at 6 h p.i. and
stained with an anti-nsp3 antiserum. The drug concentrations used are indicated in each panel. Bars, 50 pm.

CsA can effectively block both EAV and PRRSV replication in cell
culture. To establish that this lack of viral protein synthesis was
due to a block of viral RNA synthesis, we measured the effect of
CsA treatment on EAV RNA synthesis in infected Vero E6 cells in
vivo, by metabolic labeling with [*H]uridine (in the presence of
actinomycin D). When 4 pM CsA was given at 4.5 h p.i., ’H in-
corporation into viral RNA during a pulse-labeling from 5.5 to 6.5
h p.i. was reduced to 8% of the incorporation measured for non-
treated control cells (Fig. 5A). To obtain more insight into the
mechanism by which CsA inhibits arterivirus replication, we
tested its effect in a previously developed in vitro assay to study the
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RNA-synthesizing activity of semipurified EAV RTCs (27). These
assays were performed with PNS from EAV-infected BHK-21
cells, and the reactions, during which **P-labeled CTP is incorpo-
rated into viral RNA, were conducted in the presence of various
concentrations of CsA. In the absence of the drug, in vitro synthe-
sis of EAV genomic and sg RNAs was observed (Fig. 5B, lane 1), as
documented previously (27). RNA-synthesizing activity was com-
pletely abolished when the reaction was performed in the presence
of 12 uM CsA (lane 4), while a >50% reduction of viral RNA
synthesis was observed in the presence of 8 puM CsA (lane 3).
Comparable results were obtained with Debio-064, which also
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various concentrations of CsA (gray bars) or Debio-064 (white bars) from 1 h p.i. onwards, and virus titers in the culture medium at 12 h p.i were determined
by plaque assay. (B) MARC-145 cells infected with PRRSV-GFP (MOJ, 0.1) were treated from 1 h p.i. onwards with CsA (gray bars) or Debio-064 (white bars)
at the concentrations indicated below the x axis, and virus titers in the medium at 24 h p.i. were determined by fluorescent focus assay.

caused a >50% reduction of EAV RTC activity at about 8 uM and ~ family. In particular, CypA and CypB have been implicated in the
acomplete inhibition at 16 uM (Fig. 5C,lanes 3 and 5). These data  replication of several viruses (reviewed in reference 14). We there-
strongly suggest that Cyp inhibitors can directly affect the RNA-  fore analyzed the effect of siRNA-mediated knockdown of CypA
synthesizing capacity of the membrane-associated EAV RTCs in  and CypB expression levels on the replication of EAV-GFP. We
PNS samples. We recognize that the concentrations needed to  made use of the same human 293/ACE2 cells that we previously
fully block EAV RTC activity in vitro are ~3-fold higher than used to study the role of Cyps in SARS-CoV replication (9). This
those required to block virus replication in cell culture. This might  cell line was also susceptible to EAV infection, although only
be due to differences in the experimental setup, as the PNS used  ~40% of the cells became GFP positive after infection with EAV-
for the in vitro reaction constituted a concentrated preparation of ~ GFP at a high MOI, as judged by immunofluorescence micros-
RTCs (and host factors), and reaction conditions might influence  copy of infected cells fixed at 8 h p.i. (data not shown).
the interaction between Cyps and their inhibitor. Knockdown of CypA and CypB expression was monitored by
EAV replication depends on cyclophilin A. CsA is known to  Western blotting, and an ~80% reduction of expression com-
inhibit the PPIase activity of several members of the cyclophilin  pared to the level in control cells transfected with a nontargeting
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FIG 5 The in vitro and in vivo RNA-synthesizing activity of EAV RTCs can be blocked by CsA or Debio-064 treatment. (A) Metabolic labeling of EAV-infected
cells with [*H]uridine at between 5.5 and 6.5 h p.i. in the presence or absence of 4 uM CsA. Total RNA was isolated, analyzed in denaturing agarose gels, and
detected by fluorography. The amount of [*H]uridine that was incorporated into viral genomic RNA was quantified and normalized to that in EAV-infected,
untreated control cells (100%). 28S rRNA detected by hybridization with a **P-labeled probe (bottom) was used as a control to correct for variations in loading
during viral RNA quantification. (B and C) Semipurified RTCs isolated from EAV-infected BHK-21 cells at 6 h p.i. were used in an in vitro RNA synthesis assay
in which [**P]CTP was incorporated into viral RNA. Reactions, performed in the presence of various concentrations of CsA (B) or Debio-064 (C), as indicated
above the lanes, were terminated after 100 min. RNA was isolated, and reaction products were analyzed in denaturing formaldehyde agarose gels. The positions
of the genomic RNA (position 1) and subgenomic RNAs (positions 2 to 7) are indicated next to the gels.
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with nontargeting siRNA. (D) Virus titers at 32 h p.i. in the culture medium of cells transfected with the siRNAs indicated below the graph and infected at 48 h

posttransfection with wt EAV at an MOI of 0.01.

control siRNA was typically observed (Fig. 6A). Depletion of
CypA or CypB did not have a significant effect on cell viability
during the 48 h of the knockdown experiment (Fig. 6B). Com-
pared to control cells, knockdown of CypB expression did not
influence GFP reporter expression when these cells were infected
with EAV-GFP, in which GFP fluorescence was measured at 24 h
p.i. (Fig. 6C). In contrast, knockdown of CypA resulted in an
~60% reduction of the GFP signal in EAV-GFP-infected cells
compared to that in the control cells (Fig. 6C). Furthermore, at 32
h p.i., wt EAV titers in the culture medium of infected 293/ACE2
cells (MOI, 0.01) that had been depleted for CypA showed an
~4-fold decrease in virus progeny compared to control cells (Fig.
6D). These data strongly suggest that EAV replication and the
production of virus progeny depend on the availability of the host
factor CypA.

Cyclophilin A cosediments with EAV RTCs. Since our RNAi
experiments suggested that EAV RNA synthesis depends on the
availability of CypA, we investigated whether CypA cosediments
with EAV RTC-containing membranes. We therefore fraction-
ated PNSs from EAV-infected and mock-infected Vero E6 cells in
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a 0 to 30% OptiPrep density gradient. Gradient fractions were
analyzed by Western blotting using antisera against CypA, CypB,
several EAV nsps, and various organelle marker proteins (Fig. 7).
Densities in the gradient ranged from 1.04 g/ml to 1.18 g/ml (Fig.
7A), and the low-density fractions of both EAV-infected and
mock-infected PNSs contained the cytosolic marker GAPDH,
while several organelle markers, like the ER protein calnexin and
the mitochondrial marker CoxIV (data not shown), were found in
higher-density fractions (Fig. 7B and C). This confirmed the sep-
aration of membrane-containing fractions from the cytosol. The
membrane-associated EAV RTCs, detected with an antiserum di-
rected against nsp9 (RNA-dependent RNA polymerase [RdRp]),
sedimented at densities of about 1.15 g/ml (Fig. 7C). The nsp9-
containing fraction also contained significant amounts of the nor-
mally cytosolic CypA (Fig. 7C). Upon density gradient fraction-
ation of PNSs from uninfected cells, CypA was found only in the
low-density cytosolic fractions (Fig. 7B), but in PNSs from EAV-
infected cells, a fraction of CypA was found to cosediment with the
RTC-containing membranes (compare fractions 3 in Fig. 7B and
C). CypB, being an ER-associated protein, was observed in the
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of the fractions were determined with a refractometer. (B) Distribution of
CypA, CypB, the cytosolic marker protein GAPDH, and the ER marker protein
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Western blotting. (C) Distribution of CypA, CypB, the cytosolic marker pro-
tein GAPDH, the ER marker protein calnexin, and EAV RdRp nsp9 in density
gradient fractions of EAV-infected cells analyzed by Western blotting. (D)
Before loading on a 0 to 30% OptiPrep gradient, PNS was pretreated with 12
M CsA for 30 min on ice. Western blot analysis was used to determine the
sedimentation of CypA, the ER marker protein calnexin, and the cytosolic
marker protein GAPDH in nsp9-containing membrane fractions of CsA-
treated and untreated PNSs and a fraction with the same density prepared
from mock-infected cells.
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high-density gradient fractions of both mock- and EAV-infected
cell lysates (Fig. 7B). Therefore, the protein was present in the
fractions containing the EAV RTCs, in particular, in the nsp9-
containing fraction (Fig. 7C, fractions 3 and 4), but was clearly
more dispersed in the gradient with mock-infected PNSs.

To analyze whether CsA can prevent the cosedimentation of
CypA with EAV RTCs, we pretreated the PNSs from EAV-infected
cells with CsA at 12 puM—the concentration that completely in-
hibited EAV RTC activity in vitro—for 30 min on ice before sep-
arating the material in an OptiPrep density gradient. Subse-
quently, the high-density nsp9-containing membrane fractions
were analyzed for the presence of CypA by Western blotting (Fig.
7D). In the absence of CsA, a clear cosedimentation of CypA and
nsp9 was observed, while CypA was no longer detectable in the
high-density nsp9-containing fraction of CsA-treated lysates. This
suggests that CsA can prevent the cosedimentation of CypA with
the membrane-associated EAV RTCs.

DISCUSSION

Our study shows that arterivirus replication can be inhibited by
the cyclophilin inhibitor CsA and the nonimmunosuppressive
CsA analog Debio-064, which inhibit EAV RNA synthesis, likely
through their effect on the host protein CypA that appears to be
recruited to EAV RTCs. CsA inhibits the PPIase function of CsA-
sensitive Cyp family members, like CypA, by binding to their ac-
tive site (13). We show here that low-micromolar concentrations
of CsA can block the replication of both EAV and PRRSV, two
prominent representatives of the arterivirus family. PRRSV-GFP
replication was inhibited with an IC5, of 5.22 wM, and an almost
complete block was observed upon treatment with 16 pM CsA
(Fig. 1C). These values are comparable to those previously ob-
served for the inhibition of coronavirus replication by CsA (9, 10).
Compared to PRRSV and coronaviruses, the inhibitory effect of
CsA was even stronger for EAV, for which we calculated an IC;, of
0.95 M (Fig. 1A). The IC,,s obtained for arteriviruses are in the
range of those observed for other viruses, like HCV (7, 42), several
flaviviruses (8), vaccinia virus (43), and HIV-1 (5). A remarkable
and yet not understood phenomenon is that a small fraction (1 to
5%) of PRRSV-infected MARC-145 cells and, previously, corona-
virus-infected Vero E6, 17Cl1, or Huh7 cells (9) appeared to be
refractive to CsA treatment, even at high concentrations. This ef-
fect was not observed for EAV-infected BHK-21 cells (Fig. 3C),
which might be explained by the higher sensitivity of EAV to the
compound. In any case, the fact that the distantly related corona-
viruses (9, 10) and arteriviruses can both be inhibited by CsA
suggests the nidovirus-wide conservation of a cyclophilin-depen-
dent function in viral replication.

Previously, CsA was found to inhibit the replication of a variety
of RNA viruses, including important human pathogens like HCV,
HIV-1, and dengue virus (reviewed in reference 14). For example,
both CypA and CypB were found to specifically interact with the
flaviviral nonstructural proteins NS5A and NS5B, and these inter-
actions are sensitive to CsA treatment (6, 44—46). In the case of
the interaction of CypA with HCV NS5A, the PPIase activity of the
former was proposed to induce a conformational change in the
latter (47) that promotes RNA binding to NS5A and enhances
RNA replication (48). Chatterji et al. reported that, in addition to
the CypA-NS5A interaction, HCV replication also depends on the
binding of CypA to the enzymatic pocket of NS5B, the viral RdRp,
thus enhancing its affinity for RNA. On the other hand, PPIase-
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defective CypA failed to interact with HCV NS5B (49), suggesting
that the isomerase activity of CypA is an essential factor in the
interaction with NS5B that promotes HCV replication. Liu et al.
showed that the binding of CypA to NS5B mediates the proper
folding of enzymatically active NS5B and facilitates the incorpo-
ration of the latter into replication complexes. The interaction
between CypA and NS5B can be inhibited by CsA (50). In addi-
tion, Kaul et al. showed that the development of resistance against
the Cyp inhibitor Debio-025 involved mutations (V2440A and
V2440L) in HCV NS5B that are close to the NS5A/NS5B cleavage
site. These are thought to delay processing of the NS5A/NS5B
junction, thus extending the time during which the CypA binding
site in NS5B is accessible (51). As a result, smaller amounts of
CypA would suffice to mediate the proper folding of NS5B and its
incorporation into replication complexes. Similar functions were
attributed to CypB, since the interaction between CypB and NS5B
was also found to be essential for RNA binding by NS5B and for
HCV replication as a whole (52). Furthermore, Japanese enceph-
alitis virus replication depends on the binding of CypB to NS4A
and on CypB isomerase activity (6). For a number of RNA viruses,
CypA was found to be incorporated into newly formed virions,
although the functional relevance of this finding remains to be
addressed in more detail (4, 53, 54). CypA also interacts with the
SARS-CoV N protein (55), suggesting that the protein could be
incorporated into virions (55), although coronavirus N proteins
have also been implicated in viral RNA synthesis (56, 57) and are
associated with intracellular replication structures (58).

We show here that expression of CypA is required for efficient
EAV replication, as siRNA-mediated knockdown of CypA drasti-
cally reduced EAV-GFP replication (Fig. 6), while targeting CypB
or Cyp40 (Fig. 6 and data not shown) had no effect. The impor-
tance of the normally cytosolic CypA was further substantiated by
its cosedimentation with RTC-containing membrane structures
in the high-density gradient fractions of EAV-infected cell lysates.
In such gradients, the sedimentation of the ER marker protein
calnexin was essentially similar when comparing infected and
mock-infected PNSs (Fig. 7B and C). Furthermore, CsA treatment
was able to prevent the sedimentation of CypA to the part of the
gradient that also contained the EAV RTCs, following their bio-
chemical isolation from infected cells (Fig. 7D), and the in vitro
RNA-synthesizing activity of such replication structures was
found to be inhibited by CsA and Debio-064 (Fig. 5B and C). The
distribution of CypB appeared to be less dispersed in gradients
containing infected cell lysates than in those containing mock-
infected lysates, even though EAV-GFP replication was not af-
fected by the siRNA-mediated knockdown of CypB levels (Fig. 6).
This suggests that although the subcellular localization of CypB
might be affected by the extensive EAV-driven modification of
intracellular membranes (25), this does not have a measurable
effect on virus replication. By using fluorescence microscopy, co-
localization of CypA and viral RTCs could not be observed, pre-
sumably because the fraction of CypA that localizes to replication
structures is too small (data not shown). Interestingly, we previ-
ously could not measure an effect on SARS-CoV replication when
CypA or CypB expression was (largely) silenced (9) in the same
293/ACE2 cells used here for our EAV studies. The ~20% residual
Cyp expression that remained after siRNA-mediated knockdown
may have been sufficient to support normal SARS-CoV replica-
tion, whereas it appears to have been insufficient to support the
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efficient replication of the apparently more sensitive EAV, in line
with the higher sensitivity of this arterivirus to CsA treatment.

Asreported for HCV (48-50), the association of CypA with the
EAV replication structures suggests the existence of a functional—
presumably PPIase activity-dependent—interaction that is essen-
tial for virus replication. This member of the cyclophilin protein
family appears to directly promote the RNA-synthesizing activity
of the EAV RTC (Fig. 5). Based on studies that analyzed binding
sites for CypA using a set of 40 potential CypA-inhibiting peptides
(59), we identified several potential CypA binding sites in EAV
nsp10, the viral helicase protein. A functionally important inter-
action with such a key enzyme in arterivirus RNA synthesis could
certainly explain that efficient EAV replication depends on the
availability of sufficient CypA. Clearly, at this moment, we cannot
exclude (direct or indirect) interactions with any of the other viral
proteins, including—in analogy to HCV (49)—the viral RdRp
subunit (nsp9). In line with the ideas regarding the influence of
CypA on the RNA-binding capacity of HCV NS5A and NS5B,
EAV RTC-associated CypA may be involved in the proper folding
or activation of viral enzymes and/or their binding to viral RNA,
which might directly affect their function in RNA synthesis.

CsA analogs like Debio-025, NIM811, and SCY635, which have
an increased affinity for Cyps and lack the undesired immunosup-
pressive effect of CsA (17, 18, 40), can be considered promising
antiviral compounds, as they could block HCV replication almost
completely and resistance to these compounds does not easily
develop compared to the ease of resistance development by inhib-
itors directly targeting viral enzymes (60). In our study, we com-
pared the inhibition of EAV and PRRSV replication by CsA with
that caused by the nonimmunosuppressive CsA analog Debio-
064. For Debio-064, we obtained an IC5, of 0.32 M, 3-fold lower
than that of CsA (Fig. 2), which is in line with Debio-064’s higher
affinity for Cyps. We also observed an inhibitory effect of Debio-
064 on PRRSV-GFP replication, although in contrast to EAV, its
ICs,, was similar to that of CsA. Therefore, not only do more po-
tent (nonimmunosuppressive) CsA analogs constitute a promis-
ing class of molecules for the treatment of viral infections, but also,
these compounds are valuable research tools for mechanistic stud-
ies into the role of cyclophilins in the replication of nidoviruses
and other positive-stranded RNA viruses.
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