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Abstract

Background—Cyclophilin A (CypA) is vital for HCV replication. Cyp inhibitors successfully
decrease viral loads in HCV-infected patients. However, their mechanisms of action remain
unknown. Since interferon (IFN) can also suppress HCV replication, we asked whether a link
between CypA and the IFN response exists.

Methods—We used cellular and recombinant pulldown approaches to investigate the possibility
of a specific association of CypA with host ligands.

Results—We found for the first time that CypA binds to a major component of the IFN response
—the IFN regulatory factor 9 (IRF9). IRF9 is the DNA-binding component of the transcriptional
IFN-stimulated gene factor 3 (ISGF3). CypA binds directly IRF9 via its peptidyl-prolyl isomerase
(PPlase) pocket. Cyp inhibitors such as cyclosporine A (CsA) or non-immunosuppressive
derivates such as alisporivir and SCY-635, prevent IRF9-CypA complex formation. CypA binds
to the C-terminal IRF-association-domain (1AD), but not to the DNA-binding or linker domains of
IRF9. Remarkably, CypA associates with the multimeric ISGF3 complex. We also obtained
evidence that CypA neutralization enhances IFN-induced transcription. Interestingly, the hepatitis
C virus (HCV) nonstructural 5A (NS5A) protein, which is known to modulate the IFN response,
competes with IRF9 for CypA binding and can prevent the formation of IRF9-CypA complexes.

Conclusions—This study demonstrates for the first time that CypA binds specifically to a
component of the Janus kinase/signal transducer and activator of transcription (JAK/STAT)
pathway - IRF9. This study also reveals a novel opportunity of HCV to modulate the IFN response
via NS5A.

INTRODUCTION

Following viral infection, IFN is produced in a biphasic fashion that involves a number of
transcription factors, including the IFN regulatory factors (IRFs) 1, 3, 7, and 9 [1-5].
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Because HCV replicates via a double-stranded RNA (dsRNA) intermediate, it activates
protein kinase R (PKR) [6, 7], IRF-1 [6, 8], and IRF-3 [8, 9] and downstream antiviral genes
that are activated by these factors [10, 11]. However, HCV persists in the liver despite
strong 1SG induction [12-15]. HCV evolved to develop multiple strategies to attenuate the
IFN response. A key player is the HCV NS3/4A protein, which cleaves the adapter
molecules TRIF and IPS-1 [16], and thereby, blocks TLR3 and RIG-I signaling [17].
Another key player is the core, which interferes with JAK/STAT signaling and 1SG
expression [18]. Another key protein, which attenuates the IFN response, is NS5A. NS5A
interferes directly with the function of 1ISGs by i) inhibiting 2°-5" oligoadenylate synthetase
(2’-5" OAS) [19]; ii) inducing IL-8, which inhibits overall 1ISG expression [20]; and iii)
inhibiting PKR function [21].

NS5A was found to interact with CypA [22—29]. Importantly, Cyp inhibitors, which bind to
the isomerase pocket of CypA, abrogate CypA-NS5A interactions and block HCV
replication both /n vitroand in vivo[23, 26, 30-33]. Interestingly, a recent study showed
that the administration of the Cyp inhibitor SCY-635 to HCV patients modulates the IFN
response [34]. Specifically, SCY-635 triggered rapid elevation of IFN, IFN 1, IFN 3, and
2’-5" OAS plasma levels [34]. These findings suggested a link between HCV, CypA and
the IFN response. We thus in this study investigated whether CypA associates directly or
indirectly with components of the IFN response.

MATERIAL AND METHODS

Drugs and plasmids

Alisporivir was obtained from Novartis, SCY-635 from SCYNEXIS, sanglifehrin B from
Biotica, and CsA, FK506 and juglone from Calbiochem. Human CypA-Strep and Flag-
TLR3 were cloned into the pcDNA3 vector. Human IRF9-HA vector was purchased from
InvivoGen, the C-terminal HA removed, an N-terminal Flag added and the Flag-IRF9
recloned into pcDNA3. All IRF9 truncations were created in the same Flag-IRF9 vector.
Flag-STAT1 and -STAT2 plasmids were obtained from A. Garcia-Sastre. Conl NS5A-Flag
plasmid was obtained from P. Targett-Adams.

Co-precipitations and liquid chromatography/tandem mass spectrometry (LC-MS/MS)

studies

Cellular precipitations followed by LC-MS/MS analyses were conducted as described in
Supplementary Material.

Interaction studies with recombinant proteins

Production of recombinant proteins, pulldown and ELISA studies were conducted as
described in Supplementary Material.

IFN-induced transcriptional studies

HepG2 cells were pretreated with DMSO, IFN (10 U), CsA (2 uM) or a combination of IFN
and CsA. Eight hours post-treatment, cells were transfected with plasmids encoding
luciferase driven either by an ISRE (Stratagene), IFNA1 or IFNA4 promoter (10 pg).
Luciferase activity was analyzed after 24 h. Relative luciferase activity was measured as
fold activation (relative to the basal level for the reporter gene in the presence of DMSO
after normalization to co-transfected relative light unit activity). The CypA knockdown was
conducted 3 days before IFN treatment as we described previously [35]. To analyze the
effect of NS5A on IFN-induced transcription, cells were transfected with NS5A plasmid (15
ug) 3 days before IFN treatment. Amounts of 2',5'-oligoadenylate synthetase (2°,5’-OAS) in
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Amicon filter-concentrated HepG2 cell lysates was quantified by ELISA (USCN Life
Science Inc) following the manufacturer’s instructions.

RESULTS

CypA and IRF9 form complexes

To investigate the possibility that CypA is linked to the IFN response, we asked whether
CypA associates with elements of the innate response. To address this issue, we fused a
Strep-tag peptide to the N-terminus of human CypA and used this fusion protein as bait to
recover CypA-interacting proteins from cell lysates of HCV-infected hepatocytes treated
with or without CsA. Bound material was analyzed by LC-MS/MS as we previously
reported [36]. Figure 1 shows identified peptides of known proteins pulled down in the
absence, but not in the presence of CsA (Figure 1A). Among them, we identified the HCV
NS5A protein (Figure 1A), further confirming that NS5A is a viral ligand for CypA [22, 23,
25-30]. Host proteins were also identified such as dynein (Figure 1A). This is in accordance
with a previous study that showed that CypA associates with the dynein/dynactin motor
protein complex [37]. Interestingly, one component of the IFN response — IRF9 [38] - was
pulled down by CypA in the absence of CsA, but not in the presence of the drug (Figure
1A). To examine whether the CypA-IRF9 association is genuine, we co-transfected 293T
cells with Flag-IRF9 and CypA-Strep plasmids, and conducted pulldowns using CypA-Strep
as bait. We used Flag-TLR3 - another component of the innate response - as negative
control. Importantly, CypA efficiently pulled down IRF9, but not TLR3 (Figure 1B). Except
IRF9, CypA-Strep was unable to pull down all exogenous tagged host proteins tested so far
including CypB, CypC, TRIMS5 alpha, TBC1D20 and c-Src (data now shown).

CypA directly binds IRF9 via its isomerase pocket

We then asked whether the association between CypA and IRF9 is direct. To test this
hypothesis, we used recombinant CypA and IRF9 and asked whether they bind together.
GST-CypA, but not GST, captures IRF9-His efficiently (Figure 1C). Similarly, IRF9-His
captures CypA, whereas CypB-His used as a negative control bait does not (Figure 1D). We
then asked whether CypA binds IRF9 by its enzymatic pocket [39, 40]. To address this
issue, we introduced the H126Q mutation into CypA that abolishes its enzymatic activity
[40]. Importantly, wild-type (GST-CypA), but not the isomerase-deficient CypA (GST-
H126Q CypA) captures IRF9 (Figure 1E). Together these data suggest that CypA binds
IRF9 specifically and directly by its isomerase pocket.

Cyp inhibitors prevent CypA-IRF9 complex formation

Since Cyp inhibitors neutralize the enzymatic activity of CypA [39, 40], we asked whether
they prevent CypA-IRF9 contacts. We used GST-CypA as bait to capture Flag-IRF9 from
cell lysates in the presence or absence of Cyp inhibitors including i) the immunosuppressive
Cyp inhibitor - CsA,; ii) two non-immunosuppressive CsA derivates - alisporivir [41] and
SCY-635 [34]; and iii) the immunosuppressive macrolide — sanglifehrin B [42]. We also
used two non-Cyp inhibitors: i) the immunophilin FKBP inhibitor — FK506 [43]; and ii) the
peptidyl-prolyl isomerase Pinl inhibitor — juglone [44]. As above, GST-CypA, but not GST,
captures Flag-IRF9 (Figure 1F). Importantly, all Cyp inhibitors blocked CypA-IRF9
interactions, whereas the non-Cyp inhibitors do not (Figure 1F). Remarkably, the Cyp
inhibitors blocked CypA-IRF9 interactions in a dose-dependent manner (Figure 1G).

CypA is acomponent of the ISGF3 complex

A critical event of the JAK/STAT pathway is the translocation of the ISGF3 complex to the
nucleus to activate antiviral genes. The ISGF3 complex is composed of at least three
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proteins — STATL, STAT2 and IRF9. We thus asked whether CypA, by interacting with
IRF9, is part of this complex. To address this issue, Huh7 cells were co-transfected with
Flag-IRF9, Flag-STAT1 and Flag-STAT2 and GST-CypA was used as bait to recover
ISGF3 components from cell lysates. Cells were treated with IFN for 24 h before cell lysis.
Importantly, GST-CypA captures all components of the ISG3 complex - IRF9, STAT1 and
STAT2 (Figure 2A, right panel). All proteins were similarly expressed (Figure 2A, left
panel). Note that cell lysates contain both exogenous and endogenous IRF9, STAT1 and
STAT2. Remarkably, CsA prevents the capture of the trimolecular complex by GST-CypA
(Figure 2A, right panel, last lane), suggesting that CypA is part of the ISGF3 complex. We
obtained similar results using CypA-Strep as bait to pull down ISGF3-tagged complexes
(data not shown). Rather than using exogenous proteins, we then used endogenous proteins.
Importantly, anti-CypA antibodies pulled down CypA together with IRF9, STAT1 and
STAT2 from lysates of IFN - treated cells (Figure 2B). CsA prevents the pulldown of IRF9,
STAT1 and STAT2 by CypA (Figure 2B). In contrast to IRF9, STAT1 and STAT2, we
found that STATS3, although well expressed in cell lysates, is not precipitated with CypA
(Figure 2B). We then asked whether the expression of IRF9 is necessary for an interaction
of CypA with STAT1 and STAT2. Specifically, we asked whether or not STAT1 and
STAT?2 are co-precipitated with CypA in parental (2fTGH) or IRF9-deficient (U2A) human
cells. We found that in the absence of IRF9, endogenous CypA fails to precipitate both
endogenous STAT1 and STAT2 (Figure 2C), suggesting that the presence of IRF9
facilitates/mediates the co-precipitation of STAT1 and STAT2 by CypA. These data suggest
that CypA is part of the ISGF3 complex even under native conditions

The IAD of IRF9 contains a CypA-binding site

We then searched for the CypA-binding region within IRF9. Parental IRF9 (1-393) contains
well-defined domains. Region 1-120 corresponds to the DNA-binding domain; region 120-
200 corresponds to a linker region; and region 200-393 corresponds to the IRF association
domain (IAD) [45]. We therefore created the following IRF9 truncated forms: 1-120, 1-
200, 120-393 and 200-393 (Figure 2D) and examined their capacities to bind CypA.
Importantly, 1-120 and 1-200 IRF9 failed to bind CypA (Figure 2E, right panel). In
contrast, 120-393 and 200-393 bind CypA well (Figure 2E, right panel). All truncated
forms were well expressed (Figure 2E, left panel). These data suggest that the IAD serves as
a major CypA-binding site. The interaction is specific since CsA blocks IAD-CypA
interactions (Figure 2E, right panel).

NS5A and IRF9 compete for CypA binding

Since CypA binds HCV NS5A [22, 23, 26, 30], we asked whether NS5A and IRF9 compete
for CypA binding. The addition of increasing concentrations of NS5A-His diminishes the
capacity of GST-CypA to capture IRF9-His (Figure 3A). The reciprocal competition
experiment led to similar results (Figure 3B). In contrast to IRF9, increasing concentrations
of BSA do not inhibit CypA-NS5A interactions (Figure 3B), demonstrating the specificity of
the NS5A/IRF9 competition. We confirmed the GST pulldown results by ELISA.
Specifically, immobilized GST-CypA captures IRF9 in the absence, but not in the presence
of increasing concentrations of NS5A (Figure 3C). Remarkably, NS5A dissociates IRF9
from CypA (Figure 3C). While amounts of IRF9 captured by CypA decreased (Figure 3C),
amounts of NS5A captured by CypA increased (Figure 3D). The specificity of these
captures was demonstrated by the lack of IRF9 and NS5A capture by GST and GST-H126Q
CypA (Figure 3C and D). We were able to conduct a reciprocal competition (Figure 3F and
G). Similar amounts of GST proteins were immobilized onto the plates (Figure 3E and H).
We then asked whether NS5A competes with IRF9 for CypA binding during HCV infection.
We found that JFH-1 infection of IRF9-expressing Huh7 cells significantly decreases levels
of IRF9 co-precipitated with CypA (Figure 3I), suggesting that indeed NS5A and IRF9 can
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compete for CypA binding during infection, at least in vitro. Altogether these data
demonstrate that NS5A and IRF9 compete for CypA contact.

CypA inhibition enhances IFN-induced ISRE transcriptional activity

IRF9 mediates the ISGF3 complex to bind to IFN-stimulated response elements (ISRES)
[46]. We thus asked whether CypA, by interacting with IRF9, influences IFN-induced
transcriptional activities. To address this issue, HepG2 cells were pretreated with DMSO,
IFN, CsA or a combination of IFN and CsA. We used HepG2 cells rather than Huh7 cells
simply because we found that the reporter gene assay was constantly more robust in HepG2
than Huh?7 cells (data not shown). Cells were then transfected with plasmids encoding
luciferase driven either by an ISRE, IFNAL or IFNA4 promoter. The ISRE promoter is
activated by IRF9, whereas IFNAL or IFNA4 promoters by IRF3 and 7 [47]. Neither IFN
nor CsA have any effect on IFNA1 and IFNA4 promoter activities (Figure 4A). IFN triggers
ISRE-mediated transcriptional induction, whereas CsA alone did not (Figure 4A). In
contrast, CsA enhances the IFN-induced transcriptional activity driven by ISRE. We
obtained a similar effect upon CypA siRNA knockdown (Figure 4B), suggesting that CypA
somehow restrains the IFN-induced ISRE transcriptional activity. Overexpression of NS5A
also enhances the IFN-induced ISRE transcriptional activity (Figure 4C). To further suggest
that competition of NS5A with IRF9 for CypA binding modulates signaling through ISRE,
we repeated a similar experiment, but this time, we examined the expression of an IFN-
stimulated gene such as the 2',5'-oligoadenylate synthetase (2°,5’-OAS). Importantly, we
obtained similar results (Figure 4D), further suggesting that NS5A and IRF9 competition for
CypA can influence the IFN response, at least in vitro. Importantly, both CypA knockdown
and NS5A overexpression induce IFN-induced ISRE transcriptional levels similar to those
of CsA. In contrast to CypA shRNA and NS5A plasmid, control shRNA and control plasmid
do not influence the IFN-induced ISRE transcriptional activities (Figures 4B and C).
Altogether these data suggest that inhibition of CypA-IRF9 interactions by i) the Cyp
inhibitor CsA,; ii) the CypA knockdown; or iii) NS5A expression (Figure 4), enhances IFN-
induced ISRE transcriptional activities.

CONCLUSIONS

Based on recent evidence suggesting that CypA neutralization in HCV-infected patients
modulates the IFN response [34], we investigated here the possibility that CypA associates
with components of the IFN response. We demonstrated that CypA associates with IRF9.
We showed that CypA directly binds IRF9 via its enzymatic hydrophobic pocket. We
identified the IAD of IRF9 as a major CypA-binding site. Cyp inhibitors block IRF9-CypA
interactions. We also obtained evidence that CypA modulates IFN-induced transcription.
This study thus provides the first demonstration that CypA binds to a component of the
JAK/STAT pathway.

It is important to note that we were unable to detect an interaction between endogenous
IRF9, STATL, STAT2 and CypA in the absence of IFN (data not shown). This is likely due
to the fact that in the absence of IFN, IRF9 is poorly or not expressed, at least not detectable
by Western blotting. Moreover, it is worthy to emphasize that Huh7 cells are not
“physiological” cells to examine the interplay between IRF9, STAT1, STAT2 and CypA
during viral replication. The ideal situation would be to examine this interaction in primary
hepatocytes of HCV-infected patients. The CypA/IRFI/STAT1/STAT? interactions likely
occur at very specific stages of HCV infection. Indeed, it is likely that primary hepatocytes
develop an innate response (IFN response) during the early steps of HCV infection, allowing
IRF9 expression. At that time, CypA and IRF9 should interact. If the virus is able to
“survive” or counteract the innate response, NS5A will be expressed, and therefore, be in a
position to either bind free CypA (which is very abundant in a cell) or to disrupt CypA-IRF9
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complexes. Based on our in vitro competition experiments, large amounts of NS5A are
required to disrupt CypA-IRF9 complexes. Thus, it is unlikely that NS5A will disrupt all
existing CypA-IRF9 complexes, except eventually during the peak of viral replication in
hepatocytes.

A previous study suggested an indirect role for CypA in the IFN response. Specifically,
HIV-1 induces an antiviral type-l IFN response that renders dendritic cells permissive to
infection [48]. This response was dependent on the interaction between HIV-1 capsid and
CypA as well as on the activation of IRF3. It is unlikely that CypA regulates IRF3
transcription activity directly since it does not bind IRF3 [49]. Here, we provide a direct link
between CypA and the innate response. Indeed, we obtained evidence that suggest that
CypA can modulate the IFN-induced transcription activity. However, we do not yet know
the specific biochemical consequences of CypA-IRF9 interactions. One possibility is that
CypA catalyzes conformational changes in IRF9 that lead to modifications such as
acetylation or phosphorylation. Conformational changes also could influence the association
of IRF9 with other cellular partners. Additionally, CypA-mediated conformational changes
of IRF9 could affect either its affinity to ISRES, subcellular localization, or half-life.
Therefore, further work is required to determine the true action of CypA on IRF9 either in a
cellular and/or viral infection context.

We found that recombinant NS5A from genotypes 1a and 1b compete similarly with IRF9
for CypA binding (data not shown). This is in accordance with our previous work that
showed that NS5A from various genotypes bind similarly to CypA and that all NS5A-CypA
interactions are prevented by Cyp inhibitors [23]. It is thus unlikely that the interplay
between NS5A, IRF9 and CypA could explain why different genotypes are more or less
sensitive to IFN.

The consequence of recruitment of CypA by NS5A in HCV-infected cells, and action of
CypA on NS5A, also remain to be fully elucidated. The impact of NS5A-CypA binding on
IRF9 function will depend in part on the relative levels of NS5A, IRF9, and CypA in a cell.
The experiments reported here, in which NS5A is expressed at high levels within the cell,
resulted in increased levels of ISRE-driven gene expression, may most resemble the
situation in acute HCV infection when the cell mounts an initial innate immune response to
the virus. Note that the initial pulldown of IRF9 with CypA-Strep was conducted in JFH-1-
infected cells. The impact of competition for CypA binding between NS5A and IRF9 in
chronic infections, when others reported NS5A interactions have been established [20, 21],
remains to be investigated.

We showed that overexpression of NS5A, slightly, but significantly enhances IFN-induced
ISRE transcriptional activities, suggesting that NS5A promotes IFN-induced signaling
through the JAK-STAT pathway. This apparently contrasts with previous reports [50, 51].
How could we reconcile these apparent conflicting results? First, it is important to note that
the experimental design greatly differ between studies. For example, we used HepG2,
whereas the other studies used Hep3B, COS7 or HeLa [50, 51]. This clearly could make a
difference given that Lan et al. found that NS5A influences the ISRE response in Hep3B,
but not COS7 cells [51]. Moreover, it is likely that the levels of NS5A, CypA, IRF9 and
ISRE copy numbers differ between studies. The order of expression or addition of the
various components also greatly differs between studies. In our study, cells were initially
transfected for 3 days with NS5A to allow its expression and establishment of CypA-NS5A
interactions, then transfected with the ISRE reporter for 2 days and treated with IFN for 24h.
In sharp contrast, in the other studies, cells were co-transfected with NS5A and the ISRE
reporter at the same time, and after an unspecified period of time post-transfection, IFN was
added for either 0.5 [51] or 24 h [50]. Altogether, these diverse experimental methodologies
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may explain the apparent conflicting models. It is likely that NS5A could modulate multiple
host-viral interactions and thus may lead to different effect depending on the conditions of
the cells and status of the IFN pathway. The specific function of NS5A described in this
study is regarding its interaction with CypA, which appeared to have a positive impact on
the activation of the IFN pathway due to its competitive binding to IRF-9.

In conclusion, this study provides the first demonstration that CypA associates directly with
IRF9, a major component of the JAK-STAT pathway, and may regulate the IFN-induced
transcription. This study also reveals a novel potential of HCV to modulate the IFN response
via NS5A.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Proteins Captured by CypA-Strep Beads
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Fig. 1. CypA bindsIRF9

A. Proteins pulled down by CypA-Strep in the absence, but not in the presence of CsA. B.
293T cells were transfected with CypA-Strep, Flag-1RF9 or Flag-TLR3. Pulled down
material analyzed with anti-Strep or -Flag 1gG. C. GST or GST-CypA was mixed with
IRF9-His. Bound material analyzed with anti-GST or -His IgG. D. CypA was mixed with
IRF9-His or CypB-His. Bound material analyzed with anti-His or -CypA IgG. E. Same as C.
F. GST-CypA was mixed with lysates containing Flag-IRF9 and inhibitors. Bound material
analyzed with anti-Flag and -GST IgG. G. Same as F.
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Fig. 2. CypA isa component of the | SGF3 complex

A. IFN -treated Huh7 cells were transfected with Flag-IRF9, Flag-STAT1 and Flag-STAT2.
GST-CypA and glutathione beads were added to lysates. Bound material analyzed with anti-
Flag IgG. B. IFN -treated Huh7 cell lysate was mixed with anti-CypA IgG and CsA. Bound
material analyzed with anti-IRF9, -STATL1, -STAT2 and -STAT3 IgG. C. Same as B, except
that parental and IRF9-deficient cells were used. D. IRF9 truncations. E. 293T cells were
transfected with IRF9 truncations. GST-CypA and glutathione beads were added to cell
lysates with or without CsA. Bound material analyzed with anti-Flag 1gG.
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Fig. 3. NS5A disrupts CypA-IRF9 complexes

A. GST-CypA was mixed with IRF9 and NS5A. Bound material analyzed with anti-IRF9
and -GST IgG. B. Same as A. C. IRF9 and NS5A were added to BSA, GST, GST-CypA and
GST-H126Q CypA plates. Captured IRF9 detected with anti-IRF9 1gG. D. Captured NS5A
detected with anti-NS5A 1gG. E. Same as C. F. Same a C. G. Same as D. H. Same as F.
Errors bars of graphs represent standard errors of triplicates. |. Cells were electroporated
with Flag-IRF9 and JFH-1, lysed and mixed with anti-CypA 1gG. Bound material analyzed
with anti-Flag and -NS5A 1gG.
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Fig. 4. CypA influences | FN-induced transcriptional activities
A. HepG2 cells were pretreated with DMSO, IFN, CsA or a combination of IFN and CsA.
Cells were transfected with luciferase plasmid driven by ISRE, IFNA1 or IFNA4 promoter.
Luciferase activity was analyzed in lysates after 24 h. B. Same as A, except that cells were
transfected with control sShRNA or shRNA CypA [35]. C. Same as A, except that cells were
transfected with control (pcDNA3-betagalactosidase) or NS5A plasmid (p)cDNA3-NS5A).
D. Same as C, except that 2°,5’-OAS levels in lysates were quantified by ELISA. Errors bars
of panels represent standard errors of triplicates.
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