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ABSTRACT Human respiratory syncytial virus (hRSV) is the most common pathogen
which causes acute lower respiratory infection (ALRI) in infants. Recently, virus-host
interaction has become a hot spot of virus-related research, and it needs to be fur-
ther elaborated for RSV infection. In this study, we found that RSV infection signifi-
cantly increased the expression of cyclophilin A (cypA) in clinical patients, mice, and
epithelial cells. Therefore, we evaluated the function of cypA in RSV replication and
demonstrated that virus proliferation was accelerated in cypA knockdown host cells but
restrained in cypA-overexpressing host cells. Furthermore, we proved that cypA limited
RSV replication depending on its PPlase activity. Moreover, we performed liquid chroma-
tography-mass spectrometry, and the results showed that cypA could interact with sev-
eral viral proteins, such as RSV-N, RSV-P, and RSV-M2-1. Finally, the interaction between
cypA and RSV-N was certified by coimmunoprecipitation and immunofluorescence.
Those results provided strong evidence that cypA may play an inhibitory role in RSV
replication through interaction with RSV-N via its PPlase activity.

IMPORTANCE RSV-N, packed in the viral genome to form the ribonucleoprotein (RNP)
complex, which is recognized by the RSV RNA-dependent RNA polymerase (RdRp)
complex to initiate viral replication and transcription, plays an indispensable role in
the viral biosynthesis process. cypA, binding to RSV-N, may impair this function by
weakening the interaction between RSV-N and RSV-P, thus leading to decreased viral
production. Our research provides novel insight into cypA antiviral function, includ-
ing binding to viral capsid protein to inhibit viral replication, which may be helpful
for new antiviral drug exploration.

KEYWORDS cypA, PPlase, RSV-N, CSA, viral replication

uman respiratory syncytial virus (hRSV), which is related to about 22% of severe

acute lower respiratory tract infections (ALRTI) worldwide (1), mainly infects chil-
dren under 5 years old, the elderly, and persons who use immunosuppressive agents
(2). The condition is more severe among infants with bronchial dysplasia (BPD) (3) or
congenital heart disease (CHD) (4). However, there are still no approved vaccines or
specific therapeutic drugs to treat RSV infection (5). The usual strategies for RSV infec-
tion are mainly dependent on supportive therapies, such as oxygen inhalation and
sputum aspiration.

Cyclophilin A (cypA), which is one of the most important members of the immuno-
philin family and is widely distributed in the cytoplasm and nucleus in eukaryotic and
prokaryotic cells, has a hydrophobic pocket formed by eight B folds in the molecule,
which has a special functional proline cis-trans-isomerase activity (PPlase activity) (6).
Studies have illustrated that cypA plays an important role in multiple physiological
functions, such as protein folding, transport, and T-lymphocyte activation (7). In addi-
tion, cypA is an intracellular receptor of cyclosporine (CSA), an immunosuppressive
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agent widely used in clinical practice (8). In recent years, several studies have shown
that cypA directly or indirectly influences the proliferation of viruses by binding with
structural or nonstructural proteins of viruses. For example, cypA could combine with
Pr55gag, the Gag polyprotein of human immunodeficiency virus type 1 (HIV-1),
through its PPlase activity to promote viral replication (8, 9); PPlase activity of cypA
inhibitors such as CSA, Debio 025, and NIM811 could block the interaction of cypA and
hepatitis C virus (HCV) NS5A/5B protein complex, thus inhibiting viral replication (10).
Unlike for HIV and HCV, cypA could bind to M1 of influenza A virus (IAV) and inhibit vi-
rus replication, but this inhibition has nothing to do with its PPlase activity (11). In
addition, cypA affects the replication of enterovirus 71 (EV71) (12), Epstein-Barr virus
(EBV) (13), and coronaviruses (severe acute respiratory syndrome coronavirus [SARS-
CoV] and human CoV 229E) (14-17). In view of the role of cypA in the replication of
many viruses (18), cypA can be used as a potential target to treat viral infections.

RSV belongs to the genus Pneumovirus in the Pneumoviridae family in the
Mononegavirales order (19); it has a genome of about 15kb, encoding 10 proteins,
including 3 envelope proteins (F, G, and SH), 3 capsid proteins (N, P, and L), M1 protein,
M2 protein, and 2 nonstructural proteins (NS1 and NS2). The capsid proteins N, P, and L
are the main components of the viral RNA-dependent RNA polymerase (RdRp) complex
(19), among which the nucleocapsid protein N wraps the viral genome to form a left-
handed helical ribonucleoprotein (RNP) complex (20-22), which is the template for viral
replication and transcription; L protein is one of the most important components of RdRp,
which has three conserved domains, namely, (i) the RNA-dependent RNA polymerase do-
main, (i) the polyribonucleotidyl transferase (PRNTase) domain, and (iii) the methyltransfer-
ase (MTase) domain (23). P protein is a major cofactor of L protein, which plays an auxiliary
role in recognizing RdRp of the RNP complex (24). When the viral genome is transcribed,
the fourth factor of virus protein M2-1, called transcription anti-termination factor, is
needed, and its function also depends on P phosphorylation (25). Therefore, the integrity
of the complex of L-RNP, L-P, RNP-P, and P-M2-1, which are most important critical com-
ponents in viral replication that could be taken as targets for designing drugs to treat RSV
infection (26, 27), has become a hot spot in the research of direct-acting antiviral agents
(DAAs) against RSV infection.

In our previous transcriptome sequencing experiments with RSV-infected cells, high
expression of cypA attracted our attention, and we speculated that it should play a
role in RSV replication. In this study, we found that cypA could interact with RSV-N, an
RdRp-related protein of RSV, through its PPlase activity, so as to inhibit viral replication.
This mechanism is different from other existing viewpoints on how cypA affects viral
replication and may provide a new potential target to impair the RSV RdRp activity to
act as a DAA for RSV infection.

RESULTS

cypA expression was significantly upregulated after RSV infection. In order to
investigate cypA expression after RSV infection, first, we collected sputum specimens
from 35 RSV-infected patients and 25 noninfected patients; reverse transcription-quan-
titative PCR (gRT-PCR) was performed to determine the cypA mRNA level, and the
results showed that it was higher in RSV-infected patients than in noninfected patients
(Fig. TA). Second, we utilized qRT-PCR and Western blotting (WB) methods to examine
the cypA mRNA and protein levels, respectively, in RSV-green fluorescent protein
(GFP)-infected BALB/c mice compared to those in noninfected mice. The consequence
was in accordance with the clinical results: either cypA mRNA or protein level was
increased in the RSV-GFP-infected group compared to the control group (Fig. 1B to D).
Finally, cypA mRNA and protein levels in RSV-GFP-infected Hep2 cells were detected
by qRT-PCR and WB methods. The results showed that cypA mRNA and protein levels
gradually increased following RSV infection (Fig. 1E to G). Based on the above-
described results, we could draw the conclusion that RSV infection accelerates cypA
mRNA and protein expression.
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FIG 1 cypA expression was significantly elevated when RSV infected humans, mice, or cells. (A) The results of qRT-PCR analysis of the cypA mRNA
expression in clinical samples. (B) qRT-PCR analysis of the cypA mRNA expression in lung from mice infected by RSV for 3 days. (C and D) WB analysis of
the cypA protein expression in lung from mice infected by RSV for 3 days (C). cypA protein levels were quantitated by densitometry and normalized to
B-actin (D). (E) qRT-PCR analysis of the cypA mRNA expression in Hep2 cells infected by RSV for the indicated time. (F and G) WB analysis of the cypA
protein expression in Hep2 cells infected by RSV for the indicated time (F). cypA protein levels at 24 h postinfection were quantitated by densitometry
and normalized to B-actin (G). Data are means = SD for three independent experiments. **, P < 0.01; ***, P < 0.001.

cypA could restrict RSV replication in Hep2 cells. In order to explore whether
cypA plays a positive or negative role in RSV replication, we first used small interfering
RNA (siRNA) technology to knock down the expression of cypA in Hep2 cells. The effi-
ciency of knockdown was verified by qRT-PCR (Fig. 2A) and WB (Fig. 2B and C). Hep2
cells transfected with Si-cypA or Si-Ctrol for 24 h were infected with RSV-GFP (multiplic-
ity of infection [MOI] = 1) for another 24 h; we noticed that there was more expression
of green fluorescent protein (Fig. 2D and E) in the Si-cypA group than in the Si-Ctrol
group. In addition, increased RSV-N mRNA level (Fig. 2F), amount of viral RNA (VRNA)
extracted from cell supernatant (Fig. 2G), and RSV-N and GFP protein levels (Fig. 2H
and |) were detected in the Si-cypA group, reflecting faster RSV replication. Then we
transfected different doses of pCDNA3.1-Myc-cypA plasmid into Hep2 cells to increase
the level of cypA protein and study whether cypA could reduce viral replication after
RSV infection. Hep2 cells were infected with RSV-GFP 24 h after transfection (MOl =1).
After another 24 h, we observed the cells by fluorescence microscopy and randomly
took 10 photos in each group to calculate the number of GFP-expressing cells, which
reflected virus replication. The results showed that the number of GFP-expressing cells
decreased significantly in a Myc-cypA-dependent manner (Fig. 3A and B). In addition,
the RSV-N and RSV-M2-1 protein levels decreased accompanying the increased overex-
pression of cypA (Fig. 3C to E). Next, we repeated the experiment by transfecting
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FIG 2 RSV replication was elevated in knockdown cypA cells. (A to C) qRT-PCR (A) and WB (B) methods were adopted to analyze the cypA mRNA or
protein expression level to identify the interference efficiency of three Si-cypAs compared to Si-Ctrol. cypA protein level was quantitated by
densitometry and normalized to GAPDH (C). (D and E) Fluorescence images of RSV-GFP replication in Hep2 cells transfected by Si-Ctrol or Si-cypA (D).
The statistical results for the number of green fluorescent cells among Hep2 cells from 10 random microscope fields are shown (E). (F and G) qRT-PCR
analysis of the RSV-N mRNA level in Hep2 cells (F) and concentration of viral RNA extracted from cell culture supernatant of Hep2 cells (G). (H and 1)
WB analysis of the RSV-N or GFP protein level in Hep2 cells (H). RSV-N and GFP protein levels were quantitated by densitometry and normalized to
GAPDH (1). Data are means = SD for three independent experiments. **, P <0.01; ***, P < 0.001.

500 ng of pCDNA3.1-Myc-cypA or pCDNA3.1-Myc-NC into A549 cells, and the results
showed that no matter the GFP number in infected cells (Fig. 3F and G), the amount of
VRNA extracted from cell supernatant (Fig. 3H) and RSV-N and RSV-M2-1 protein levels
(Fig. 31 and J) were consistent with those in Hep2 cells. To sum up, it is not difficult to
draw the conclusion that cypA could weaken the replication of RSV.

RSV replication was enhanced in cypA knockdown mice. To further certify the
role of cypA in RSV replication, we constructed BALB/c mice with local cypA knock-
down in the lung by infecting them with AAV-mCherry-ppia by nasal drip; AAV-
mCherry-NC-infected and phosphate-buffered saline (PBS)-treated mice were used as
controls. Two weeks after infection, the mice were infected with 10° RSV virions
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FIG 3 cypA could inhibit RSV replication. (A and B) Fluorescence images of RSV-GFP replication in Hep2 cells transfected with different doses
of pCDNA3.1-Myc-cypA plasmid (A) and the statistical results for the number of green fluorescent cells from 10 random microscope fields for
Hep2 cells transfected with plasmid as described above (B). (C to E) WB analysis of the RSV-N and RSV-M2-1 protein levels in Hep2 cells
transfected with plasmid as described above (C). RSV-N (D) and RSV-M2-1 (E) protein levels were quantitated by densitometry and

(Continued on next page)

August 2021 Volume 95 Issue 15 e00563-21 jviasm.org 5


https://jvi.asm.org

Liang et al. Journal of Virology

through nasal drops for 3 days. The infection rate of AAV was evaluated by histochemi-
cal immunofluorescence (HIF) to observe the mCherry protein in lung tissue (Fig. 4E)
and by qRT-PCR or WB to detect the mRNA or protein of mCherry (Fig. 4F, J, and K). At
the same time, qRT-PCR and WB were used to detect the mRNA (Fig. 4G) and protein
levels of cypA, respectively (Fig. 4) and K), so as to identify the knockdown efficiency of
cypA in BALB/c mouse lungs. Hematoxylin and eosin (H&E) stains showed that there
was more serious inflammation in the AAV-mCherry-ppia group than the AAV-
mCherry-NC and PBS groups (Fig. 4A). The number of inflammatory cells (Fig. 4C) and
diameter of alveoli (Fig. 4D) (we randomly selected 20 microscope fields to reflect the
severity of the inflammation) were also consistent with the more severe inflammation.
Besides lung inflammation, we also observed that the spleens in the AAV-mCherry-
ppia group were larger than in the AAV-mCherry-NC and PBS groups (Fig. 4B). In addi-
tion, the higher GFP fluorescence intensity in HIF (Fig. 4E) and significantly increased
RSV-N and GFP mRNA levels (Fig. 4H and 1) and RSV-N and RSV-M2-1 protein levels
(Fig. 4L and M) in the AAV-mCherry-ppia group compared with those in the AAV-
mCherry-NC and PBS groups confirmed the faster replication rate of RSV. These results
once again suggest that the lack of ppia could promote RSV replication.

cypA limited RSV replication via its PPlase activity. It is well known that CSA, an
immunosuppressive drug, can block the activity of cypA PPlase (28). At first, the toxic-
ity of CSA on Hep2 cells was studied with a cell proliferation kit (CCK8). The results
demonstrated that there was no difference between the toxicities of CSA at 0 and
50 uM (Fig. 5A). Then we treated Hep2 cells with different concentrations of CSA for
6 h before RSV infection and carried out qRT-PCR and WB experiments 24 h after infec-
tion in order to detect mRNA levels and protein levels of RSV as measures of viral repli-
cation. The results showed that RSV-N and RSV-F mRNA levels or RSV-N and GFP pro-
tein levels were improving following the CSA concentration increase (Fig. 5B to D). The
increase of cypA protein level may have been mainly caused by RSV infection because
CSA has no effect on its expression (data not shown). Similar results for CSA (40 uM)
enhancement RSV replication were obtained by counting the GFP (data not shown),
detecting the protein levels of RSV-N and RSV-M2-1 in A549 cells by WB, and meas-
uring the viral titers from supernatants of A549 cells (Fig. 5E to G). To confirm that CSA
mainly affects the replication of RSV by blocking the activity of cypA PPlase, CSA or di-
methyl sulfoxide (DMSO) was added into Hep2 cells transfected with pCDNA3.1-Myc-
cypA or pCDNA3.1-Myc-NC before RSV infection. Then, after counting the GFP (data
not shown), we collected cell lysate to detect GFP protein as a measure of RSV replica-
tion, and the inhibitory effect of overexpressed cypA on RSV-GFP replication was not
apparent in CSA group (Fig. 5H and I). This phenomenon makes us more convinced
that cypA weakens the replication of RSV through its PPlase activity. To further verify
this view, we constructed another plasmid, pCDNA3.1-Myc-cypA-R55A, in which cypA
arginine 55 was mutated into alanine, which resulted in a decrease of PPlase activity
by nearly 99.9% (29). Not surprisingly, compared to cells transfected with control plas-
mid, wild-type cypA could significantly reduce the number of GFP (data not shown)
and the level of GFP protein, but cypA-R55A could not (Fig. 5J and K). Similar results
were obtained in cypA knockdown cells. Wild-type cypA could reduce the GFP num-
bers (data not shown) and the GFP protein level, but cypA-R55A could not (Fig. 5L and
M). Therefore, we could conclude that cypA can inhibit the replication of RSV through
its PPlase activity.

cypA restricts RSV replication through interaction with RSV RdRp-related proteins,
mainly nucleoprotein. After that, we want to know how cypA restricts RSV replication.

FIG 3 Legend (Continued)

normalized to GAPDH. (F to H) Fluorescence images of RSV-GFP replication in A549 cells transfected with 500 ng of pCDNA3.1-Myc-cypA or
500 ng of pCDNA3.1-Myc-NC plasmid (F) and the statistical results for the number of the green fluorescent cells from 10 random microscope
fields for A549 cells transfected with plasmid as described above (G). (H) Concentration of viral RNA extracted from cell culture supernatant
of A549 cells. (I and J) WB analysis of the RSV-N and RSV-M2-1 protein levels in A549 cells transfected with plasmid (I). RSV-N and RSV-M2-1
protein levels were quantitated by densitometry and normalized to GAPDH (J). Data are means *+ SD for three independent experiments. **,
P<0.01; ***, P<0.001.
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FIG 4 RSV replication was promoted in cypA knockdown BALB/c mice mediated by AAV-mCherry-ppia. (A) H&E results for the lung from three different
groups of BALB/c mice infected by RSV for 3 days, after treatment with PBS, AAV-mCherry-NC, and AAV-mCherry-ppia, respectively, for 14 days (n=6).
(B) The spleens from three different groups of BALB/c mice as described above. (C and D) The statistical results for the number of inflammatory cells (C)
and the diameter of alveoli (D) in H&E stain smears of three different groups of BALB/c mice as described above. (E) IF results of the lung of the BALB/c
mice as described above. (F to 1) The mCherry (F), cypA (G), RSV-N (H), and GFP (I) mRNA relative expressions in BALB/c mice as described above. (J and
K) WB analysis of the cypA and the mCherry protein expression in three different groups of BALB/c mice as described above (J). cypA and mCherry
protein levels were quantitated by densitometry and normalized to B-actin (K). (L and M) WB analysis of RSV-N and RSV-M2-1 protein in BALB/c mice as
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FIG 5 cypA inhibits RSV replication via its PPlase activity. (A) Toxicity analysis of CSA on Hep2 cells measured by CCK8. (B) The results of qRT-PCR analysis
of the RSV-N and RSV-F mRNA level in Hep2 cells treated with different concentration of CSA. (C and D) WB analysis of RSV-N, GFP, and cypA protein levels
in Hep2 cells treated with different concentrations of CSA (24 h) (C). RSV-N and GFP protein levels were quantitated by densitometry and normalized to
GAPDH (D). (E to G) WB analysis of RSV-N and RSV-M2-1 protein levels in A549 cells treated with 40 uM CSA (48 h) (E). RSV-N and RSV-M2-1 protein levels
were quantitated by densitometry and normalized to GAPDH (F). (G) Virus titer in cell culture supernatant of above A549 cells. (H and 1) WB analysis of GFP
protein level in Hep2 cells, which were transfected with 500ng of pCDNA3.1-Myc-NC or 500 ng of pCDNA3.1-Myc-cypA plasmid and treated with CSA
(40 uM) or DMSO (H). GFP protein level was quantitated by densitometry and normalized to GAPDH (I). (J and K) WB analysis of GFP protein level in Hep2
cells, which were transfected with 500 ng of pCDNA3.1-Myc-NC, 500 ng of pCDNA3.1-Myc-cypA, and 500 ng of pCDNA3.1-Myc-cypA-R55A plasmid (J). GFP
protein level was quantitated by densitometry and normalized to GAPDH (K). (L and M) WB analysis of GFP protein level in cypA knockdown Hep2 cells,
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Considering that cypA mainly affects viral replication by regulating the expression of
interferon or directly binding viral proteins. Wei Liu and his colleagues had confirmed
that cypA played a key and positive role in antiviral immune responses (30); we have
also confirmed that cypA could increase MAVS expression (data not shown) and may
increase interferon in another way (data not shown). When we blocked the interferon
receptor, overexpressed cypA still showed an inhibitory effect on the replication of RSV
(data not shown). Given this, we speculate that cypA could also affect RSV viral replica-
tion by other means, for example, by directly interacting with viral proteins. Therefore,
in order to confirm that cypA should directly interact with RSV proteins, we performed
immunoprecipitation with cypA antibodies from RSV-infected Hep2 cells and meas-
ured the supernatant by liquid chromatography-tandem mass spectrometry (LC-MS/
MS). The results showed that cypA could interact with several RSV proteins, including
nucleoprotein, phosphoprotein, and transcription elongation factor M2-1 (Fig. 6A). The
sequence coverage rates of nucleoprotein, phosphoprotein, and M2-1 were 30%, 17%,
and 36%, respectively, and the nucleoprotein-matched peptides were better than the
others (Fig. 6B to D). Then we constructed pCDNA3.1-GST-RSV-N, pCDNA3.1-HA-RSV-P,
and pCDNA3.1-HA-M2-1, respectively, and cotransfected them with pCDNA3.1-Myc-
cypA into HEK293T cells. After cotransfection 24 h, coimmunoprecipitation (co-IP) was
performed to identify the potential interaction between the proteins. The results
showed the interaction existed only between Myc-cypA and glutathione S-transferase
(GST)-RSV-N (Fig. 6E) (RSV-N was fused with GST to augment the nucleoprotein mole-
cule to avoid overlapping with the heavy chain, and cypA could not interact with GST).
Furthermore, we confirmed that cypA could combine with RSV-N by immunofluores-
cence (Fig. 6F).

cypA interacted with RSV-N via its PPlase activity. Since there was an interaction
between cypA and RSV-N, we wanted to know whether this interaction depends on
cypA PPlase activity. First, we treated cells with CSA for 6 h or left them untreated after
cotransfection of Myc-cypA and GST-RSV-N; another 24 h later, co-IP was performed to
identify if there was still interaction between them. The results demonstrated that CSA
could block this interaction (Fig. 7A). Second, Myc-cypA or Myc-cypA-R55A was
cotransfected with GST-RSV-N into HEK293T cells, and we did co-IP to detect their
interaction. We found that there was a similar consequence as to interaction between
cypA and RSV-N blocking by CSA; cypA-R55A could not interact with GST-RSV-N, either
(Fig. 7B). Because RSV-N, RSV-P, and RSV-M2-1 are important components of RSV RdRp,
we considered that binding of cypA to RSV-N may attenuate binding of RSV-N to RSV-P
or RSV-M2-1 to affect the activity of viral RdRp. Therefore, we cotransfected HEK293T
cells with three RSV plasmids and Myc-cypA or Myc-cypA-R55A plasmid. Co-IP results
showed that cypA could indeed reduce the binding between RSV-N and RSV-P (Fig.
7C). After that, we extracted the RNP from RSV-infected Hep2 cells (Fig. 7D) and simu-
lated the RNA synthesis function of RdRp in vitro. When cypA was added to the tran-
scription system, the amount of RNA synthesis production was significantly reduced
(Fig. 7E), and the RSV-N mRNA amplified from the isovolumic production was
decreased (Fig. 7F). All these results led us to conclude that cypA interacted with RSV-
N, depending on its PPlase activity to impair the function of RSV RdRp.

DISCUSSION

Over the past decade, researchers have found that cypA could affect the replication
of a variety of viruses, including DNA viruses such as hepatitis B virus (HBV) (31), human
cytomegalovirus (HCMV) (32, 33), and Epstein-Barr virus (EBV) (13) and RNA viruses
such as human immunodeficiency virus type 1 (HIV-1) (34-38) and flaviviruses (39).
Moreover, the influence of cypA on viruses is ever changing and irregular from virus to

FIG 5 Legend (Continued)

which were transfected with 500ng of pCDNA3.1-Myc-NC, 500ng of pCDNA3.1-Myc-cypA, and 500ng of pCDNA3.1-Myc-cypA-R55A plasmid (L). GFP
protein level were quantitated by densitometry and normalized to GAPDH (M). Data are means = SD for three independent experiments. **, P < 0.01; ***,
P <0.001.
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FIG 6 cypA could interact with RSV-N protein. (A to D) The results of LC-MS/MS showed that cypA could interact with RSV RdRp-related proteins (A). The
sequence coverage of matched peptides and protein peptide mass tolerance of nucleoprotein (B), phosphoprotein (C), and transcription elongation factor M2-1
(D) in LC-MS/MS is shown. (E) Co-IP was performed after the indicated two plasmids were cotransfected into HEK293T cells for 48 h and then WB was done to
identify the interaction between cypA and RSV-N, RSV-P, or RSV-M2-1. (F) Identification of the interaction between cypA and RSV-N by confocal microscopy in

HEK293T cells infected by RSV.
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FIG 7 cypA interacts with RSV-N via its PPlase activity. (A) Co-IP analysis of the interaction between Myc-cypA and GST-RSV-N in
cotransfected HEK293T cells treated or not with CSA. (B) Co-IP analysis of the interaction between cypA, cypA-R55A, and RSV-N in
cotransfected HEK293T cells. (C) cypA could weaken the interaction between RSV RdRp-related proteins, such as RSV-N, RSV-P,
and RSV-M2-1. (D) Analysis of RSV RNP in S3 fraction from RSV-infected Hep2 cells, taking total protein from either RSV-infected
and mock-infected Hep2 cells as positive and negative controls. (E) Total RNA in the transcription reaction performed in vitro. (F)
RSV N mRNA relative expression amplified by RNP with or without cypA protein. Data are means * SD for three independent
experiments. ¥, P < 0.05; ***, P<0.001.
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virus. For instance, cypA enhances HBV, EBV, HIV, and HCV replication, while it reduces
IAV and rotavirus (RV) replication (40). In addition, cypA relies on its PPlase activity to
achieve various physiological functions. However, many studies have shown that the
cypA PPlase activity is not necessary for virus replication. In our research, we found
that after RSV infection, the expression of cypA was significantly increased in clinical
RSV infectious patients, RSV-infected mice and Hep2 cells. And in turn, we evaluated
the role of cypA in RSV replication in cypA knockdown mice and Hep2 cells and found
that the lack of cypA can obviously increase the production of RSV. Moreover, cypA
playing an inhibitory role in a cypA-dependent manner was confirmed by transfecting
different doses of pCNDA3.1-Myc-cypA into Hep2 cells. Furthermore, we treated the
cells with CSA, an inhibitor of cypA PPlase activity, or transfected them with PPlase ac-
tivity-deficient plasmid pCNDA3.1-Myc-cypA-R55A, to determine whether cypA-re-
stricted RSV replication depends on its PPlase activity. In addition, cypA can restore the
inhibitory effect of viral replication in cypA knockdown cells, but cypA-R55A cannot.
These results indicate that cypA suppressed RSV proliferation through its PPlase
activity.

The mechanisms of cypA affecting viral proliferation and the key points of cypA tar-
gets in the viral replication cycle are also diverse among different viruses. For example,
enterovirus 71 (EV71) capsid protein VP1 has an H-l loop-like structure on its surface,
where cypA could bind to EV71 (12). Once combined, cypA relies on its PPlase activity
to catalyze the cis-trans isomerization of proline in VP1 protein, which enables the virus
to complete its uncoating (12). If serine at position 243 of VP1 protein were replaced
with proline, the affinity between cypA and VP1 protein would increase significantly,
while the affinity between cypA-H126Q (lack of PPlase activity) and VP1 protein would
decrease significantly, which indicates that the PPlase activity of cypA is necessary for
EV71 replication. cypA plays a more complicated role in the process of HIV infection.
The HIV capsid protein (CA) is rich in proline at amino acid positions 85 to 90, where
Gly89 and Pro90 are the binding sites for cypA (34). cypA catalyzes and isomerizes the
peptide bond at Gly89/Pro90 of CA and participates in the virus replication process as
a molecular chaperone, which can recognize heparin on target cells to initiate the
stage of virus recognition and adsorption (35, 36). More interestingly, when the virus
enters the host cell, cypA can also trigger the reverse transcription of the activated vi-
rus (37). In addition, cypA could bind to CA and integrate into the virosome. If blocking
the shell formation of cypA on virus particles, the virosome packaged by host cells will
not be infectious (38). Therefore, the combination of cypA and CA is essential to both
HIV virosomal integrity and infectivity. However, cypA exhibits a unique mechanism in
influenza virus replication that differs from what is described above. The research of
Xiaoling Liu et al. has illustrated that not only cypA but also cypA-R55A could bind to
M1 protein of influenza virus, thus inhibiting virus replication (41). Notably, cypA not
only did not affect the replication and transcription of the viral genome but also did
not block the release of MRNA from the nucleus to the cytoplasm, but it significantly
reduced the expression of M1 protein (42). Further studies show that cypA played a
role in blocking the binding of AIP4 to M1 protein, which leads to ubiquitination of ly-
sine at positions 102 and 104 of K48-linked M1 protein, thus reducing the ubiquitina-
tion level of M1 and further playing a limited role in virus replication (43). In our study,
we collected the supernatant of immunoprecipitation performed with cypA antibodies
to detect whether there were RSV proteins in the substances of immune complex by
LC-MS/MS. The results revealed that there may be interactions between cypA and RSV
proteins, such as RSV-N, RSV-P, and RSV-M2-1. Finally, we confirmed that cypA com-
bined with RSV-N in HEK293T cells with or without cotransfection with pCDNA3.1-Myc-
cypA and pCDNA3.1-GST-RSV-N through immunoprecipitation and immunofluores-
cence. The interaction between cypA and RSV-N was blocked when we treated the
cells with CSA, and cypA-R55A could not combine RSV-N. Those results demonstrated
that cypA interacted with RSV-N via its PPlase activity. Therefore, will the combination
of cypA and RSV-N affect the RdRp polymerase activity of RSV? We cotransfected the
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three plasmids of RSV-N, RSV-P, and RSV-M2-1 with Myc-cypA or Myc-cypA-R55A into
HEK293T cells and found that cypA weakened the binding of RSV-N to RSV-P. In addi-
tion, we extracted RNP of RSV and simulated a transcription test in vitro, which showed
that cypA significantly reduced the production of transcript. These results led to the
preliminary conclusion that cypA weakens the activity of RSV RdRp polymerase, which
is a potential target for drug design.

On the other hand, cypA inhibits or promotes virus replication by enhancing or
weakening the host’s antiviral mechanism. Take RV as an example: in the early stage of
RV infection, virus nonstructural protein NSP1 can activate the phosphatidylinositol 3-
kinase (PI3K/Akt) signaling pathway (44), which can significantly increase the expres-
sion level of hypoxia-inducible factor 1« (HIF-1a) in cells (45). HIF-1«, which combines
with the promoter of cypA (46), can strikingly increase cypA expression. Then, cypA is
recruited to the viroplasm, where it binds to RV structural protein VP2 to inhibit viral
replication (40). In addition, Haiyang He et al. also reported that cypA can also inhibit
RV replication by promoting host cells to produce more interferon beta (IFN-B) (47)
through overexpression and short hairpin RNA (shRNA). Wei Liu and his colleagues
confirmed the cypA is the key positive regulator of antiviral immune responses medi-
ated by RIG-I (30). In our study, we also explored the influence of RSV on HIF-1a expres-
sion. We observed that RSV infection indeed increased HIF-1a expression in Hep2 cells
(data not shown) and that the PI3K/Akt signaling pathway was also activated after RSV
infection (data not shown). When we used the catalyst or inhibitor of HIF-1«, the
expression of cypA increased or decreased correspondingly, and the replication of RSV
decreases or increases correspondingly (data not shown). However, which components
of RSV stimulate host cells to trigger this reaction is still under further exploration. As
to whether and how the high expression of cypA caused by RSV infection can promote
the expression of interferon is being studied in other subjects related to the glycome-
tabolism pathway. Conversely, interferon can also increase the expression level of
cypA protein (data not shown), indicating that there is a positive regulatory relation-
ship between cypA and interferon. In addition, when we treated cypA-overexpressing
cells with interferon receptor inhibitors, RSV replication did not recover (data not
shown). This indicated that the inhibition of RSV replication by cypA did not depend
entirely on its interference promotion. Therefore, this study focused on the interaction
between cypA and RSV-related RdRp proteins during RSV replication, which is different
from other studies. We paid more attention to the influence of cypA on virus polymer-
ase activity. Of course, the specific action sites need to be further studied in future
experiments.

In conclusion, we describe a new mechanism, that is, cypA, inhibits RSV replication
in host cells through its PPlase activity interacting with RSV nucleocapsid protein N,
which is recognized by RSV polymerase as the most important component of RNP for
initiating RSV transcription (Fig. 8). The interaction of cypA with viral polymerase can
be found also in other viruses, such as HCV, vesicular stomatitis virus (VSV), and CoV.
However, the interaction has different effect on the virus replication. Chatterji et al.
found in their study that cypA promoted HCV replication through various mechanisms.
On the one hand, cypA enhances the affinity between HCV polymerase NS5A and non-
structural protein 5B (NS5B) and viral RNA by its pocket-like PPlase activity (10). On the
other hand, the cypA-NS5A complex prevents interferon regulatory factor 9 (IFR9) from
binding to NS5A, thus weakening the antiviral effect of the host (48). In addition, the
research of Foster's team is basically consistent with that of Chatterji et al. They also
found that cypA combined with domain Il of NS5A, enhancing its ability to bind RNA,
thus promoting the replication of hepatitis C virus (49). Notably, Chatterji et al. have
emphasized in other studies that the mechanism of cypA regulating HCV replication is
not to promote NS5A and NS5B to form a replication complex (RC) (50). VSV and RSV
share similar gene structures and virus replication mechanisms. However, the research
results of Bose et al. show that cypA relies on its PPlase activity to catalyze the confor-
mational change of proline in VSV N protein, which promotes the formation of
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FIG 8 A schematic model of cypA inhibiting RSV replication through binding to RSV-N.

ribonucleoprotein (RNP) between N protein and the VSV genome (51) and further pro-
motes virus replication. This is different from our research results. We speculate that
the combination of cypA and RSV-N may weaken the viral polymerase activity of RSV,
which needs to be confirmed by subsequent experiments.

It is particularly noteworthy that cypA promotes the replication of coronavirus. The
research of Zhinan Chen et al. showed that cypA mediated the binding of HAb18G/
CD147 with SARS-CoV N protein, which facilitated SARS-CoV invasion of host cells (14).
Yue Ma-Lauer et al. demonstrated that there is an interaction between cyclophilin A
and HCoV-229E N protein, which is inevitable for viral replication (15). In addition, C.
Liu and L. Tian discussed the topic that cypA, depending on its PPlase activity, plays a
positive role in SARS-CoV-2 virus replication (52, 53). But the deeper mechanism needs
to be further explored.

Collectively, we illustrated a new mechanism, that cypA induced by RSV infection
inhibited viral replication via its PPlase activity, which is completely different from the
case with other viruses. This may provide a novel insight into RSV-host interactions
and target for designing new direct-acting antiviral drugs for RSV infection.

MATERIALS AND METHODS

Patients. This study was conducted in accordance with the principles of the Declaration of Helsinki.
From November 2018 to January 2019, 35 clinical pediatric patients were diagnosed as RSV infected by
a multiple detection kit for 13 respiratory pathogens (Health Gene Tech, Ningbo, China) in the Second
Hospital of Hebei Medical University. Meanwhile, 25 noninfected volunteers without respiratory diseases
served as negative controls. Sputum specimens of the inpatients and healthy volunteers were collected
with a sputum aspirator based on national clinical laboratory procedures. Total RNA was collected and
qualified according to the kit, and cDNA was used to perform the following experiment.

Animals and treatment. Four-week-old female specific-pathogen-free (SPF) BALB/c mice were pur-
chased from the Experimental Animal Center of Hebei Medical University. All mice were housed in tem-
perature-controlled individual ventilated cages (IVC) with 12-h light/12-h dark cycles and were fed
standard chow and sterile tap water. The mice received humane care, and experiments were carried out
according to the criteria outlined in the Guide for the Care and Use of Laboratory Animals (54) and with
the approval of the Animal Care and Use Committee of Hebei Medical College.

The mice were divided into 3 groups (n=6 per group). We treated the mice with PBS (20 ul) or
infected them with AAV-mCherry-NC (20 ul containing about 1 x 10" AAV virions, produced by
GENECHEM) or AAV-mCherry-ppia (20 ul containing about 1 x 10'" AAV virions, produced by GENECHEM),
respectively, for 2 weeks. Then we infected the 3 groups of mice with RSV-GFP (1 x 10° per mouse) for
3days. cypA and mCherry mRNA expressions in mouse lungs were detected by qPCR, and cypA and
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mCherry protein levels were examined by Western blotting to determine the knockdown efficiency. Viral
GFP and N genes in mouse lungs were detected by qPCR, or viral protein N and M2-1 were examined by
Western blotting to ascertain the RSV replication. Hematoxylin and eosin (H&E) staining and immunohisto-
fluorescence were performed to detect the lung pathology or RSV replication in the three different
groups.

Cells and virus. Vero cells were grown in Dulbecco’s modified Eagle’s medium supplemented with
10% fetal bovine serum (FBS) and antibiotics (penicillin and streptomycin; Solarbio) in a humidified 5%
CO, atmosphere at 37°C. Hep2 cells, A549 cells, and human kidney (293T) cells were grown in RPMI 1640
medium supplemented with 10% fetal bovine serum and antibiotics in a humidified 5% CO, atmosphere
at 37°C. RSV-GFP A strain, which was kindly provided by He Jinsheng, was amplified in Vero cells.

Viral infection and virus titer assay. Cells were washed with PBS once and incubated with RSV-GFP
at a multiplicity of infection (MOI) of 1 or mock infected (with medium alone) for 2 h in serum-free RPMI
1640. The supernatant was aspirated after absorption, and cells were maintained with RPMI 1640 supple-
mented with 2% (vol/vol) FBS for the indicated times.

RSV-GFP was 10-fold diluted and used to infect Hep2 cells as described above; 3 days later, titers
were detected by plaque-forming assay and expressed in PFU/milliliter of cell lysates or by counting
GFP.

RNA extraction and reverse transcription-quantitative PCR (qRT-PCR). Total RNA was isolated
with TRIzol universal RNAiso reagent (Tiangen). cDNA was generated with MonAmp ChemoHS gPCR mix
(Monad). Real-time PCR was performed in an ABI Prism 7500 sequence detection system (Applied
Biosystems) using PowerUp SYBR green master mix (Applied Biosystems). B-Actin was employed as an
endogenous control for mRNA relative expression.

Construction of plasmids. Wild-type cypA and mutated cypA-R55A gene sequences were synthe-
sized and subcloned into pCDNA3.1-Myc by GenScript Biological Technology Company (Nanjing, China).
RSV-N, RSV-P, and RSV-M2-1 gene sequences, which were optimized as previously described (55), were
synthesized and cloned into pCDNA3.1-GST and pCDNA3.1-HA plasmids by GenScript Biological
Technology Company. All plasmids were extracted with a Qiagen Plasmid Amp minikit and split after
the concentration was measured for the following experiment.

Cell transfection. Cells were seeded in appropriate plates according to the test requirements.
Plasmids or siRNAs targeted on ppia (designed and synthesized by GenePharma) were transfected into
cells with Lipofectamine 2000 (Invitrogen) following the manufacturer’s instructions.

Immunofluorescence. 293T cells were seeded on coverslips and transiently transfected with corre-
sponding plasmids with Lipofectamine 2000 (Invitrogen). Twenty-four hours later, the cells were washed
in PBS, fixed in 4% formaldehyde for 15 min, and permeabilized with PBST (0.5% Triton X-100 in PBS) for
10 min at room temperature. The cells were washed three times with PBS and incubated in 10% normal
goat serum (Solarbio) for 30 min. Primary antibodies (anti-RSV-N and anti-cypA) (ab94806; Abcam,
ABclonal) were diluted with PBS containing 10% goat serum, and the cells were incubated with primary
antibodies for 1 h at room temperature. After three washes, cells were incubated with secondary anti-
bodies containing Alexa Fluor 488-labeled goat anti-rabbit (ab150080, 1:500) and Alexa Fluor 594-la-
beled goat anti-mouse (ab150113, 1:500). Coverslips were mounted on the glass slides with DAPI
Fluoromount-G (SouthernBiotech) for fluorescence microscopy or confocal imaging.

Immunoprecipitation and Western blot analysis. Cell were seeded into six-well plates and main-
tained in medium overnight; the next day, the transient-transfection experiment was performed with
corresponding plasmids for another 24 h. After careful removal of culture medium from confluent cells,
the cells were washed once with PBS, 1 ml of cold PBS was added, the cells were scraped, and then the
cells were shifted into a tube and centrifuged at 5,000 rpm and 4°C for 5 min, followed by addition of
appropriate cell lysis buffer (Beyotime Biotechnology) for Western blot assay or lysis/wash buffer
(Thermo Scientific) for immunoprecipitation with phosphate and protease inhibitors (MedChemExpress)
on ice for 10 min. Cell lysates were centrifuged at 12,000 rom and 4°C for 10 min. The supernatant was
transferred into a new tube, and protein concentrations were determined with a NanoDrop 2000
spectrophotometer. The supernatant could be used to do immunoprecipitation or Western blotting.
Immunoprecipitation was performed according to Pierce classic magnetic IP/co-IP kit instructions
(Thermo Scientific). An equal volume of 2x sodium dodecyl sulfate polyacrylamide gel electrophore-
sis (SDS-PAGE) buffer was added into the supernatant and heated at 95°C for 5 min for Western blot
assay. A total of 20 to 30 ug of proteins was separated by 12% SDS-PAGE, and the bands were trans-
ferred to a polyvinylidene fluoride (PVDF) membrane (Millipore), which was blocked with 5% nonfat
milk. After incubation with primary antibodies specific to RSV-N (ab94806; Abcam), RSV-M2-1 (ab94805;
Abcam), GFP (ABclonal), Myc (ABclonal), cypA (ABclonal), B-actin (Proteintech), or glyceraldehyde-3-phos-
phate dehydrogenase (GAPDH; Proteintech), the blots were incubated with horseradish peroxidase (HRP)-la-
beled goat anti-mouse IgG (Abgent) or HRP-labeled goat anti-rabbit IgG (Abgent) and were detected with
Western Lightning plus-ECL reagent (Zeta Life) using a Synoptics Syngene bioimaging instrument. GAPDH or
B-actin was used as a loading control for immunoblotting.

VRNA extraction. RSV was used to infect Hep2 cells after different treatments. After 3 days, cell
supernatants were collected. After centrifugation, 200-ul samples were taken to extract RSV nucleic acid
according to the instructions of the liquid virus RNA extraction kit (Biolab). The extracted VRNA was
quantified by using Nanodrop ND-1000 (Thermo Fisher Scientific).

RSV RNP preparation and RSV polymerase assays. We extracted the RNP complex of RSV strictly
according to the method described by Stephen W. Mason et al. and simulated the transcription of RSV
polymerase in vitro (56). Transcription reaction mixtures (60 ul) contained 5 ul of RSV RNP (with or with-
out cypA protein [Novoprotein]) in reaction buffer (50 mM Tris-acetate [pH 7.5], 120mM potassium
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acetate, 4.5 mM MgCl,, 5% glycerol, 2mM EGTA, 3 mM dithiothreitol [DTT], 50 mg/ml of bovine serum al-
bumin [BSA], 0.4 mM [each] ATP, GTP, CTP, and UTP, and 4% dimethyl sulfoxide [DMSQ]). RNA produced
in the reaction system was extracted with a RNA extraction kit (Biolab) and analyzed quantitatively by
NanoDrop ND-1000 (Thermo Fisher Scientific). Then the product was used to identify the RSV N mRNA
by gRT-PCR.
Statistical analysis. Data from three independent experiments were expressed as the means *
standard deviations (SD). GraphPad Prism software was used for statistical analyses.
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