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ABSTRACT In December 2019, a new severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2) started spreading worldwide causing the coronavirus disease 2019 (COVID-19)
pandemic. The hyperactivation of the immune system has been proposed to account for
disease severity and death in COVID-19 patients. Despite several approaches having been
tested, no therapeutic protocol has been approved. Given that Cyclosporine A (CsA) is
well-known to exert a strong antiviral activity on several viral strains and an anti-inflam-
matory role in different organs with relevant benefits in diverse pathological contexts, we
tested its effects on SARS-CoV-2 infection of lung cells. We found that treatment with CsA
either before or after infection of CaLu3 cells by three SARS-CoV-2 variants: (i) reduces the
expression of both viral RNA and proteins in infected cells; (ii) decreases the number of
progeny virions released by infected cells; (iii) dampens the virus-triggered synthesis of
cytokines (including IL-6, IL-8, IL1a and TNF-a) that are involved in cytokine storm in
patients. Altogether, these data provide a rationale for CsA repositioning for the treatment
of severe COVID-19 patients.

IMPORTANCE SARS-CoV-2 is the most recently identified member of the betacoronavirus
genus responsible for the COVID-19 pandemic. Repurposing of available drugs has been
a “quick and dirty” approach to try to reduce mortality and severe symptoms in affected
patients initially, and can still represent an undeniable and valuable approach to face
COVID-19 as the continuous appearance and rapid diffusion of more “aggressive”/trans-
missible variants, capable of eluding antibody neutralization, challenges the effectiveness
of some anti-SARS-CoV-2 vaccines. Here, we tested a known antiviral and anti-inflamma-
tory drug, Cyclosporine A (CsA), and found that it dampens viral infection and cytokine
release from lung cells upon exposure to three different SARS-CoV-2 variants. Knock down
of the main intracellular target of CsA, Cyclophilin A, does not phenocopy the drug inhibi-
tion of viral infection. Altogether, these findings shed new light on the cellular mechanisms
of SARS-CoV-2 infection and provide the rationale for CsA repositioning to treat severe
COVID-19 patients.

KEYWORDS SARS-CoV-2, COVID-19, infection, repositioning, CsA, cytokine, interleukin,
B.1.1.7, P.1, variants, cyclophilin A, cyclosporine A

In December 2019, a new severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2)
started spreading worldwide causing the coronavirus disease 2019 (COVID-19) pandemic.

Patients affected by this pathology present various clinical manifestations, and complications

Editor Leiliang Zhang, Shandong First Medical
University

Copyright © 2022 Fenizia et al. This is an
open-access article distributed under the terms
of the Creative Commons Attribution 4.0
International license.

Address correspondence to Tiziana Daniele,
daniele.tiziana@hsr.it, or Carlo Tacchetti,
carlo.tacchetti@hsr.it.

The authors declare no conflict of interest.

Received 3 November 2021
Accepted 29 November 2021
Published 5 January 2022

Volume 10 Issue 1 e01504-21 MicrobiolSpectrum.asm.org 1

RESEARCH ARTICLE

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//j

ou
rn

al
s.

as
m

.o
rg

/jo
ur

na
l/s

pe
ct

ru
m

 o
n 

10
 J

an
ua

ry
 2

02
2 

by
 1

59
.1

49
.7

4.
15

8.

https://orcid.org/0000-0002-6465-1078
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.MicrobiolSpectrum.asm.org
https://crossmark.crossref.org/dialog/?doi=10.1128/spectrum.01504-21&domain=pdf&date_stamp=2022-1-5


might affect different organs, including lung, liver, kidney, heart, and brain (1–3). An exces-
sive activation of the immune response has been proposed to account for disease severity
(affecting around 5% of patients) and death in COVID-19 patients. Host cell infection by
SARS-CoV-2 triggers the induction of inflammatory cytokines, including IL1b , IL-2, IL-6, IL-7,
IL-8, IL-10, interferon (IFN)-g, IFN-g inducible protein (IP)-10/CXCL10, granulocyte colony-stim-
ulating factor (G-CSF), monocyte chemoattractant protein (MCP)-1/C-C motif chemokine
ligand 2 (CCL2), macrophage inflammatory protein (MIP) 1a, and tumor necrosis factor
(TNF) a, which in turn recruit macrophages and neutrophils to the site of infection culmi-
nating in a “cytokine storm” or “cytokine release syndrome” (4–6). Such unbalanced exa-
cerbated immune response is accompanied by a reduction of type I interferons (IFN-Is), either
as result of SARS-CoV-2 immune escapemechanism or due to the production of auto-immune
antibodies (7–10). Although a wide consensus has not been reached yet, multiple publications
report that the intensity of such cytokine release syndrome correlates with disease severity
(11–13).

Cyclosporine A (CsA), a natural cyclic peptide of 11 amino acids, is an inhibitor of cyclo-
philins (proteins belonging to the superfamily of immunophilins) known to prevent T cell
activation via the formation of a tri-partite complex that includes Cyclophilin A (CyPA), CsA
and calcineurin. The subsequent inhibition of NFAT translocation to the nucleus (14, 15)
and the inhibition of CyPA binding to interleukin-2 tyrosine kinase (Itk) that remains constitu-
tively activated (16), reduces the immune response mediated by T cells (17). Moreover,
CsA has been shown to affect also innate immunity (recently reviewed in [18]). Therefore,
CsA exerts both immunosuppressive and anti-inflammatory activities.

CsA has also been reported to interfere with viral infection and replication of different
strains, including hepatitis B virus (HBV), hepatitis C virus (HCV), hepatitis D virus (HDV),
influenza virus, cytomegalovirus, rotavirus, human immunodeficiency virus (HIV) and coronavi-
ruses (19, 20), including SARS-CoV and Middle East respiratory syndrome (MERS)-CoV (21, 22).

We investigated the effects of CsA on SARS-CoV-2 infection in CaLu3 cells, a human
pulmonary cell line; results showed that CsA hampers both viral infectivity and the production
of pro-inflammatory cytokines by three different variants of SARS-CoV-2, suggesting a poten-
tial exploitation of this drug in the therapy of COVID-19.

RESULTS

SARS-CoV-2 is able to enter different organs, thus we tested four different human
cell lines (A549 and CaLu3 from lungs, HepG2 from liver, and CaCo2 from intestine) as model
systems to study viral infection, whereas we used Vero E6 cells (from African green monkey
kidney, a standard system for laboratory propagation of viruses) to initially expand SARS-
CoV-2. In accordance with previous findings (23), CaLu3 pulmonary cells were found to be the
most efficiently infected and, therefore, used as the model system for all the experiments
reported here.

CsA impairs SARS-CoV-2 RNA replication and protein synthesis, and the production
of progeny viral particles. CaLu3 cells were treated with 10mM CsA both before (protocol
1, Fig. 1A) or after (protocol 2, Fig. 1B) infection with 0.05 MOI SARS-CoV-2; samples were
collected 48-h postinfection (hpi). CaLu3 cell survival upon CsA treatment either in the
presence or in the absence of SARS-CoV-2 was assessed by 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) colorimetric assay. While neither viral infection nor drug
treatment affected cell viability (Fig. 1C), western blotting (WB) analysis showed that CsA-
treated cells expressed significantly lower levels of SARS-CoV-2 Spike protein compared to
control dimethyl sulfoxide (DMSO)-treated cells independently on whether the drug was
administered before (protocol 1, 3.906 1.84% of DMSO-treated samples) or after (protocol
2, 2.666 2.05% of DMSO-treated samples) viral infection (Fig. 2A).

Accordingly, immunofluorescence analysis confirmed that the number of infected
CaLu3 cells was reduced by drug treatment in both experimental settings (Fig. S1), as revealed
by anti-Spike protein labeling. Moreover, also the intracellular viral load, measured by ddPCR
analysis of the RNA levels of nucleocapside (N1), was significantly decreased in cells treated
with CsA either before (protocol 1, 1.326 0.19% of DMSO-treated samples) or after (proto-
col 2, 0.80 6 0.10% of DMSO-treated samples) infection with SARS-CoV-2 (Fig. 2B). To test
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whether CsA treatment also affects the production of an infectious progeny of SARS-CoV-
2, we analyzed the levels of N1 RNA in the supernatant and quantified the virus titer by
means of TCID50 determination (Fig. 2C). We found that CsA treatment dampens the num-
ber of released infectious viral particles in both experimental conditions.

Altogether, these findings show that CsA interferes with SARS-CoV-2 viral RNA replication,
protein synthesis as well as with the assembly and release of new virions.

To test the efficacy of this drug at concentrations similar to those reached in the
blood of transplanted patients (approximately 800 ng/mL [about 0.67 mM] in the first 2
to 4 h after administration—peak value-, and around 100 ng/ml [about 0.083 mM] 10-h
postadministration—trough level_[24]), we treated CaLu3 cells with 1 and 0.1 mM CsA
(Fig. 3). ddPCR and TCID50 analysis revealed that in both experimental settings all three
concentrations of CsA reduce viral infection and release (with increasing efficacy aug-
menting drug dose), when compared with control DMSO-treated samples. In particular,
CsA administration before infection appears more effective than after (protocol 1 vs pro-
tocol 2). Results also showed a good correlation between the levels of virus RNA in the
cell extracts (Fig. 3A) and the number of released infectious viral particles (IVP) in the
supernatants (Fig. 3C) of CsA-treated cells. On the other hand, we found higher levels of

FIG 1 CsA treatment and/or SARS-CoV-2 infection does not affect CaLu3 cells viability. (A, B) Schematic
representation of the experimental protocols, as indicated. CaLu3 cells were treated with 10 mM CsA either 4 h
before (protocol 1, A) or 3 h after (protocol 2, B) SARS-CoV-2 infection. Cells were analyzed 48 hpi. (C) Cell
survival was assessed by MTT assay. Data are normalized to the control uninfected sample. Graphs show mean 6 SD
out of five technical replicates. One experiment is shown as representative of two.
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FIG 2 CsA impairs SARS-CoV-2 ability to infect CaLu3 cells when administered either before or after viral
infection. CaLu3 cells were treated with 10 mM CsA either before (protocol 1, left) or after (protocol 2, right)
SARS-CoV-2 infection. Samples were collected 48 hpi. (A) Spike protein level was evaluated by WB analysis.
ACE2 labeling was detected after Spike protein immunostaining on the same membrane. Arrow indicates ACE2
specific band. CyPA was used as the loading control. Spike protein levels in CsA-treated samples were normalized to
the levels in DMSO-treated controls. Graphs show mean 6 SEM out of three independent experiments. **, P , 0.01
Student's t test. (B) N1 RNA levels were determined by ddPCR analysis and normalized to total RNA. N1 levels in CsA-
treated samples were normalized to the levels in DMSO-treated controls. Graphs show mean 6 SEM out of three
independent experiments. ***, P , 0.001 Student's t test. (C) Viral titer of cell supernatants from one experiment was
quantified by means of TCID50 determination. Infecting viral particles (IVP) in CsA-treated cell supernatants were
normalized to those in DMSO-treated cell supernatants.
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viral RNA (Fig. 3B) compared with IVP (Fig. 3C) in the supernatants in all the CsA-treated
conditions, possibly due to non-infectious viral particle release and/or cell death.

Altogether, these results suggest that CsA is effective even at lower concentrations
that are compatible with the clinical practice.

CsA exerts antiviral activity also on B.1.1.7 and P.1 SARS-CoV-2 variants. The appear-
ance and rapid diffusion of more “aggressive”/transmissible variants of SARS-CoV-2,
due to an increased affinity for ACE2 receptor and resistance to antibody neutralization
(25, 26), prompted us to test the efficacy of CsA also on these new strains. In particular, we
analyzed the viral load in samples treated with the three concentrations of CsA after infec-
tion (protocol 2) with either B.1.1.7 (U.K variant, alpha) or P.1 (Brazil lineage, gamma) SARS-
CoV-2 by ddPCR and found that CsA treatment significantly reduced virus RNA replication
in the cells at all the concentrations tested for both SARS-CoV-2 strains (Fig. 4A). Results
showed a good correlation between the levels of viral RNA and IVP in the supernatants
of CsA-treated B.1.1.7-infected cells, suggesting that this variant releases mainly infecting
virions. By contrast, we found higher levels of viral RNA (Fig. 4B) compared with IVP

FIG 3 CsA is effective also at concentrations comparable with those reached in the blood of transplanted
patients. CaLu3 cells were treated with 10, 1, or 0.1 mM CsA either before (protocol 1, left) or after (protocol
2, right) SARS-CoV-2 infection. Samples were collected 48 hpi. Dose-response graphs show mean 6 SEM out
of three independent experiments. (A, B) N1 levels in cells extracts (A) and supernatants (B) were analyzed
by ddPCR analysis and normalized to total RNA. N1 levels in CsA-treated samples were normalized to the
levels in DMSO-treated controls. ***, P , 0.001; **, P , 0.01; *, P , 0.5, Student's t test. (C) Viral titer of cell
supernatants from one experiment was quantified by means of TCID50 determination. Infecting viral particles
(IVP) in CsA-treated cell supernatants were normalized to those in DMSO-treated cell supernatants.
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(Fig. 4C) in the supernatants of CsA-treated P.1-infected cells, possibly due to non-infec-
tious viral particle release and/or cell death.

Altogether, these results show that CsA exerts antiviral activity also on SARS-CoV-2 P.1
and B.1.1.7 variants. Moreover, our findings suggest that the lowest (0.1mM) CsA concentra-
tion is more effective on the EU strain than on the SARS-CoV-2 variants (Fig. 3 and 4).

CsA diminishes the synthesis of virus-induced cytokines in lung cells. SARS-CoV
infection was reported to induce the synthesis of epithelial cytokines in CaLu3 cells (27); there-
fore we decided to investigate whether also SARS-CoV-2 triggered cytokine production and to
test the effect of CsA treatment. To this purpose we analyzed the levels of a panel of relevant
cytokines, including IL1a (which triggers the recruitment of hematopoietic cells that in turn
amplify and induce IL1a production in a positive feedback loop sustaining inflammation [28]),
TNF-a (a strong pro-inflammatory cytokine [29]), IL-8 (which plays an important role in both
neutrophil recruitment and activation [30]), and IL-6 (which exerts pro-inflammatory activities
in a context-dependent manner [31]), which are involved in the cytokine release disease

FIG 4 CsA exerts antiviral activity also on B.1.1.7 and P.1 SARS-CoV-2 variants. CaLu3 cells were treated
with 10, 1 or 0.1 mM CsA after infection with B.1.1.7 (left) and P.1 (right) SARS-CoV-2 strains. Samples
were collected 48 hpi. Dose-response graphs show mean 6SEM out of three independent experiments.
(A-B) N1 levels in cells extracts (A) and supernatants (B) were analyzed by ddPCR analysis and normalized
to total RNA. N1 levels in CsA-treated samples were normalized to the levels in DMSO-treated controls.
***, P , 0.001; **, P , 0.01; *, P , 0.5, Student's t test. (C) Viral titer of cell supernatants from one
experiment was quantified by means of TCID50 determination. Infecting viral particles (IVP) in CsA-treated
cell supernatants were normalized to those in DMSO-treated cell supernatants.
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reported in COVID-19 patients, in the cellular extracts of CaLu3 treated with CsA either before
(protocol 1) or after (protocol 2) SARS-CoV-2 infection by rtPCR analysis. Results showed that
CsA significantly reduced the amount of cytokine RNA synthesized upon viral infection in
both experimental settings and by all SARS-CoV-2 strains at the higher concentrations tested
(10 and 1mM, Fig. 5). Moreover, we found that CsA appears to exert an “all or none” effect on
cytokine RNA production induced by B.1.1.7 and P.1 variants (effective at similar levels at 10
and 1mM and almost ineffective at 0.1mM), whereas the drug displays a more dose-depend-
ent effect on cytokine induction promoted by the EU strain of SARS-CoV-2.

Altogether, these findings support an anti-inflammatory activity of CsA on lung cells
infected by SARS-CoV-2.

FIG 5 CsA dampens cytokines synthesis induced by SARS-CoV-2 infection. CaLu3 cells were treated
with 0.1, 1, or 10 mM CsA or vehicle (DMSO, as control) either before (protocol 1) or after (protocol 2)
infection with three SARS-CoV-2 strains (as indicated). Samples were collected 48 hpi. Cytokines levels
were assessed by rtPCR analysis and normalized to GAPDH. Cytokine RNA levels in CsA-treated
samples were normalized to the levels in DMSO-treated controls. (A) RNA levels of cytokines (mean values)
are shown as a color scale from light blue to blue (Heatmap). (B) Table shows mean 6 SEM out of three
independent experiments ***, P , 0.001; **, P , 0.01; *, P , 0.5; n.s, P . 0.5 Student's t test.
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Cyclophilin A silencing does not phenocopy CsA effects on SARS-CoV-2 infection.
CyPA is the main intracellular target of CsA (32) and it acts as an intracellular: (i) chaperone
during viral replication for different viruses (33, 34); and (ii) sensor that favors viral infection
(35, 36). Furthermore, CyPA has been identified as the top ranked hit in a meta-analysis
study of host genes implicated in COVID-19 (37), and CsA ability to impair SARS-CoV-2 infec-
tion in CaLu3 cells has been suggested to depend on its action on cyclophilins (23). Thus,
we investigated the role of CyPA in SARS-CoV-2 entry into host cells, exploiting a genetic
approach. We silenced CyPA expression in CaLu3 cells before viral infection by transduction
with a specific short hairpin RNA (shRNA): CyPA knock down efficiency was 96.0%6 0.7% of
control NT shRNA-transduced cells at the RNA and 95.1%6 1.0% of control NT shRNA-trans-
duced cells at the protein level. We evaluated SARS-CoV-2 RNA load in both cells and super-
natants by ddPCR analysis, and found that N1 levels were increased in CyPA-knocked down
cells (166.3% 6 6.1% and 156.1% 6 11.6% of control NT shRNA-transduced cells, respec-
tively, Fig. 6A). Furthermore, we assessed the levels of viral Spike protein by WB analysis
(Fig. 6B and C), and found that silencing of CyPA augmented its levels (280.6% 6 10.7% of
control NT shRNA-transduced cells, Fig. 6C). To test whether knock down of CyPA also
affects the production of an infectious progeny of SARS-CoV-2, we quantified the virus titer
by means of TCID50 determination and found that CyPA silencing increases the number of
released IVP (Fig. 6D).

Because reduction of viral infection impairs cytokine production (Fig. 5), we analyzed
the RNA levels of IL1a, IL-6, IL-8, and TNF-a in Calu3 cells treated with CyPA-specific
shRNA before viral infection, and found that CyPA knockdown augmented their expres-
sion (IL1a, 757.16 129.9; TNF-a, 843.26 224.1; IL-6, 511.86 253.1; IL-8, 454.76 88.5% of
control NT shRNA-treated cells [Fig. 6E]).

Altogether, these results suggest that CyPA works as a negative modulator of SARS-CoV-2
infection, and therefore, that CsA inhibitory effects on both viral replication and cytokine pro-
duction have to be ascribed to a different molecular mechanism.

DISCUSSION

In December 2019, the newly identified coronavirus SARS-CoV-2 started spreading
worldwide causing the COVID-19 pandemic. Several approaches have been suggested
and tested for the treatment of COVID-19 patients, but till now no therapeutic protocol has
been approved. The lack of solid therapeutic approaches for the treatment of COVID-19
patients led to the idea of verifying whether CsA, a molecule endowed with potent antiviral
and anti-inflammatory activities, could play a role in this scenario (38–49).

Some preliminary data obtained in Vero E6 cells suggested that CsA might interfere
with SARS-CoV-2 infection (50); thus we tested the drug effects in the physiological
context of pulmonary CaLu3 cells. We found that in vitro CsA exerts two different
effects: (i) it impairs viral infection, replication and release, and (ii) it diminishes the virus-
induced synthesis of cytokines by CaLu3 cells (as previously reported for SARS-CoV [27]).
Recently, the ability of CsA to interfere with SARS-CoV-2 infection has been reported also in
CaLu3 cells, and suggested to rely on its action on cyclophilins (23). Here, we provide addi-
tional evidence that CsA interferes with viral infection and dampens subsequent epithelial
cytokines production also by B.1.1.7 (alpha) and P.1 (gamma) variants of SARS-CoV-2, thus
suggesting that the “emerged” viral mutations have not affected the drug-targeted molecu-
lar machinery. Moreover, by exploiting a genetic approach, we show that CsA effect is not
mediated by its main intracellular target, CyPA.

CsA is known to exert several antiviral activities, including the inhibition of genome
replication and particles assembly, as well as the regulation of the activity of host restriction
factors (20, 21), mainly by its inhibitory functions on cyclophilins, in particular CyPA. Indeed, it
plays an essential role in promoting viral infection exerting its functions both inside and out-
side host cells. In particular, CyPA (i) acts as an intracellular chaperone during viral replication
for different viruses (33, 34); (ii) behaves as an intracellular sensor that favors viral infection
(hampering the innate immune response [35], and regulating the sensitivity to host restriction
factors [36]); and (iii) partakes in target cells invasion by HIV-1 and SARS-CoV (51–53), but not
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by SARS-CoV-2 (54), mediating virus binding to the CD147 receptor. Furthermore, CyPA has
been recently reported as the top ranked hit in a meta-analysis study of host genes implicated
in COVID-19 (37). Interestingly, our experiments with CyPA-silenced cells provide evidence
that CyPA works as a negative modulator of SARS-CoV-2 infection, as already described for

FIG 6 CyPA knock down favors SARS-CoV-2 infection. CaLu3 cells were either not transduced (ctr) or transduced with a nontargeting (NT) or a CyPA-
specific shRNA for 12 days before infection with SARS-CoV-2. Samples were collected 48 hpi. (A) N1 levels in cells and supernatants (super) were analyzed
by ddPCR analysis and normalized to total RNA. N1 levels in CyPA-silenced cells were normalized to the levels in NT shRNA-transduced control. Graphs
show mean 6 SEM out of three independent experiments. **, P , 0.01; *, P , 0.05 Student's t test. (B) One experiment is shown as representative of
three. CD147 labeling was performed after GAPDH immunostaining on the same membrane. ACE2 labeling was detected after Spike protein
immunostaining on the same membrane. Arrow indicates ACE2 specific band. (C) Spike protein expression was evaluated by WB analysis. GAPDH was
used as the loading control. Spike protein levels in CyPA-silenced cells were normalized to the levels in NT shRNA-transduced control. Graphs show
mean 6 SEM out of three independent experiments. **, P , 0.01, Student's t test. (D) Viral titer of cell supernatants from one experiment was quantified
by means of TCID50 determination. Infecting viral particles (IVP) in CyPA-silenced cell supernatants were normalized to those in NT shRNA-treated cell
supernatants. (E) Cytokines RNA levels were assessed by rtPCR analysis and normalized to GAPDH. Data from CyPA-silenced cells were normalized to
those in NT shRNA-treated control. Graph shows mean 6 SEM out of three independent experiments. **, P , 0.01; *, P , 0.1. Student's t test.
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influenza virus and rotavirus (33, 34). Therefore, our results suggest that CsA ability to impair
viral activity has to be ascribed to other cyclophilins or to a different molecular mechanism.

As for the former hypothesis, two additional candidates should be considered among
cyclophilins, namely, CyPB and CyPD. CyPB (found in the endoplasmic reticulum) is the
only other cyclophilin expressed at detectable levels inside the cells in addition to CyPA,
which instead accounts for 0.1% to 0.5% of the total cellular protein content. CyPB has
been reported to play a role in host infection by HCV (55) and HIV-1 (56), in the latter case
modulating viral translocation into the nucleus in a CsA-independent manner (57). CyPD,
an immunophilin localized on the inner membrane of mitochondria, has been shown to
partake in coronavirus (HCoV-OC43) infection in a CsA-dependent manner (58, 59).

As for the latter hypothesis, CsA has been proposed recently to be able to interfere
with SARS-CoV-2 entry. Indeed, Prasad et al. unraveled that CsA can bind and inhibit two
classes of host proteases, namely, TMPRSS2 and Cathepsins, using a computational approach,
and suggested that the drug might work also on the initial phases of SARS-CoV-2 infection of
target cells (60). Moreover, some data provided by Dittmar et al. could support an involvement
of TMPRSS2 in CsA mechanism of action as they show that cell treatment with camostat
appears to phenocopy the effects of CsA on SARS-CoV-2 infection (23). Our findings that
CsA functions in both experimental settings (protocol 1, CsA treatment before infection, and
protocol 2, CsA treatment after infection) are compatible with either hypothesis. Indeed, CsA
is a membrane permeable drug, thus it might work on already infected cells inhibiting new
virions assembly and/or blocking new cell infection by viral progeny.

CsA exerts anti-inflammatory activities as well, both inside and outside the cell.
Intracellularly, CsA sequesters cyclophilins from binding to calcineurin, thus avoiding NFAT
translocation to the nucleus and downstream cytokine synthesis (18). Extracellularly, CsA
binds secreted CyPA or CyPB and impairs their chemotactic activity on eosinophils, neutro-
phils, T lymphocytes which is driven by recognition of the CD147 receptor (61, 62), and
dampens the inflammatory response in an animal model of human acute lung injury (63).
Altogether, these observations suggest that extracellular CyPA plays an essential role in
inflammation in different contexts, and that its targeting might represent an effective way
to reduce leukocyte redistribution to inflamed tissues and local production of cytokines
(64). This hypothesis is strengthened by the finding that under mechanical ventilation air-
way epithelial cells actively secrete CyPA that is responsible for cytokine-driven leukocyte-
mediated acute lung injury in mice, and that this phenotype is reverted upon treatment
with a cyclosporine derivative (65). Moreover, extracellular CyPA levels have been found
upregulated in the bronchoalveolar lavage fluids of patients with ARDS (65).

Thus, the anti-inflammatory activity of CsA might be useful to dampen the cytokine
storm, possibly delaying the progression toward acute respiratory distress syndrome (ARDS)
and/or a systemic inflammatory condition as observed in severe COVID-19. Indeed, patients
display distinct hematological manifestations; among them lymphocytopenia characterizes
approximately 70% of severe-to-critical cases. Different causes have been proposed to
account for this clinical manifestation: immune exhaustion/senescence, massive recruitment
of immune cells to tissues, and decreased cell production due to uncoordinated cytokine
signaling (66–68). The common denominator of all these phenomena relies on the hyperac-
tivation of the immune system and an uncoordinated excessive cytokine signaling. In this
context, our finding that CsA attenuates cytokine synthesis in lung cells could result in a
reduced recruitment of immune cells to the site of infection. Indeed, regulators of the immune
function have been employed as therapeutic approaches (i.e., corticosteroids, anti-IL-17 mono-
clonal antibodies, anti-IL-6 monoclonal antibodies). Although they are known to induce
lymphocytopenia, corticosteroids can promptly recover lymphocytes count due to their
anti-inflammatory properties (69). In addition, they reduce mortality and the need for
invasive mechanical ventilation or oxygen alone (possibly because they promote erythroid
precursors maturation into red blood cells [70]), but only in severe COVID-19 patients (71, 72),
whereas treatment with dexamethasone does not show beneficial effects in patients not
requiring respiratory support (72) or even an increased risk of mortality or mechanical ventila-
tion need in patients with low levels of initial C-reactive protein (71).
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As for cytokine-targeted therapies, results of randomized, placebo-controlled, blinded tri-
als targeting either IL-1 or IL-6 pathway showed no survival benefit in COVID-19 patients
([73] and [74], respectively), unless performed in combination with cortisteroids (75, 76), sug-
gesting that inhibiting a single cytokine pathway might not be sufficient. In this context, our
findings showing that CsA dampens the production of several epithelial cytokines would
support its repurposing. Furthermore, our observation of a reduction of viral titer as well as
of cytokine production at concentrations compatible with CsA administration to patients
would support its usage in vivo (as recently questioned by Solanich et al. [77]).

Despite we are well aware of its potent immunosuppressive activity, we reckon that
repositioning of CsA should be considered for the treatment of COVID-19 patients,
upon the identification of the proper/best therapeutic window (78, 79). Indeed, some clinical
evidences have been collected retrospectively on the treatment of severe COVID-19 patients
with CsA; results showed no additional risks in face of reduced mortality (80). Along this line,
a phase I clinical trial testing the ability of CsA to prevent cytokine storm onset in patients
with moderate COVID-19 has been started in 2020 and is still ongoing (NCT04412785).

Our findings showing that CsA exerts both antiviral and anti-inflammatory activities on
three different variants of SARS-CoV-2 with similar efficacy would suggest that this drug
exploits a conserved mechanism and therefore might be useful in the therapy of COVID-19.
By contrast, the effectiveness of some anti-SARS-CoV-2 vaccines appears to be reduced by
certain viral mutations and thus novel alternative therapeutic approaches might be essential
in the clinical management of COVID-19 patients (81–85). Finally, the well-known inhibitory
activity of CsA on different viruses together with the results reported here demonstrating its
efficacy on different SARS-CoV-2 variants support the relevance of this drug beyond the cur-
rent pandemic.

MATERIALS ANDMETHODS
Antibodies and reagents. Antibody anti-CD147 was from Santa Cruz Biotechnology (Dallas, TX, USA).

Antibody anti-Spike protein antibody was from Genetex (Alton Pkwy Irvine, CA, USA). Antibodies anti-ACE2,
anti-GAPDH, and anti-CyPA were from Abcam (Cambridge, Cambridgeshire, UK). HRP-conjugated secondary
antibodies were purchased from Cell Signaling Technology (Danvers, MA, USA) unless otherwise stated.
Hoechst 33542, Alexa 488-, and Alexa 546-conjugated secondary antibodies were obtained from Molecular
Probes (Life Technologies by Thermo Scientific, Waltham, MA, USA). CsA, DMSO, HEPES, MTT, Tris, Glycine, SDS,
Tween 20, saponin, NH4Cl, and bovine serum albumin (BSA) were purchased from Sigma (by Merck,
Kenilworth, NJ, USA). All cell culture reagents were from Thermo Scientific. All chemical reagents were of ana-
lytical grade or higher, and purchased from Sigma unless otherwise specified.

Cell culture, infection, and treatments. Vero E6 (CRL-1586, African green monkey kidney epithelial
cells), A549 (CCL-185, human epithelial cells from lung carcinoma), HepG2 (HB-8065, human epithelial
cells from liver carcinoma), CaCo2 (HTB-37, human epithelial cells from colorectal adeno-carcinoma), and
CaLu3 (HTB-55, human epithelial cells from lung adenocarcinoma) were purchased from American Type
Culture Collection (ATCC, Manassas, VA, USA). Vero E6 cells were grown in DMEM high glucose, 2 mM
Glutamax, PenStrep, 10% FBS, 1 mM HEPES, and 1 mM sodium pyruvate; A549 cells were grown in
DMEM high glucose, 2 mM Glutamax, PenStrep, 10% FBS, 50 mM beta-mercaptoethanol, and 1 mM so-
dium pyruvate; HepG2 and Hek293T cells were grown in DMEM high glucose, 2 mM Glutamax,
PenStrep, and 10% FBS; CaCo2 cells were grown in DMEM high glucose, 4 mM Glutamax, PenStrep, 20%
FBS, 1% NEAA, and 1 mM sodium pyruvate; Calu3 cells were grown in DMEM high glucose, 2 mM
Glutamax, PenStrep, 10% FBS, and 1% NEAA. Cells were grown at 37°C in 5% CO2 and at 98% humidity.
Cells were routinely checked for mycoplasma contamination by PCR test.

SARS-CoV-2 Virus Human 2019-nCoV strain 2019-nCoV/Italy-INMI1, Rome, Italy was purchased from
Integrated DNA Technologies (IDT, Coralville, IA, USA). SARS-CoV-2 B.1.1.7 and P.1 lineages were a kind gift of
Davide Mileto, Clinical Microbiology, Virology and Bio-emergence Diagnosis, ASST Fatebenefratelli-Sacco,
Department of Biomedical and Clinical Sciences, University of Milan, Milan, Italy. The European (EU) SARS-CoV-
2 Virus (Human 2019-nCoV strain 2019-nCoV/Italy-INMI1) was used in the majority of the experiments, unless
otherwise specified (see Table 1 for features of the viral strains used in this study). All the experiments with
SARS-CoV-2 virus were performed in BSL3 facility (Department of Biomedical and Clinical Sciences “L. Sacco,”

TABLE 1 Features of SARS-CoV-2 strains used in this study

Lineage D614G N501Y E484K P681H TCID50/mL
EU (Italy) 1a 2 2 2 3.3*105

B.1.1.7 (UK, a) 1 1 2 1 6.3*106

P.1 (Brazil,!) 1 1 1 2 7.9*105

a1, mutation present;2, mutation absent.
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Milano University Medical School); virus was inactivated according to institutional safety guidelines, before
samples analysis outside BSL3 area.

In order to obtain the viral stock, SARS-CoV-2 was expanded on the human cell line CaCo2 and infectious vi-
ral particles concentration was assessed by TCID50. Briefly, Calu3 were seeded at 2 � 104 cells per well in a 96-
well plate. Eleven 1:10 serial dilutions of the viral stock were performed in 2% FBS medium. For each dilution,
eight wells were infected. Eight wells were left uninfected as control. Three-hours postinfection (hpi), each well
was thoroughly washed three times with pre-warmed PBS and the culture media replaced with 10% FBS DMEM.
Optical microscope observation (ZOE Fluorescent Cell Imager, Bio-Rad Laboratories, Hercules, CA, USA) was per-
formed daily to investigate the cytopathic effect. At 48-hpi, supernatants were removed, cells fixed by paraformal-
dehyde (PFA) 4% for 1 h at room temperature, then stained by 0.2% crystal violet solution. By applying the Reed-
Muench method with the correction for the proportional distance (PD [86]), we were able to assess the TCID50

and to calculate the MOI in our experiments.
The day before, 2.5 � 105 Calu3 cells were cultured in 0.5 mL of 2% FBS medium in a 24-well plate.

Then, we followed two different protocols of infection, as follows:
Protocol 1: Cells were first pretreated with 10, 1, or 0.1 mM CsA (or equivalent DMSO, as mock control)

diluted in complete medium in the absence of the virus. After 4 h of pretreatment, cells were challenged with
0.05 MOI of SARS-CoV-2. At 3-hpi, cells were thoroughly washed three times with pre-warmed PBS and refilled
with the complete growth medium (10% FBS), including 10mM CsA, DMSO, or plain culture medium (Fig. 1A).

Protocol 2: Cells were first infected with 0.05 MOI of SARS-CoV-2 and then, after removing the virus
at 3-hpi, complete growth medium (10% FBS) with 10, 1, or 0.1 mM CsA, DMSO or plain culture medium
was replenished (Fig. 1B).

At 48-hpi, CaLu3 cells were lysed for RNA or protein extraction, whereas supernatants were har-
vested and appropriately stored.

Proliferation assay. Cells were seeded in a 96-well plate and allowed to grow for 48 h before treatment.
Cell viability was determined by the MTT assay after 48 h of treatment. Cells were incubated with 2 mM 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT, Sigma) for 4 h at 37°C; then the supernatant was
removed. Afterwards, formazan was extracted from cells with 100 mL of DMSO. The amount of MTT-formazan
was determined by absorbance at 595 nm.

RNA interference. To knockdown CyPA expression, a short hairpin sequence targeting human CyPA
and a non-targeting (NT) negative control shRNA were used, as described before (87).

The CyPA-specific oligonucleotide used was:
59-CTGACTGTGGACAACTCGAAT-39.
The NT shRNA used was:
59-CAACAAGATGAAGAGCACCAA-39.
Briefly, for lentivirus production, Hek293T cells were transfected with the calcium phosphate

method. To this end, a mix containing 10 mg of either lentiviral plasmid DNA vector, 6.5 mg of packaging
vector Dr 8.74, 3.5 mg of Env VSV-G, 2.5 mg of REV, ddH2O to 450 mL, 50 mL of 2.5 M CaCl2, and 500 mL
of 2x HBS was added dropwise over a monolayer of Hek293T cells seeded on a 10-cm2 dish. After 16 h,
the medium was replaced. Thirty hours later, the medium containing virus particles was collected and
passed on a 0.22-mm filter. CaLu3 cells were infected overnight and the following day selected with
1.5 mg/mL puromycin (Thermo Scientific) treatment for 10 days. Transduced cells were infected with
SARS-CoV-2 on day 12 and samples collected for analysis on day 14.

RNA extraction and reverse transcription. Cell supernatant was collected and Maxwell RSC Viral
Total Nucleic Acid purification kit was used to extract RNA from 250mL of cell culture supernatants employing
the Maxwell RSC Instrument (Promega, Madison, WI, USA). The remaining supernatant was conveniently stored
at280°C for the TCID50 assessment. Each well was then thoroughly washed three times with pre-warmed PBS.
Cells were lysed and collected in 100 mL of RNAzol (TEL-TEST, Inc., Friendswood, TX, USA). RNA extraction was
performed employing the acid guanidium-phenol-chloroform (AGPC) extraction method, as elsewhere
described (88). One mg of total RNA was reversed transcribed in a final volume of 20 mL using the Reverse
Transcription Kit (Promega). Target cDNA was amplified by either ddPCR or rtPCR.

Droplet digital PCR (ddPCR) and real time PCR (rtPCR). The QX100 Droplet Digital PCR System
(Bio-Rad Laboratories) instrument was used for this study. TwomL of cDNA diluted 1:10.000 (cells) or 1:100 (cell
supernatants) were mixed with commercial SARS-CoV-2 (2019-nCoV) CDC qPCR Probe Assay (IDT). Two mL of
cDNA diluted 1:100 (cell extract) were mixed with commercial PrimePCR ddPCR Expression Probe Assay for

TABLE 2 Sequence of primers used for rtPCR in this study

Primer name Primer sequence
GAPDH FWD 59-cATGCCTTCTTGCCTCTTGT-39
GAPDH REV 59-GTTGAGGTCAATGAAGGGGTC-39
IL1a FWD 59-GGTTGAGTTTAAGCCAATCCA-39
IL1a REV 59-TGCTGACCTAGGCTTGATGA-39
IL6 FWD 59-GATTCAATGAGGAGACTTGCCTGG-39
IL6 REV 59-CTCACTACTCTCAAATCTGTTCTGG-39
IL8 FWD 59-CATCTCACTGTGTGTAAACATGAC-39
IL8 REV 59-CCTTGGCAAAACTGCACCTTCAC-39
TNFa FWD 59-GAGCACTGAAAGCATGATCC-39
TNFa REV 59-CGAGAAGATGATCTGACTGCC-39
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CyPA/PPIA (Human, fluorophore Hex, dHsaCPE5031543, Bio-Rad). The volume of the final PCR mix was 20 mL
including 10 mL of ddPCR Supermix for Probes (No dUTP) and 1 mL of the primers/fluorophore probe N1.
ddPCR amplification reagents were purchased from Bio-Rad Laboratories. The droplet emulsion was thermally
cycled on C1000 Touch Thermal Cycler (Bio-Rad Laboratories) instrument. Cycling conditions were 95°C for
5 min, followed by 40 cycles of amplification (94°C for 30 s and 55°C for 1 min), ending with 98°C for 10 min.
The concentration of the target was calculated automatically by the QuantaSoft software version 1.7.4 (Bio-Rad
Laboratories).

The LightCycler 480 instrument II (Roche, Basel, Switzerland) was used for the real-time PCR analysis. Briefly,
12.5 ng of cDNA were mixed with 10 mL of LightCycler 480 SYBR green I Master (Roche) and 150 nM final con-
centration of primers. rtPCR cycling conditions were: hot start at 95°C for 10 min, 45 cycles of amplification (95°C
for 15 s, 60°C for 10 s, and 72°C for 20 s), final extension at 72°C for 20 s, followed by 10 min at 98°C. See Table 2
for primers used for rtPCR.

Results were expressed as relative expression units (nFold) to the housekeeping reference gene
(GAPDH) calculated by the 22DDCt method.

Immunofluorescence. Cells seeded, grown, and treated on glass coverslips were fixed in 4% paraformal-
dehyde in 0.2 M HEPES for 1 h at room temperature and permeabilized with blocking solution (PBS supple-
mented with 0.1% saponin, 0.5% BSA and 50 mMNH4Cl) for 30 min at room temperature. Cells were incubated
with primary antibodies, specific Alexa 488- and 546-conjugated secondary antibodies and Hoechst 33542
diluted in blocking solution. For imaging, samples were examined using a Zeiss (Oberkochen, Germany)
Imager A2 microscope, equipped with 49 DAPI (excitation 365, beam splitter FT 395, emission BP 445/50), 43
HE CY3 (excitation BP 550/25, beam splitter FT 570, emission BP 605/70), and 38 HE EGFP (excitation BP 470/
40, beam splitter FT 495, emission BP 525/50) filter sets (Zeiss). Images were obtained under a 20x/0.50 Plan-
Neofluar M27 objective (Zeiss), at a definition of 1388 � 1040 pixels (150 dpi), by means of a high-resolution
monochromatic camera (Axiocam MRm Rev3, Zeiss), and analyzed with the Axiovision REL 4.7 software (Zeiss).

Western blotting. For WB analysis, cells were lysed directly in 2x Laemmli buffer in order to inacti-
vate the virus and to be able to process them outside BSL3 area. Samples were boiled for 5 min at 95°C
before loading onto the gel. Proteins were separated by SDS–PAGE and transferred onto nitrocellulose
membranes (Hybond, GE Healthcare, Chalfont St. Giles, Buckinghamshire, UK). Strips containing the pro-
teins of interest were incubated in 5% (wt/vol) BSA in TBS containing 0.1% (vol/vol) Tween 20, pH 7.4 (T-
TBS), for 1 h at room temperature and then with fresh blocking buffer containing the primary antibody
at its working concentration (see Table 3). After overnight incubation at 4°C, the antibodies were
removed and the strips washed with T-TBS for 3 � 10 min. Strips were incubated for 1 h with the appro-
priate horseradish peroxidase (HRP)-conjugated secondary antibody and washed 3 � 10 min with T-TBS.
WBs were developed using the chemiluminescent method (ECL, GE Healthcare) and signals acquired by
ChemiDoc MP Imaging System (Bio-Rad Laboratories). Bands were quantified by densitometric analysis
using the National Institutes of Health (NIH) ImageJ program. The quantification of each band was nor-
malized using the signal of housekeeping proteins (CyPA or GAPDH) as a loading control.

SUPPLEMENTAL MATERIAL

Supplemental material is available online only.
SUPPLEMENTAL FILE 1, PDF file, 0.4 MB.
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TABLE 3 Ordering information and working conditions of antibodies used for WB in this study

Antibody Company Catalog Dilution Conditions
Spike Genetex 632604 1:1000 Overnight,4°C
ACE2 Abcam 15348 1:1000 Overnight,4°C
CD147 Santa Cruz 53693 1:500 Overnight, 4°C
CyPA Abcam 58144 1:500 Overnight, 4°C
GAPDH Abcam 128915 1:40000 Overnight, 4°C
Anti-mouse HRP Cell signaling technologies 7076 1:5000 1 hour, r.t.
Anti-rabbit HRP Cell signaling technologies 7074 1:5000 1 hour, r.t.

CsA Inhibits Infection by Three SARS-CoV-2 Variants

Volume 10 Issue 1 e01504-21 MicrobiolSpectrum.asm.org 13

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//j

ou
rn

al
s.

as
m

.o
rg

/jo
ur

na
l/s

pe
ct

ru
m

 o
n 

10
 J

an
ua

ry
 2

02
2 

by
 1

59
.1

49
.7

4.
15

8.

https://www.MicrobiolSpectrum.asm.org


This research received no specific grant from any funding agency in the public,
commercial, or not-for-profit sectors.

REFERENCES
1. Wiersinga WJ, Rhodes A, Cheng AC, Peacock SJ, Prescott HC. 2020. Patho-

physiology, transmission, diagnosis, and treatment of coronavirus disease
2019 (COVID-19): a review. JAMA 324:782–793. https://doi.org/10.1001/
jama.2020.12839.

2. Guan W, Ni Z, Hu Y, Liang W, Ou C, He J, Liu L, Shan H, Lei C, Hui DSC, Du
B, Li L, Zeng G, Yuen K-Y, Chen R, Tang C, Wang T, Chen P, Xiang J, Li S,
Wang J, Liang Z, Peng Y, Wei L, Liu Y, Hu Y, Peng P, Wang J, Liu J, Chen Z,
Li G, Zheng Z, Qiu S, Luo J, Ye C, Zhu S, Zhong N, China Medical Treatment
Expert Group for Covid-19. 2020. Clinical characteristics of coronavirus
disease 2019 in China. N Engl J Med 382:1708–1720. https://doi.org/10
.1056/NEJMoa2002032.

3. Grasselli G, Zangrillo A, Zanella A, Antonelli M, Cabrini L, Castelli A, Cereda
D, Coluccello A, Foti G, Fumagalli R, Iotti G, Latronico N, Lorini L, Merler S,
Natalini G, Piatti A, Ranieri MV, Scandroglio AM, Storti E, Cecconi M,
Pesenti A, COVID-19 Lombardy ICU Network. 2020. Baseline characteris-
tics and outcomes of 1,591 patients infected with SARS-CoV-2 admitted
to ICUs of the Lombardy Region, Italy. JAMA 323:1574–1581. https://doi
.org/10.1001/jama.2020.5394.

4. Hu B, Huang S, Yin L. 2021. The cytokine storm and COVID-19. J Med Virol
93:250–256. https://doi.org/10.1002/jmv.26232.

5. Leisman DE, Ronner L, Pinotti R, Taylor MD, Sinha P, Calfee CS, Hirayama
AV, Mastroiani F, Turtle CJ, Harhay MO, LegrandM, Deutschman CS. 2020. Cyto-
kine elevation in severe and critical COVID-19: a rapid systematic review, meta-
analysis, and comparison with other inflammatory syndromes. Lancet Respira-
tory Medicine 8:1233–1244. https://doi.org/10.1016/S2213-2600(20)30404-5.

6. Zhang C, Wu Z, Li J-W, Zhao H, Wang G-Q. 2020. Cytokine release syn-
drome in severe COVID-19: interleukin-6 receptor antagonist tocilizumab
may be the key to reduce mortality. Int J Antimicrob Agents 55:105954.
https://doi.org/10.1016/j.ijantimicag.2020.105954.

7. Lei X, Dong X, Ma R, Wang W, Xiao X, Tian Z, Wang C, Wang Y, Li L, Ren L,
Guo F, Zhao Z, Zhou Z, Xiang Z, Wang J. 2020. Activation and evasion of
type I interferon responses by SARS-CoV-2. Nat Commun 11:3810. https://
doi.org/10.1038/s41467-020-17665-9.

8. Jiang H, Zhang H, Meng Q, Xie J, Li Y, Chen H, Zheng Y, Wang X, Qi H,
Zhang J, Wang P-H, Han Z-G, Tao S. 2020. SARS-CoV-2 Orf9b suppresses
type I interferon responses by targeting TOM70. 9. Cell Mol Immunol 17:
998–1000. https://doi.org/10.1038/s41423-020-0514-8.

9. Ribero MS, Jouvenet N, Dreux M, Nisole S. 2020. Interplay between SARS-
CoV-2 and the type I interferon response. PLoS Pathog 16:e1008737.
https://doi.org/10.1371/journal.ppat.1008737.

10. Bastard P, Rosen LB, Zhang Q, Michailidis E, Hoffmann H-H, Zhang Y,
Dorgham K, Philippot Q, Rosain J, Béziat V, Manry J, Shaw E, Haljasmägi L,
Peterson P, Lorenzo L, Bizien L, Trouillet-Assant S, Dobbs K, de Jesus AA, Belot
A, Kallaste A, Catherinot E, Tandjaoui-Lambiotte Y, Pen JL, Kerner G, Bigio B,
Seeleuthner Y, Yang R, Bolze A, Spaan AN, Delmonte OM, Abers MS, Aiuti A,
Casari G, Lampasona V, Piemonti L, Ciceri F, Bilguvar K, Lifton RP, Vasse M,
Smadja DM, Migaud M, Hadjadj J, Terrier B, Duffy D, Quintana-Murci L, van de
Beek D, Roussel L, Vinh DC, Tangye SG, et al. 2020. Autoantibodies against
type I IFNs in patients with life-threatening COVID-19. Science 370. https://doi
.org/10.1126/science.abd4585.

11. Wang J, Jiang M, Chen X, Montaner LJ. 2020. Cytokine storm and leuko-
cyte changes in mild versus severe SARS-CoV-2 infection: Review of 3939
COVID-19 patients in China and emerging pathogenesis and therapy con-
cepts. J Leukoc Biol 108:17–41. https://doi.org/10.1002/JLB.3COVR0520-272R.

12. Ghazavi A, Ganji A, Keshavarzian N, Rabiemajd S, Mosayebi G. 2021. Cyto-
kine profile and disease severity in patients with COVID-19. Cytokine 137:
155323. https://doi.org/10.1016/j.cyto.2020.155323.

13. Song J-W, Zhang C, Fan X, Meng F-P, Xu Z, Xia P, Cao W-J, Yang T, Dai X-P,
Wang S-Y, Xu R-N, Jiang T-J, Li W-G, Zhang D-W, Zhao P, Shi M, Agrati C,
Ippolito G, Maeurer M, Zumla A, Wang F-S, Zhang J-Y. 2020. Immunologi-
cal and inflammatory profiles in mild and severe cases of COVID-19. 1.
Nat Commun 11:3410. https://doi.org/10.1038/s41467-020-17240-2.

14. Liu J, Albers MW, Wandless TJ, Luan S, Alberg DG, Belshaw PJ, Cohen P,
MacKintosh C, Klee CB, Schreiber SL. 1992. Inhibition of T cell signaling by
immunophilin-ligand complexes correlates with loss of calcineurin phosphatase
activity. Biochemistry 31:3896–3901. https://doi.org/10.1021/bi00131a002.

15. Liu J, Farmer JD, Lane WS, Friedman J, Weissman I, Schreiber SL. 1991. Cal-
cineurin is a common target of cyclophilin-cyclosporin A and FKBP-FK506
complexes. Cell 66:807–815. https://doi.org/10.1016/0092-8674(91)90124-h.

16. Brazin KN, Mallis RJ, Fulton DB, Andreotti AH. 2002. Regulation of the tyro-
sine kinase Itk by the peptidyl-prolyl isomerase cyclophilin A. Proc Natl
Acad Sci U S A 99:1899–1904. https://doi.org/10.1073/pnas.042529199.

17. Matsuda S, Koyasu S. 2000. Mechanisms of action of cyclosporine. Immuno-
pharmacology 47:119–125. https://doi.org/10.1016/s0162-3109(00)00192-2.

18. Liddicoat AM, Lavelle EC. 2019. Modulation of innate immunity by cyclo-
sporine A. Biochem Pharmacol 163:472–480. https://doi.org/10.1016/j
.bcp.2019.03.022.

19. Glowacka P, Rudnicka L, Warszawik-Hendzel O, Sikora M, Goldust M,
Gajda P, Stochmal A, Blicharz L, Rakowska A, Olszewska M. 2020. The anti-
viral properties of cyclosporine. focus on coronavirus, hepatitis C virus,
influenza virus, and human immunodeficiency virus infections. Biology 9:
192. https://doi.org/10.3390/biology9080192.

20. Pfefferle S, Schöpf J, Kögl M, Friedel CC, Müller MA, Carbajo-Lozoya J,
Stellberger T, von Dall'Armi E, Herzog P, Kallies S, Niemeyer D, Ditt V, Kuri
T, Züst R, Pumpor K, Hilgenfeld R, Schwarz F, Zimmer R, Steffen I, Weber F,
Thiel V, Herrler G, Thiel H-J, Schwegmann-Wessels C, Pöhlmann S, Haas J,
Drosten C, von Brunn A. 2011. The SARS-coronavirus-host interactome:
identification of cyclophilins as target for pan-coronavirus inhibitors.
PLoS Pathog 7:e1002331. https://doi.org/10.1371/journal.ppat.1002331.

21. de Wilde AH, Zevenhoven-Dobbe JC, van der Meer Y, Thiel V, Narayanan
K, Makino S, Snijder EJ, van Hemert MJ. 2011. Cyclosporin A inhibits the
replication of diverse coronaviruses. J Gen Virol 92:2542–2548. https://doi
.org/10.1099/vir.0.034983-0.

22. de Wilde AH, Raj VS, Oudshoorn D, Bestebroer TM, van Nieuwkoop S,
Limpens RWAL, Posthuma CC, van der Meer Y, Bárcena M, Haagmans BL,
Snijder EJ, van den Hoogen BG. 2013. MERS-coronavirus replication indu-
ces severe in vitro cytopathology and is strongly inhibited by cyclosporin
A or interferon-a treatment. J Gen Virol 94:1749–1760. https://doi.org/10
.1099/vir.0.052910-0.

23. Dittmar M, Lee JS, Whig K, Segrist E, Li M, Kamalia B, Castellana L, Ayyanathan
K, Cardenas-Diaz FL, Morrisey EE, Truitt R, YangW, Jurado K, Samby K, Ramage
H, Schultz DC, Cherry S. 2021. Drug repurposing screens reveal cell-type-spe-
cific entry pathways and FDA-approved drugs active against SARS-Cov-2. Cell
Rep 35:108959. https://doi.org/10.1016/j.celrep.2021.108959.

24. Jorga A, Holt DW, Johnston A. 2004. Therapeutic drug monitoring of cy-
closporine. Transplantation Proceedings 36:S396–S403. https://doi.org/
10.1016/j.transproceed.2004.01.013.

25. Supasa P, Zhou D, Dejnirattisai W, Liu C, Mentzer AJ, Ginn HM, Zhao Y,
Duyvesteyn HME, Nutalai R, Tuekprakhon A, Wang B, Paesen GC, Slon-
Campos J, López-Camacho C, Hallis B, Coombes N, Bewley KR, Charlton S,
Walter TS, Barnes E, Dunachie SJ, Skelly D, Lumley SF, Baker N, Shaik I,
Humphries HE, Godwin K, Gent N, Sienkiewicz A, Dold C, Levin R, Dong T,
Pollard AJ, Knight JC, Klenerman P, Crook D, Lambe T, Clutterbuck E, Bibi S,
Flaxman A, Bittaye M, Belij-Rammerstorfer S, Gilbert S, Hall DR, Williams MA,
Paterson NG, James W, Carroll MW, Fry EE, Mongkolsapaya J, et al. 2021.
Reduced neutralization of SARS-CoV-2 B.1.1.7 variant by convalescent and vac-
cine sera. Cell 184:2201–2211.e7. https://doi.org/10.1016/j.cell.2021.02.033.

26. Dejnirattisai W, Zhou D, Supasa P, Liu C, Mentzer AJ, Ginn HM, Zhao Y,
Duyvesteyn HME, Tuekprakhon A, Nutalai R, Wang B, López-Camacho C,
Slon-Campos J, Walter TS, Skelly D, Costa Clemens SA, Naveca FG, Nascimento
V, Nascimento F, Fernandes da Costa C, Resende PC, Pauvolid-Correa A,
Siqueira MM, Dold C, Levin R, Dong T, Pollard AJ, Knight JC, Crook D, Lambe T,
Clutterbuck E, Bibi S, Flaxman A, Bittaye M, Belij-Rammerstorfer S, Gilbert SC,
Carroll MW, Klenerman P, Barnes E, Dunachie SJ, Paterson NG, Williams MA,
Hall DR, Hulswit RJG, Bowden TA, Fry EE, Mongkolsapaya J, Ren J, Stuart DI,
Screaton GR. 2021. Antibody evasion by the P.1 strain of SARS-CoV-2. Cell 184:
2939–2954.e9. https://doi.org/10.1016/j.cell.2021.03.055.

27. Yoshikawa T, Hill T, Li K, Peters CJ, Tseng C-TK. 2009. Severe acute respiratory
syndrome-coronavirus (SARS-CoV)-induced lung epithelial cytokines exacerbate
SARS pathogenesis bymodulating intrinsic functions ofmonocyte-derivedmac-
rophages and dendritic cells. J Virol 83:3039–3048. https://doi.org/10.1128/JVI
.01792-08.

Fenizia et al.

Volume 10 Issue 1 e01504-21 MicrobiolSpectrum.asm.org 14

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//j

ou
rn

al
s.

as
m

.o
rg

/jo
ur

na
l/s

pe
ct

ru
m

 o
n 

10
 J

an
ua

ry
 2

02
2 

by
 1

59
.1

49
.7

4.
15

8.

https://doi.org/10.1001/jama.2020.12839
https://doi.org/10.1001/jama.2020.12839
https://doi.org/10.1056/NEJMoa2002032
https://doi.org/10.1056/NEJMoa2002032
https://doi.org/10.1001/jama.2020.5394
https://doi.org/10.1001/jama.2020.5394
https://doi.org/10.1002/jmv.26232
https://doi.org/10.1016/S2213-2600(20)30404-5
https://doi.org/10.1016/j.ijantimicag.2020.105954
https://doi.org/10.1038/s41467-020-17665-9
https://doi.org/10.1038/s41467-020-17665-9
https://doi.org/10.1038/s41423-020-0514-8
https://doi.org/10.1371/journal.ppat.1008737
https://doi.org/10.1126/science.abd4585
https://doi.org/10.1126/science.abd4585
https://doi.org/10.1002/JLB.3COVR0520-272R
https://doi.org/10.1016/j.cyto.2020.155323
https://doi.org/10.1038/s41467-020-17240-2
https://doi.org/10.1021/bi00131a002
https://doi.org/10.1016/0092-8674(91)90124-h
https://doi.org/10.1073/pnas.042529199
https://doi.org/10.1016/s0162-3109(00)00192-2
https://doi.org/10.1016/j.bcp.2019.03.022
https://doi.org/10.1016/j.bcp.2019.03.022
https://doi.org/10.3390/biology9080192
https://doi.org/10.1371/journal.ppat.1002331
https://doi.org/10.1099/vir.0.034983-0
https://doi.org/10.1099/vir.0.034983-0
https://doi.org/10.1099/vir.0.052910-0
https://doi.org/10.1099/vir.0.052910-0
https://doi.org/10.1016/j.celrep.2021.108959
https://doi.org/10.1016/j.transproceed.2004.01.013
https://doi.org/10.1016/j.transproceed.2004.01.013
https://doi.org/10.1016/j.cell.2021.02.033
https://doi.org/10.1016/j.cell.2021.03.055
https://doi.org/10.1128/JVI.01792-08
https://doi.org/10.1128/JVI.01792-08
https://www.MicrobiolSpectrum.asm.org


28. Di Paolo NC, Shayakhmetov DM. 2016. Interleukin 1a and the inflammatory
process. 8. Nat Immunol 17:906–913. https://doi.org/10.1038/ni.3503.

29. Zelová H, Hošek J. 2013. TNF-a signalling and inflammation: interactions
between old acquaintances. Inflamm Res 62:641–651. https://doi.org/10
.1007/s00011-013-0633-0.

30. Baggiolini M, Clark-Lewis I. 1992. Interleukin-8, a chemotactic and inflam-
matory cytokine. FEBS Lett 307:97–101. https://doi.org/10.1016/0014
-5793(92)80909-z.

31. Hunter CA, Jones SA. 2015. IL-6 as a keystone cytokine in health and dis-
ease. 5. Nat Immunol 16:448–457. https://doi.org/10.1038/ni.3153.

32. Harding MW, Handschumacher RE. 1988. Cyclophilin, a primary molecular
target for cyclosporine. Structural and functional implications. Transplan-
tation 46:29S–35S. https://doi.org/10.1097/00007890-198808001-00006.

33. Zhou D, Mei Q, Li J, He H. 2012. Cyclophilin A and viral infections. Bio-
chem Biophys Res Commun 424:647–650. https://doi.org/10.1016/j.bbrc
.2012.07.024.

34. Dawar FU, Tu J, Khattak MNK, Mei J, Lin L. 2017. Cyclophilin A: a key factor
in virus replication and potential target for anti-viral therapy. Curr Issues
Mol Biol 21:1–20. https://doi.org/10.21775/cimb.021.001.

35. Manel N, Hogstad B, Wang Y, Levy DE, Unutmaz D, Littman DR. 2010. A
cryptic sensor for HIV-1 activates antiviral innate immunity in dendritic
cells. Nature 467:214–217. https://doi.org/10.1038/nature09337.

36. Towers GJ, Hatziioannou T, Cowan S, Goff SP, Luban J, Bieniasz PD. 2003.
Cyclophilin A modulates the sensitivity of HIV-1 to host restriction factors.
Nat Med 9:1138–1143. https://doi.org/10.1038/nm910.

37. Parkinson N, Rodgers N, Head Fourman M, Wang B, Zechner M, Swets MC,
Millar JE, Law A, Russell CD, Baillie JK, Clohisey S. 2020. Dynamic data-driven
meta-analysis for prioritisation of host genes implicated in COVID-19. 1. Sci Rep
10:22303. https://doi.org/10.1038/s41598-020-79033-3.

38. Molyvdas A, Matalon S. 2020. Cyclosporine: an old weapon in the fight
against coronaviruses. Eur Respir J 56:2002484. https://doi.org/10.1183/
13993003.02484-2020.

39. Pathania YS. 2021. Cyclosporine: hope for severe COVID-19? BMJ Support Pall-
iat Care. https://doi.org/10.1136/bmjspcare-2020-002681.

40. Cure E, Kucuk A, Cumhur Cure M. 2020. Cyclosporine therapy in cytokine
storm due to coronavirus disease 2019 (COVID-19). Rheumatol Int 40:
1177–1179. https://doi.org/10.1007/s00296-020-04603-7.

41. Cour M, Ovize M, Argaud L. 2020. Cyclosporine A: a valid candidate to
treat COVID-19 patients with acute respiratory failure? Crit Care 24:276.
https://doi.org/10.1186/s13054-020-03014-1.

42. Rudnicka L, Glowacka P, Goldust M, Sikora M, Sar-Pomian M, Rakowska A,
Samochocki Z, Olszewska M. 2020. Cyclosporine therapy during the
COVID-19 pandemic. J Am Acad Dermatol 83:e151–e152. https://doi.org/
10.1016/j.jaad.2020.04.153.

43. Poulsen NN, von Brunn A, Hornum M, Jensen MB. 2020. Cyclosporine and
COVID-19: Risk or favorable? Am J Transplant 20:2975–2982. https://doi
.org/10.1111/ajt.16250.

44. Lai Q, Spoletini G, Bianco G, Graceffa D, Agnes S, Rossi M, Lerut J. 2020.
SARS-CoV2 and immunosuppression: A double-edged sword. Transpl
Infect Dis 22:e13404. https://doi.org/10.1111/tid.13404.

45. Khurana A, Sethia K. 2020. Using cyclosporine in the COVID era: An emer-
gent need for caution. J Am Acad Dermatol 83:e315–e316. https://doi
.org/10.1016/j.jaad.2020.06.990.

46. Willicombe M, Thomas D, McAdoo S. 2020. COVID-19 and Calcineurin
Inhibitors: Should They Get Left Out in the Storm? J Am Soc Nephrol 31:
1145–1146. https://doi.org/10.1681/ASN.2020030348.

47. Sanchez-Pernaute O, Romero-Bueno FI, O’Callaghan AS. 2021. Why choose cy-
closporin A as first-line therapy in COVID-19 pneumonia. Reumatología Clínica
17:556–557. https://doi.org/10.1016/j.reumae.2020.03.005.

48. Hage R, Steinack C, Schuurmans MM. 2020. Calcineurin inhibitors revis-
ited: A new paradigm for COVID-19? Braz J Infect Dis 24:365–367. https://
doi.org/10.1016/j.bjid.2020.06.005.

49. Pawlotsky J-M. 2020. COVID-19 pandemic: time to revive the cyclophilin
inhibitor alisporivir. Clin Infect Dis 71:2191–2194. https://doi.org/10.1093/
cid/ciaa587.

50. Jeon S, Ko M, Lee J, Choi I, Byun SY, Park S, Shum D, Kim S. 2020. Identification
of antiviral drug candidates against SARS-CoV-2 from FDA-approved drugs.
Antimicrob Agents Chemother 64. https://doi.org/10.1128/AAC.00819-20.

51. Pushkarsky T, Zybarth G, Dubrovsky L, Yurchenko V, Tang H, Guo H, Toole
B, Sherry B, Bukrinsky M. 2001. CD147 facilitates HIV-1 infection by inter-
acting with virus-associated cyclophilin A. Proc Natl Acad Sci U S A 98:
6360–6365. https://doi.org/10.1073/pnas.111583198.

52. Castro APV, Carvalho TMU, Moussatché N, Damaso CRA. 2003. Redistribu-
tion of cyclophilin A to viral factories during vaccinia virus infection and

its incorporation into mature particles. J Virol 77:9052–9068. https://doi
.org/10.1128/jvi.77.16.9052-9068.2003.

53. Chen Z, Mi L, Xu J, Yu J, Wang X, Jiang J, Xing J, Shang P, Qian A, Li Y,
Shaw PX, Wang J, Duan S, Ding J, Fan C, Zhang Y, Yang Y, Yu X, Feng Q, Li
B, Yao X, Zhang Z, Li L, Xue X, Zhu P. 2005. Function of HAb18G/CD147 in
invasion of host cells by severe acute respiratory syndrome coronavirus. J
Infect Dis 191:755–760. https://doi.org/10.1086/427811.

54. Fenizia C, Galbiati S, Vanetti C, Vago R, Clerici M, Tacchetti C, Daniele T.
2021. SARS-CoV-2 entry: At the crossroads of CD147 and ACE2. Cells 10:
1434. https://doi.org/10.3390/cells10061434.

55. Watashi K, Ishii N, Hijikata M, Inoue D, Murata T, Miyanari Y, Shimotohno K.
2005. Cyclophilin B is a functional regulator of hepatitis C virus RNA polymer-
ase. Mol Cell 19:111–122. https://doi.org/10.1016/j.molcel.2005.05.014.

56. Luban J, Bossolt KL, Franke EK, Kalpana GV, Goff SP. 1993. Human immu-
nodeficiency virus type 1 Gag protein binds to cyclophilins A and B. Cell
73:1067–1078. https://doi.org/10.1016/0092-8674(93)90637-6.

57. DeBoer J, Madson CJ, BelshanM. 2016. Cyclophilin B enhances HIV-1 infection.
Virology 489:282–291. https://doi.org/10.1016/j.virol.2015.12.015.

58. Favreau DJ, Meessen-Pinard M, Desforges M, Talbot PJ. 2012. Human co-
ronavirus-induced neuronal programmed cell death is cyclophilin d de-
pendent and potentially caspase dispensable. J Virol 86:81–93. https://doi
.org/10.1128/JVI.06062-11.

59. de Wilde AH, Pham U, Posthuma CC, Snijder EJ. 2018. Cyclophilins and
cyclophilin inhibitors in nidovirus replication. Virology 522:46–55. https://
doi.org/10.1016/j.virol.2018.06.011.

60. Prasad K, Ahamad S, Kanipakam H, Gupta D, Kumar V. 2021. Simultaneous
inhibition of SARS-CoV-2 entry pathways by cyclosporine. ACS Chem
Neurosci 12:930–944. https://doi.org/10.1021/acschemneuro.1c00019.

61. Yurchenko V, Zybarth G, O'Connor M, Dai WW, Franchin G, Hao T, Guo H,
Hung H-C, Toole B, Gallay P, Sherry B, Bukrinsky M. 2002. Active site resi-
dues of cyclophilin A are crucial for its signaling activity via CD147. J Biol
Chem 277:22959–22965. https://doi.org/10.1074/jbc.M201593200.

62. Yurchenko V, O'Connor M, Dai WW, Guo H, Toole B, Sherry B, Bukrinsky M.
2001. CD147 is a signaling receptor for cyclophilin B. Biochem Biophys
Res Commun 288:786–788. https://doi.org/10.1006/bbrc.2001.5847.

63. Arora K, Gwinn WM, Bower MA, Watson A, Okwumabua I, MacDonald HR,
Bukrinsky MI, Constant SL. 2005. Extracellular cyclophilins contribute to
the regulation of inflammatory responses. J Immunol 175:517–522.
https://doi.org/10.4049/jimmunol.175.1.517.

64. Liu C, von Brunn A, Zhu D. 2020. Cyclophilin A and CD147: novel thera-
peutic targets for the treatment of COVID-19. Med Drug Discov 7:100056.
https://doi.org/10.1016/j.medidd.2020.100056.

65. Koh MW, Baldi RF, Soni S, Handslip R, Tan YY, O’Dea KP, Malesevic M,
McAuley DF, O’Kane CM, Patel BV, Takata M, Wilson MR. 2021. Secreted
extracellular cyclophilin A is a novel mediator of ventilator-induced lung
injury. Am J Respir Crit Care Med 204:421–430. https://doi.org/10.1164/rccm
.202009-3545OC.

66. Zheng M, Gao Y, Wang G, Song G, Liu S, Sun D, Xu Y, Tian Z. 2020. Func-
tional exhaustion of antiviral lymphocytes in COVID-19 patients. Cell Mol
Immunol 17:533–535. https://doi.org/10.1038/s41423-020-0402-2.

67. Zheng H-Y, Zhang M, Yang C-X, Zhang N, Wang X-C, Yang X-P, Dong X-Q,
Zheng Y-T. 2020. Elevated exhaustion levels and reduced functional diversity of
T cells in peripheral bloodmay predict severe progression in COVID-19 patients.
Cell Mol Immunol 17:541–543. https://doi.org/10.1038/s41423-020-0401-3.

68. Diao B, Wang C, Tan Y, Chen X, Liu Y, Ning L, Chen L, Li M, Liu Y, Wang G,
Yuan Z, Feng Z, Zhang Y, Wu Y, Chen Y. 2020. Reduction and functional
exhaustion of T cells in patients with coronavirus disease 2019 (COVID-
19). Front Immunol 11:827. https://doi.org/10.3389/fimmu.2020.00827.

69. Violetis OA, Chasouraki AM, Giannou AM, Baraboutis IG. 2020. COVID-19
Infection and haematological involvement: a review of epidemiology,
pathophysiology and prognosis of full blood count findings. SN Compr
Clin Med 2:1089–1093. https://doi.org/10.1007/s42399-020-00380-3.

70. Narla A, Dutt S, McAuley JR, Al-Shahrour F, Hurst S, McConkey M, Neuberg D,
Ebert BL. 2011. Dexamethasone and lenalidomide have distinct functional
effects on erythropoiesis. Blood 118:2296–2304. https://doi.org/10.1182/blood
-2010-11-318543.

71. Keller MJ, Kitsis E, Shitij A, Chen J-T, Agarwal S, Ross MJ, Tomer Y, Southern W.
2020. Effect of systemic glucocorticoids onmortality or mechanical ventilation
in patients with COVID-19. J Hospital Medicine 15:498–493.

72. Horby P, Lim WS, Emberson J, Mafham M, Bell JL, Linsell L, Staplin N,
Brightling C, Ustianowski A, Elmahi E, Prudon B, Green C, Felton T,
Chadwick D, Rege K, Fegan C, Chappell LC, Faust SN, Jaki T, Jeffery K,
Montgomery A, Rowan K, Juszczak E, Baillie JK, Haynes R, Landray MJ,

CsA Inhibits Infection by Three SARS-CoV-2 Variants

Volume 10 Issue 1 e01504-21 MicrobiolSpectrum.asm.org 15

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//j

ou
rn

al
s.

as
m

.o
rg

/jo
ur

na
l/s

pe
ct

ru
m

 o
n 

10
 J

an
ua

ry
 2

02
2 

by
 1

59
.1

49
.7

4.
15

8.

https://doi.org/10.1038/ni.3503
https://doi.org/10.1007/s00011-013-0633-0
https://doi.org/10.1007/s00011-013-0633-0
https://doi.org/10.1016/0014-5793(92)80909-z
https://doi.org/10.1016/0014-5793(92)80909-z
https://doi.org/10.1038/ni.3153
https://doi.org/10.1097/00007890-198808001-00006
https://doi.org/10.1016/j.bbrc.2012.07.024
https://doi.org/10.1016/j.bbrc.2012.07.024
https://doi.org/10.21775/cimb.021.001
https://doi.org/10.1038/nature09337
https://doi.org/10.1038/nm910
https://doi.org/10.1038/s41598-020-79033-3
https://doi.org/10.1183/13993003.02484-2020
https://doi.org/10.1183/13993003.02484-2020
https://doi.org/10.1136/bmjspcare-2020-002681
https://doi.org/10.1007/s00296-020-04603-7
https://doi.org/10.1186/s13054-020-03014-1
https://doi.org/10.1016/j.jaad.2020.04.153
https://doi.org/10.1016/j.jaad.2020.04.153
https://doi.org/10.1111/ajt.16250
https://doi.org/10.1111/ajt.16250
https://doi.org/10.1111/tid.13404
https://doi.org/10.1016/j.jaad.2020.06.990
https://doi.org/10.1016/j.jaad.2020.06.990
https://doi.org/10.1681/ASN.2020030348
https://doi.org/10.1016/j.reumae.2020.03.005
https://doi.org/10.1016/j.bjid.2020.06.005
https://doi.org/10.1016/j.bjid.2020.06.005
https://doi.org/10.1093/cid/ciaa587
https://doi.org/10.1093/cid/ciaa587
https://doi.org/10.1128/AAC.00819-20
https://doi.org/10.1073/pnas.111583198
https://doi.org/10.1128/jvi.77.16.9052-9068.2003
https://doi.org/10.1128/jvi.77.16.9052-9068.2003
https://doi.org/10.1086/427811
https://doi.org/10.3390/cells10061434
https://doi.org/10.1016/j.molcel.2005.05.014
https://doi.org/10.1016/0092-8674(93)90637-6
https://doi.org/10.1016/j.virol.2015.12.015
https://doi.org/10.1128/JVI.06062-11
https://doi.org/10.1128/JVI.06062-11
https://doi.org/10.1016/j.virol.2018.06.011
https://doi.org/10.1016/j.virol.2018.06.011
https://doi.org/10.1021/acschemneuro.1c00019
https://doi.org/10.1074/jbc.M201593200
https://doi.org/10.1006/bbrc.2001.5847
https://doi.org/10.4049/jimmunol.175.1.517
https://doi.org/10.1016/j.medidd.2020.100056
https://doi.org/10.1164/rccm.202009-3545OC
https://doi.org/10.1164/rccm.202009-3545OC
https://doi.org/10.1038/s41423-020-0402-2
https://doi.org/10.1038/s41423-020-0401-3
https://doi.org/10.3389/fimmu.2020.00827
https://doi.org/10.1007/s42399-020-00380-3
https://doi.org/10.1182/blood-2010-11-318543
https://doi.org/10.1182/blood-2010-11-318543
https://www.MicrobiolSpectrum.asm.org


Group TRC. 2020. Dexamethasone in hospitalized patients with Covid-19.
N Engl J Med. https://doi.org/10.1056/NEJMoa2021436.

73. Caricchio R, Abbate A, Gordeev I, Meng J, Hsue PY, Neogi T, Arduino R,
Fomina D, Bogdanov R, Stepanenko T, Ruiz-Seco P, Gónzalez-García A,
Chen Y, Li Y, Whelan S, Noviello S, Faguer S, Papi A, Di Marco F, Agafina AS,
Mochalova AS, Lioznov DA, Privalov DV, Trufanov KV, Martynenko TI, Pablos-
Alvarez JL, Bujan S, Estrada V, Solanich-Moreno X, Randeva H, Tahir H,
Lachmann HJ, Savic S, Patel V, Lachiewicz A, Taiwo B, Kuritzkes DR, Jacobson
JM, Chua JV, Shirinian M, Fung M, Overton T, Malhotra V, Kissin E, Morone N,
Sagar M, Trojanowski M, Desai P, Krachman S, Salerno D, CAN-COVID Investi-
gators, et al. 2021. Effect of canakinumab vs placebo on survival without
invasive mechanical ventilation in patients hospitalized with severe COVID-
19: a randomized clinical trial. JAMA 326:230–239. https://doi.org/10.1001/
jama.2021.9508.

74. Rosas IO, Bräu N, Waters M, Go RC, Hunter BD, Bhagani S, Skiest D, Aziz
MS, Cooper N, Douglas IS, Savic S, Youngstein T, Del Sorbo L, Cubillo
Gracian A, De La Zerda DJ, Ustianowski A, Bao M, Dimonaco S, Graham E,
Matharu B, Spotswood H, Tsai L, Malhotra A. 2021. Tocilizumab in hospi-
talized patients with severe Covid-19 pneumonia. N Engl J Med 384:
1503–1516. https://doi.org/10.1056/NEJMoa2028700.

75. Kyriazopoulou E, Poulakou G, Milionis H, Metallidis S, Adamis G, Tsiakos K,
Fragkou A, Rapti A, Damoulari C, Fantoni M, Kalomenidis I, Chrysos G,
Angheben A, Kainis I, Alexiou Z, Castelli F, Serino FS, Tsilika M, Bakakos P,
Nicastri E, Tzavara V, Kostis E, Dagna L, Koufargyris P, Dimakou K, Savvanis S,
Tzatzagou G, Chini M, Cavalli G, Bassetti M, Katrini K, Kotsis V, Tsoukalas G,
Selmi C, Bliziotis I, Samarkos M, Doumas M, Ktena S, Masgala A, Papanikolaou
I, Kosmidou M, Myrodia D-M, Argyraki A, Cardellino CS, Koliakou K, Katsigianni
E-I, Rapti V, Giannitsioti E, Cingolani A, Micha S, et al. 2021. Early treatment of
COVID-19 with anakinra guided by soluble urokinase plasminogen receptor
plasma levels: a double-blind, randomized controlled phase 3 trial. Nat Med
27:1752–1760. https://doi.org/10.1038/s41591-021-01499-z.

76. The WHO Rapid Evidence Appraisal for COVID-19 Therapies (REACT)
Working Group. 2021. Association between administration of IL-6 antago-
nists and mortality among patients hospitalized for COVID-19: a meta-
analysis. JAMA 326:499–518. https://doi.org/10.1001/jama.2021.11330.

77. Solanich X, Padullés N, Niubó J, Videla S, Antolí A, Rocamora-Blanch G,
Corbella X. 2021. Inhibition of SARS-CoV-2 replication using calcineurin
inhibitors: are concentrations required clinically achievable? J Intern Med
289:926–927. https://doi.org/10.1111/joim.13264.

78. Sanchez-Pernaute O, Romero-Bueno FI, Selva-O’Callaghan A. 2020. Why
choose cyclosporin A as first-line therapy in COVID-19 pneumonia. Reu-
matol Clin 17:555–557. https://doi.org/10.1016/j.reuma.2020.03.001.

79. Chatham WW, Cron RQ. 2020. Drs. Cron and Chatham reply. J Rheumatol
47:1590–1591. https://doi.org/10.3899/jrheum.200679.

80. Guisado-Vasco P, Valderas-Ortega S, Carralón-González MM, Roda-Santacruz A,
González-Cortijo L, Sotres-Fernández G, Martí-Ballesteros EM, Luque-Pinilla JM,
Almagro-Casado E, La Coma-Lanuza FJ, Barrena-Puertas R, Malo-Benages EJ,

Monforte-Gómez MJ, Diez-Munar R, Merino-Lanza E, Comeche-Casanova L,
Remirez-de-Esparza-Otero M, Correyero-Plaza M, Recio-RodríguezM, Rodríguez-
López M, Sánchez-Manzano MD, Andreu-Vázquez C, Thuissard-Vasallo IJ, María-
Tomé JME-S, Carnevali-Ruiz D. 2020. Clinical characteristics and outcomes
among hospitalized adults with severe COVID-19 admitted to a tertiary medical
center and receiving antiviral, antimalarials, glucocorticoids, or immuno-
modulation with tocilizumab or cyclosporine: A retrospective observational
study (COQUIMA cohort). EClinicalMedicine 28:100591. https://doi.org/10
.1016/j.eclinm.2020.100591.

81. Chen RE, Zhang X, Case JB, Winkler ES, Liu Y, VanBlargan LA, Liu J, Errico
JM, Xie X, Suryadevara N, Gilchuk P, Zost SJ, Tahan S, Droit L, Turner JS, KimW,
Schmitz AJ, Thapa M, Wang D, Boon ACM, Presti RM, O’Halloran JA, Kim AHJ,
Deepak P, Pinto D, Fremont DH, Crowe JE, Corti D, Virgin HW, Ellebedy AH, Shi
P-Y, Diamond MS. 2021. Resistance of SARS-CoV-2 variants to neutralization
by monoclonal and serum-derived polyclonal antibodies. Nature Medicine 27:
717–726. https://doi.org/10.1038/s41591-021-01294-w.

82. Xie X, Liu Y, Liu J, Zhang X, Zou J, Fontes-Garfias CR, Xia H, Swanson KA,
Cutler M, Cooper D, Menachery VD, Weaver SC, Dormitzer PR, Shi P-Y.
2021. Neutralization of SARS-CoV-2 spike 69/70 deletion, E484K and
N501Y variants by BNT162b2 vaccine-elicited sera. Nature Medicine 27:
620–621. https://doi.org/10.1038/s41591-021-01270-4.

83. Muik A, Wallisch A-K, Sänger B, Swanson KA, Mühl J, ChenW, Cai H, Maurus D,
Sarkar R, Türeci Ö, Dormitzer PR, S� ahin U. 2021. Neutralization of SARS-CoV-2
lineage B.1.1.7 pseudovirus by BNT162b2 vaccine–elicited human sera. Sci-
ence 371:1152–1153. https://doi.org/10.1126/science.abg6105.

84. Weisblum Y, Schmidt F, Zhang F, DaSilva J, Poston D, Lorenzi JC,
Muecksch F, Rutkowska M, Hoffmann H-H, Michailidis E, Gaebler C,
Agudelo M, Cho A, Wang Z, Gazumyan A, Cipolla M, Luchsinger L, Hillyer
CD, Caskey M, Robbiani DF, Rice CM, Nussenzweig MC, Hatziioannou T,
Bieniasz PD. 2020. Escape from neutralizing antibodies by SARS-CoV-2
spike protein variants. Elife 9:e61312. https://doi.org/10.7554/eLife.61312.

85. Hu J, Peng P, Wang K, Liu B, Fang L, Luo F, Jin A, Tang N, Huang A. 2021.
Emerging SARS-CoV-2 variants reduce neutralization sensitivity to conva-
lescent sera and monoclonal antibodies. bioRxiv 2021.01.22.427749.

86. Reed LJ, Muench H. 1938. A simple method of estimating fifty per cent end-
points. Am J Epidemiol 27:493–497. https://doi.org/10.1093/oxfordjournals.aje
.a118408.

87. Gaviraghi M, Rabellino A, Andolfo A, Brand M, Brombin C, Bagnato P, De
Feudis G, Raimondi A, Locatelli A, Tosoni D, Mazza D, Gianni L, Tonon G, Yarden
Y, Tacchetti C, Daniele T. 2020. Direct stimulation of ERBB2 highlights a novel
cytostatic signaling pathway driven by the receptor Thr 701 phosphorylation. 1.
Sci Rep 10:16906. https://doi.org/10.1038/s41598-020-73835-1.

88. Fenizia C, Biasin M, Cetin I, Vergani P, Mileto D, Spinillo A, Gismondo MR,
Perotti F, Callegari C, Mancon A, Cammarata S, Beretta I, Nebuloni M,
Trabattoni D, Clerici M, Savasi V. 2020. Analysis of SARS-CoV-2 vertical
transmission during pregnancy. Nat Commun 11:5128. https://doi.org/10
.1038/s41467-020-18933-4.

Fenizia et al.

Volume 10 Issue 1 e01504-21 MicrobiolSpectrum.asm.org 16

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//j

ou
rn

al
s.

as
m

.o
rg

/jo
ur

na
l/s

pe
ct

ru
m

 o
n 

10
 J

an
ua

ry
 2

02
2 

by
 1

59
.1

49
.7

4.
15

8.

https://doi.org/10.1056/NEJMoa2021436
https://doi.org/10.1001/jama.2021.9508
https://doi.org/10.1001/jama.2021.9508
https://doi.org/10.1056/NEJMoa2028700
https://doi.org/10.1038/s41591-021-01499-z
https://doi.org/10.1001/jama.2021.11330
https://doi.org/10.1111/joim.13264
https://doi.org/10.1016/j.reuma.2020.03.001
https://doi.org/10.3899/jrheum.200679
https://doi.org/10.1016/j.eclinm.2020.100591
https://doi.org/10.1016/j.eclinm.2020.100591
https://doi.org/10.1038/s41591-021-01294-w
https://doi.org/10.1038/s41591-021-01270-4
https://doi.org/10.1126/science.abg6105
https://doi.org/10.7554/eLife.61312
https://doi.org/10.1093/oxfordjournals.aje.a118408
https://doi.org/10.1093/oxfordjournals.aje.a118408
https://doi.org/10.1038/s41598-020-73835-1
https://doi.org/10.1038/s41467-020-18933-4
https://doi.org/10.1038/s41467-020-18933-4
https://www.MicrobiolSpectrum.asm.org

	RESULTS
	CsA impairs SARS-CoV-2 RNA replication and protein synthesis, and the production of progeny viral particles.
	CsA exerts antiviral activity also on B.1.1.7 and P.1 SARS-CoV-2 variants.
	CsA diminishes the synthesis of virus-induced cytokines in lung cells.
	Cyclophilin A silencing does not phenocopy CsA effects on SARS-CoV-2 infection.

	DISCUSSION
	MATERIALS AND METHODS
	Antibodies and reagents.
	Cell culture, infection, and treatments.
	Proliferation assay.
	RNA interference.
	RNA extraction and reverse transcription.
	Droplet digital PCR (ddPCR) and real time PCR (rtPCR).
	Immunofluorescence.
	Western blotting.

	SUPPLEMENTAL MATERIAL
	ACKNOWLEDGMENTS
	REFERENCES

