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Cyclosporin A Reveals Potent Antiviral Effects in
Preclinical Models of SARS-CoV-2 Infection

To the Editor:

Betacoronaviruses readily infect humans and cause pandemic
outbreaks once new variants emerge from zoonotic reservoirs, such as
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severe acute respiratory syndrome coronavirus (SARS-CoV) in
2002-2003, Middle East respiratory syndrome coronavirus
(MERS-CoV) in 2012, and severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2) in 2019. Coronavirus disease
(COVID-19) is characterized by an early oligosymptomatic phase
with high viral replication in the upper respiratory tract that may
progress to pneumonia, respiratory failure, and a severe systemic
inflammatory response, causing more than 4 million deaths
worldwide to date. Despite ongoing vaccination programs, effective
and readily available drugs are still needed, considering the high
number of those unvaccinated or the rapidly waning immunity in
some risk groups, together with novel immune escape variants.
Currently available broadly antiinflammatory treatment options such
as corticosteroids (1) or additional IL-6R antagonists are applied in
severe COVID-19, but for the latter, trial results regarding mortality
are conflicting (2, 3). The only SARS-CoV-2 antiviral that has been
applied routinely in humans, remdesivir, failed to reduce 28-day
mortality in the Solidarity trial and is no longer recommended by the
World Health Organization (4).

Combining antiviral and immunomodulatory effects, the
immunophilin inhibitor cyclosporin A (CsA) is a promising
candidate for the treatment of different CoVs. CsA is a U.S. Food and
Drug Administration-approved immunosuppressive drug in medical
use since 1983 to prevent graft-versus-host disease after organ
transplant. CsA blocks the peptidyl-prolyl cis-trans isomerase activity
of cyclophilins mediating diverse cellular processes (e.g., protein
folding) (5). Protein—protein interaction screens revealed that
cyclophilins are direct interaction partners of the SARS-CoV
nonstructural protein 1, highlighting cyclophilins as important targets
for antivirals. Accordingly, CsA was found to block replication of
different viruses, including CoVs, in vitro (6). In an attempt to
decipher the putative mode of action, we recently revealed that CsA,
despite its known immunosuppressive actions in T lymphocytes,
elicits a potent antiviral immune response by inducing IFN regulatory
factor 1-dependent IFN-lambda (type III IFN) release, resulting in
IFN-stimulated gene-dependent antiviral reprogramming of the lung
epithelium and preservation of barrier function after MERS-CoV
infection in vitro and in vivo (7). Moreover, a retrospective
observational study of patients with COVID-19 treated with CsA
demonstrated a significant mortality decrease (8).

Here, we demonstrate that CsA acts as a potent antiviral against
different SARS-CoV-2 isolates in translational in vitro/ex vivo and
in vivo models. Human bronchial epithelial cells (HBEpCs) of six
different donors fully differentiated under air-liquid interface
conditions for at least 21 days were infected with SARS-CoV-2
(BavPat1/2020 isolate, European Virus Archive Global 026V-03883,
Miinchen-1.1/2020/929; termed “wild type” [WT]), resulting in
significant replication with viral particle release into the medium of
the apical compartment. CsA (10 uM) did not reveal substantial
cytotoxicity in this model (not shown) and reduced SARS-CoV-2 E
gene expression and viral titers significantly compared with control
(Figures 1A and 1B). We then used donor lung-derived precision-cut
lung slices (PCLSs) that were viable in ex vivo culture after sectioning
for up to 14 days for infection with SARS-CoV-2 WT and CsA or
DMSO treatment. Of note, SARS-CoV-2 replicated efficiently in
PCLSs (9). SARS-CoV-2 E gene expression was quantified in
homogenates together with viral titers in supernatant. Application of
CsA significantly reduced virus titers in the medium and E gene RNA
compared with DMSO-treated control (Figures 1C and 1D);

American Journal of Respiratory and Critical Care Medicine Volume 205 Number 8 | April 15 2022


http://crossmark.crossref.org/dialog/?doi=10.1164/rccm.202108-1830LE&domain=pdf&date_stamp=2022-04-05
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:dgern@thoracic.org
https://doi.org/10.1164/rccm.202108-1830LE

A HBEPC B HBEPC C / 2 %' low-melting hPCLS
p=0.027 p=0.031 point agarose p=002
E
E 6
3
9)
W R4
S j=2}
: £
g2 \
b tissue slicer
2
-10 >0
-@- SARS-CoV2+DMSO --@- SARS-CoV-2+DMSO -0 SARS-CoV-2+DMSO
@+ SARS-CoV2+CsA -@- SARS-CoV-2+CsA —0-SARS-CoV-2+CsA
D hPCLS E hPCLS F hPCLS hPCLS hPCLS
p =0.0009 p=0.023 p=0.136 p=022 p=0013
— — 20
. _ E 250 £ 600 £
= |5 4 ) >
= 25 - 200 a o
5 s 10 IS N - 15
oY 28 S s c
] 5 < S 5 400 5
(=3 ] s 150 = 5
2, 25 £ = £ 10
o o 3 8 100 S o)
2 53 05 g S 200 e
E 23 S 50 8 8 5
s 8 g 2 g
0 0.0 ) 2 9 oy
@+ SARS-CoV-2+DMSO -0+ mock --0-- mock -0+ mock -0+ mock
-0~ SARS-CoV-2+CsA -@- SARS-CoV2+DMSO @+ SARS-CoV2+DMSO --@- SARS-CoV2+DMSO @+ SARS-CoV2+DMSO
-@- SARS-CoV2+CsA @+ SARS-CoV2+CsA -@- SARS-CoV2+CsA -@- SARS-CoV2+CsA
G mice H |
p<0.001 mock SARS-CoV2 SARS-CoV2
+DMSO +CsA 3x10° 4x10°

. 3x10°
2x10

2x10°

ACtE

1x10°

number in BAL

1x10°

total CD45" cell number in BAL
total BMDMCD45+CO1 1b+Sigleck—

o mock DMSO o mock DMSO
© SARS-CoV2+DMSO © SARS-CoV2+DMSO
© SARS-CoV2+CsA © SARS-CoV2+CsA

-@- SARS-CoV-2+DMSO
-0~ SARS-CoV-2+CsA

(=
A

1x10° . exio
(0]
;T 8x10° - p=088 E) p=068 2
3
é “EJ © mock DMSO 22 4x10% © mock DMSO < © mock DMSO
£ 5 5 =)
g 5 6x10° ® o oSARS-Cov2:DMSO 8 2 ° © SARS-CoV2+DMSO  © © SARS-CoV2+DMSO
i< = -
T E 40105 4 © SARS-CoV2+CsA & & © © SARS-CoV2+CsA o © SARS-CoV2+CsA
Z 5 4x10 o 9 4 I
% £ é g 2x10 0
=8 2x10° 1 ¢ <
3 z
0 - s 0
L
p =0.007
6 -

- Alpha B.1.1.7+DMSO
- Beta B.1.351+DMSO
- Zeta P2+DMSO

- Alpha B.1.1.7+CsA

- Beta B.1.351+CsA

virus titer, log;,TCIDg,/ml
N
1

> B e B @ o

- Zeta P2+CsA

Figure 1. Cyclosporin A (CsA) counteracts severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) infection in human cells, lung
tissue, and mice. (A and B) Fully differentiated human bronchial epithelial cells (HBEpCs) from four to six different donors were infected with
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recovered metabolic activity of PCLSs (Figure 1E), indicating
preservation of functional tissue integrity; and decreased
proinflammatory cytokine concentration (tumor necrosis factor-c,
P=0.136; IL-1b, P=0.22; and IFN-y, P=0.013) in supernatant of
infected PCLSs (Figure 1F), indicating that CsA exerts
immunomodulatory functions either directly or as a consequence
of decreased viral replication. We next adapted our established
MERS-CoV infection mouse model to analyze the effect of CsA

in vivo by transducing Balb/c mice with orotracheally applied
adenoviral vector encoding for human angiotensin-converting
enzyme 2/mCherry, resulting in high expression levels of the human
receptor in the lung epithelium ([7] and not shown). Mice were fed
daily with CsA or DMSO solved in a chocolate creme for 6 days at a
dose that reached serum concentration levels equal to those achieved
in patients receiving oral CsA treatment (7). Three days after
transduction, we infected mice with SARS-CoV-2 WT and analyzed

viral load (E gene) in infected lung homogenates by quantitative PCR.

CsA treatment resulted in efficient reduction of viral RNA in infected
mice compared with control animals (Figure 1G).

Correspondingly, CsA-treated mice revealed reduced cell
infiltration in lung tissue (Figure 1H) that was mainly reflected by a
decrease in recruitment of bone marrow-derived macrophages
(quantified in BAL; P=0.11) (Figures 11 and 1]) that were found to
significantly contribute to the imbalanced, hyperinflammatory
immune response in severe COVID-19 (10, 11), whereas neutrophil

recruitment was unaffected (Figure 1J). Given the reduced release of
IFN-vy in SARS-CoV-2-infected PCLSs after CsA treatment, we
aimed to rule out that CsA blunts antigen-specific T cell responses.
As shown in Figures 1] and 1K, neither the total number of T cells in
BAL nor the number of spike protein-specific splenic T cells was
affected by CsA, suggesting that the adaptive immune response
toward SARS-CoV-2 was maintained even after systemic CsA
treatment in mice.

Given the indirect, host response-dependent mode of action of
CsA (involving an IFN regulatory factor 1-IFN-lambda [type III IFN]
signaling axis) that we recently identified (7), we speculated that CsA
would be similarly active against newly emerging variants of concern
or variants of interest that display different sets of mutations
increasing viral fitness and transmission rates or providing immune
escape (12). Vaccinated humans are protected against most
upcoming variants; nevertheless, often a reduced antibody
recognition of the mutated spike protein of these variants is
detectable compared with original SARS-CoV-2 WT (12). We
comparatively analyzed the effect of CsA against three different
SARS-CoV-2 strains: variant of concern-a (UK variant, B 1.1.7),
variant of concern-f3 (B1.351), and variant of interest zeta (Brazil
variant, Zeta/P.2) in HBEpCs. HBEpCs were efficiently infected with
all three isolates, and CsA blocked viral release of the three isolates,
suggesting sustained efficacy in variants that harbor adaptive
mutations (Figure 1L).

Figure 1. (Continued). SARS-CoV-2 (BavPat1/2020 isolate, European Virus Archive Global 026V-03883) at a multiplicity of infection (MOI) of 0.1
and stimulated with CsA (10 M) or DMSO (control). Twenty-four hours after infection (p.i.), (A) expression of the SARS-CoV-2 E gene was
analyzed by quantitative PCR (gPCR), and (B) release of infectious viral particles was determined by 50% tissue culture-infective dose (TCIDsp)
assay. As a normalization control for gPCR, the level of cellular 18S ribosomal (18S) rRNA was used. Graphs display single values for each
donor. Statistical significance was calculated using a paired Student's t test for gPCR and the Wilcoxon signed-rank test for the TCIDsq assay.
(C-F) Human precision-cut lung slices (hPCLSs), obtained by Krumdieck tissue slicer cut from 2% (wt/vol) low-melting-point agarose-filled
resected human lungs from 10 or 11 different donors who underwent lobectomy, were infected with SARS-CoV-2 and stimulated with CsA

(10 wM) or DMSO. Seventy-two hours p.i., (C) expression of the SARS-CoV-2 E gene was analyzed by gPCR, (D) release of infectious viral
particles was determined by plaque assay, and (E) metabolic activity as a determinant of tissue integrity was analyzed by water soluble
tetrazolium (WST)-1 assay (based on conversion of tetrazolium salt to formazan by mitochondrial dehydrogenases of viable cells, performed

according to the manufacturer’s protocol). (F) Cytokine concentrations in PCLS supernatant were determined by Bio-Plex assay according to the
manufacturer’s protocol 24 hours p.i. for TNFa (tumor necrosis factor-a) and IL-1b and 72 h p.i. for IFN-y. As a normalization control for gPCR,
the level of cellular 18S rRNA was used. Graphs represent single values for each donor: n=10 for gPCR, n= 11 for plaque assay, n=6 for
WST-1 assay, and n=5-7 for Bio-Plex assay. Statistical significance was calculated using a paired Student’s f test for gPCR and the Wilcoxon
signed-rank test for plaque assay, and pairwise comparisons were made by one-way ANOVA with Tukey’s multiple comparisons test.
Photomicrograph in C depicts a PCLS. Scale bar, 100 um. (G) Balb/c mice were intratracheally infected with recombinant adenovirus encoding
for human angiotensin-converting enzyme 2 (Ad-hACEZ2). Oral application of CsA (50 mg/kg/d) or DMSO (control) was started at Day 1 after
transduction, followed by intranasal infection with 1.5 x 10* TCIDso/ml SARS-CoV-2 at Day 3 after transduction. Mice were killed 4 days after
SARS-CoV-2 infection, total RNA was isolated from lung homogenate, and viral RNA (E gene) per 18S was measured by gPCR. Bar graphs
represent single ACt values = SEM; n=6. Statistical significance was calculated using an unpaired Student’s t test. (H-J) Mice were
intratracheally transduced with recombinant adenovirus Ad-hACE2, followed by oral application of CsA (50 mg/kg/d) or DMSO (control) and by
infection with SARS-CoV-2. Mice were killed 7 days after SARS-CoV-2 infection. (H) The left lung lobe was extracted, fixed, and embedded in
paraffin, and tissue sections were stained with hematoxylin and eosin. BAL was collected before left lung lobe extraction. (/ and J) Single-cell
suspension was stained with combinations of antibody against the following markers and subjected to flow cytometric analysis: allophycocyanin
(APC)-cyanine 7 anti-CD45, fluorescein isothiocyanate (FITC) anti-CD3, APC anti-Ly6G, BV421 anti-Siglec F, and FITC anti-CD11b. Graphs
represent absolute number of indicated cell populations in BAL. Pairwise comparisons were made by Mann-Whitney U test. Scale bar,

1,000 um. (K) Mice were transduced, infected, and treated as described above, and antigen-specific T cell numbers were quantified by IFN-y
enzyme-linked immunospot assay from splenocytes stimulated with SARS-CoV-2 spike peptides. Graph represents mean = SEM; n=4. Pairwise
comparisons were made by Mann-Whitney U test. (L) HBEpCs were infected with either a (B.1.1.7 variant, BioProject no. PRINA721582),

B (B.1.351), or zeta (P.2, GenBank accession no. MW822593) SARS-CoV-2 variant at an MOI of 0.1 and stimulated with CsA (10 uM) for 24 h.
The amount of released infectious viral particles was measured by TCIDsg assay. Bar graphs in represent mean = SEM; n= 3. Statistical
significance was calculated using the Wilcoxon signed-rank test. BMDM = bone marrow—derived macrophage; ACt = the difference in the
threshold cycles of E gene and housekeeping gene 18S; OD = optical density; pfu = plagque forming unit; PMN = polymorphonuclear neutrophil;
SFC = spot-forming cells.
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Taken together, we used several preclinical, human-relevant
infection models to expand our findings on the antiviral actions of
CsA against MERS-CoV (7) to SARS-CoV-2 and emerging variants.
These results highlight the pan-CoV inhibitory effect of CsA in
human-relevant models and suggest CsA as potent antiviral, likely
most effective when applied early after initial infection in humans.
Some questions, however, remain regarding its putative antiviral
effects beyond those that we described in MERS-CoV infection (7, 13)
and whether and how its immunomodulatory effects would
additionally impact COVID-19 courses.

Liposomal CsA for local (inhalational) deposition was found to
be safe without systemic side effects and is currently applied in
clinical trials (www.ClinicalTrials.gov identifier NCT03657342).
Inhalational use of this drug early in the infection course to combat
SARS-CoV-2 replication and therefore to prevent severe COVID-19
would be a cost-effective and readily available antiviral therapy with
eventual additional benefits for the misbalanced pulmonary
inflammation driven by macrophages (10). A phase II trial testing the
effect of inhaled liposomal CsA (L-CsA-i) in patients recently
diagnosed with SARS-CoV-2 infection is therefore underway
(EudraCT 2021-004020-15). M
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Population Prevalence of Hypercapnic Respiratory
Failure from Any Cause

To the Editor:

Hypercapnic respiratory failure (HRF) is a severe sequela of
many respiratory, cardiovascular, metabolic, and neurological
diseases, yet there are no data on its prevalence at a
population level. Previous studies are limited to reporting the
prevalence of HRF as a complication of specific diseases, such
as chronic obstructive pulmonary disease (COPD). However,
this approach fails to recognize alternative diagnoses that
contribute to the burden of disease associated with HRF.
Furthermore, patients with COPD and HRF may have other
conditions, such as sleep-disordered breathing, congestive
cardiac failure, and obesity, which contribute to
“multifactorial” HRF (1). In the setting of aging demography
and multimorbidity, we believe better understanding of the
population-level epidemiology of HRF is required to assist
planning of health services and to provide context for

future research on optimal management. Some of the
following results have been previously reported in abstract
form (2, 3).
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To estimate the 12-month period prevalence of HRF (including
acute, chronic, and acute-on-chronic HRF) at a population level, we
conducted a cross-sectional study of adults aged 15 or more years
living in Liverpool, Australia, a large metropolitan area in
southwestern Sydney. Cases were defined as members of the source
population who attended Liverpool Hospital from January 1, 2013, to
December 31, 2017, whose first arterial blood gas (ABG) sample
taken within 24 hours of presentation revealed Paco, > 45 mm Hg
and pH = 7.45. We excluded blood gas results in which the Sag, was
at least 10% lower than the pulse oximetry Spo , as these were
assumed to be venous specimens. We also excluded potentially
nosocomial cases, defined as those in which the person had suffered
an out-of-hospital cardiac arrest, traumatic injury, or if the specimen
was collected during or shortly after a procedure requiring general
anesthesia and/or sedation. We multiplied counts in each age stratum
by the inverse of the proportion of persons in the source population
who attended Liverpool Hospital for respiratory conditions, to
account for underenumeration due to attendance at other hospitals.
From Ministry of Health data, we ascertained that, on average, 86% of
the source population who were hospitalized for respiratory
conditions presented to Liverpool Hospital (4). This proportion
ranged from 73% to 91% in the lowest and highest age strata,
respectively. Age- and sex-specific mid-year population estimates
were obtained from the Australian Bureau of Statistics (5). Average
adjusted annual period prevalence rates and 95% confidence intervals
(CI) were determined based on Poisson regression with the logarithm
of 100,000 person-years as the offset term. Further regressions were
performed to determine the associations between age group, sex, and
their interaction on HRF prevalence. All analyses were performed in
SAS (version 9.4; SAS Institute Inc.).

During the 5-year study period, we identified 2018 ABG
records that met initial screening criteria. After excluding 144
probable venous specimens and 739 potential nosocomial cases, we
found 1,135 episodes of HRF, attributable to 891 unique persons.
Mean (SD) age was 69 (17) years, and 50.4% were males. Acidosis
(pH < 7.35) was present in 488 (55%) cases. The average adjusted
annual period prevalence of HRF during the study period was 163
(95% CI, 154-172) cases per 100,000 population.

HRE prevalence increased with age, from 14 (95% CI, 9-22)
cases per 100,000 population for the age group 15-24 years, to 1,712
(95% CI, 1481-1,981) cases per 100,000 population for those aged 85
years or more (Table 1). Compared with those aged 45-54 years, each
successive decade of life conferred increases in HRF prevalence by
2.1,6.2,15.7, and 26.2 times (P < 0.0001). There was no significant
difference in HRF prevalence between males and females overall.
However, among those less than 55 years of age, the prevalence rate
of HRF among men was 4.4 (95% CI, 1.8-10.7) times that among
women (P=0.02).

Our study confirms that the population prevalence of
HREF, estimated at 163 cases per 100,000 population, is
substantially higher than previously estimated in studies
limited to patients with COPD. A large study of COPD-related
acidosis conducted in 1997 in the United Kingdom reported
standardized yearly rates of 57 and 75 cases per 100,000
population for women and men aged 45-79 years, respectively
(6). The comparatively high prevalence observed in this study
may be attributable to an increase in COPD prevalence over
time (7) but more likely reflects the importance of other
conditions as contributors to the burden of HRF. This
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