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ABSTRACT

Introduction The emergence of new SARS-CoV-2
variants, capable of escaping the humoral immunity
acquired by the available vaccines, together with waning
immunity and vaccine hesitancy, challenges the efficacy
of the vaccination strategy in fighting COVID-19. Improved
therapeutic strategies are urgently needed to better
intervene particularly in severe cases of the disease. They
should aim at controlling the hyperinflammatory state
generated on infection, reducing lung tissue pathology and
inhibiting viral replication. Previous research has pointed
to a possible role for the chaperone HSP90 in SARS-CoV-2
replication and COVID-19 pathogenesis. Pharmacological
intervention through HSP90 inhibitors was shown to be
beneficial in the treatment of inflammatory diseases,
infections and reducing replication of diverse viruses.
Methods In this study, we investigated the effects of the
potent HSP90 inhibitor Ganetespib (STA-9090) in vitro

on alveolar epithelial cells and alveolar macrophages

to characterise its effects on cell activation and viral
replication. Additionally, the Syrian hamster animal model
was used to evaluate its efficacy in controlling systemic
inflammation and viral burden after infection.

Results In vitro, STA-9090 reduced viral replication on
alveolar epithelial cells in a dose-dependent manner and
lowered significantly the expression of proinflammatory
genes, in both alveolar epithelial cells and alveolar
macrophages. In vivo, although no reduction in viral load
was observed, administration of STA-9090 led to an overall
improvement of the clinical condition of infected animals,
with reduced oedema formation and lung tissue pathology.
Conclusion Altogether, we show that HSP90 inhibition
could serve as a potential treatment option for moderate
and severe cases of COVID-19.

INTRODUCTION

The COVID-19 is a global threat with over
750 million people infected by the causal
agent of the disease, the beta-coronavirus
SARS-CoV-2. Since the beginning of the
pandemic, nearly 7million deaths have been
reported worldwide." * Infections lead mostly
to mild to moderate symptoms or remain
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WHAT IS ALREADY KNOWN ON THIS TOPIC

= COVID-19 still causes a high burden of disease
worldwide, with substantial number of deaths.
Efficient therapeutics are, therefore, still needed to
treat severe cases of COVID-19.

WHAT THIS STUDY ADDS

= HSP90 inhibition with STA-9090 (ganetespib)
showed antiviral and anti-inflammatory capacities
in vitro and tissue protective features in a hamster
model of COVID-19.

HOW THIS STUDY MIGHT AFFECT RESEARCH,
PRACTICE OR POLICY

= The use of STA-9090, already in phase Ill studies
in a diverse spectrum of diseases, may be efficient
against COVID-19 and should be considered as po-
tential therapeutic to treat the disease.

asymptomatic. However, in some cases, the
disease can progress to severe acute respira-
tory distress syndrome (ARDS), with increased
lung injury and oedema formation in the
lungs, being associated with high mortality
rates.”™ Dysregulated systemic and mucosal
immune responses, elevated proinflamma-
tory cytokine levels, and robust activation
of the coagulation cascade, are frequently
observed manifestations of the disease." Pre-
existing comorbidities, such as diabetes, were
correlated with a higher likelihood of devel-
oping more severe cases of the disease and a
higher mortality rate. This is probably due to
an impaired immunological response to the
virus.* 7 Within the lungs, epithelial cells are
the main cell type expressing the viral entry
factor ACE2 and are promptly infected by
SARS-CoV-2.° Although endothelial cells are
likely only barely susceptible to SARS-CoV-2
infection, they are affected by the local inflam-
mation.” '’ This may lead to cell dysfunction,

BM)

Teixeira Alves LG, et al. BMJ Open Respir Res 2024;11:¢001762. doi:10.1136/bmjresp-2023-001762

EB 1


http://bmjopenrespres.bmj.com/
https://www.brit-thoracic.org.uk/
http://crossmark.crossref.org/dialog/?doi=10.1136/bmjresp-2023-001762&domain=pdf&date_stamp=2024-02-29
https://doi.org/10.1136/bmjresp-2023-001762
https://doi.org/10.1136/bmjresp-2023-001762
https://doi.org/10.1136/bmjresp-2023-001762
http://orcid.org/0000-0002-5822-4168

cell death and the deterioration of barrier functions, char-
acteristic of ARDS.”!! In severe cases of COVID-19, anti-
viral drugs may not be sufficient to ameliorate patient’s
conditions, as a systemic inflammation may have already
been established. The administration of glucocorticoids,
targeting the uncontrolled hyperinflammation, has been
evaluated for its efficacy in reducing disease severity.'* ?
However, positive effects were mostly observed among
patients receiving respiratory support.'* '°

The activation of inflammatory responses with produc-
tion of cytokines and chemokines, which contribute
to immune cell recruitment and tissue inflammation,
is partially regulated by heat-shock proteins (HSPs).'’
HSPs constitute a large family of chaperones that assist
the nascent polypeptide chain to undergo functional
conformation changes, promoting its stabilisation, neces-
sary for protein localisation and function.'” '® HSP90 is
crucial for the maturation of proteins involved in various
cellular processes, including cell division and differenti-
ation, apoptosis and signalling events.'® "7 It has a broad
range of substrates, including tyrosine-kinase receptors
(eg, EGFR, c-Kit, MEK), signal-transduction proteins (eg,
IKK, RAF1, N-RAS), cell-cycle regulatory proteins and
transcription factors.'® ¥ The NF-«B protein members,
critical in inflammatory signalling pathway, cell prolifer-
ation and immune regulation, are important candidate
targets of HSP90 and are promptly affected by its inhibi-
tion. Moreover, their activation depends on factors also
affected by HSP90 inhibition, as IKK.*”*' For its crucial
role in stability and function of many oncogenic proteins,
pharmacological intervention through HSP90 inhibitors
was shown to be beneficial in a wide spectrum of tumour
treatment.'® ' # Targeting HSP90 was also evaluated in
a diverse range of diseases, including neurodegenera-
tive® and inflammatory diseases,”* and infections.” On
infections, cell surface receptors are activated, increasing
activity of RhoA. This leads to myosin light chain phos-
phorylation, increasing actin filament contractile forces
and increased vascular permeability. Moreover, RhoA
activation induces the NF-kB pathway, triggering further
inflammation. As a consequence, endothelium damage
and hyperpermeability occurs. HSP90 inhibition affects
RhoA activation, leading to barrier protective functions
on pulmonary arterial endothelial cell.**** Moreover, it
contributes to a reduction in inflammation, being useful
as a therapeutic strategy in ARDS and other pulmonary
inflammatory diseases.** **** Viruses depend on the host
cell machinery for protein stabilisation and activation,
which regulates the viral life cycle.” HSP90 inhibition
was shown to affect the synthesis of important viral tran-
scripts in vitro and is, therefore, being tested as antiviral
drug in different studies.” * ** We recently showed an
upregulation of HSP90 transcripts in lung epithelial
cells infected with SARS-CoV-2.¥ HSP90 inhibition
suppressed SARS-CoV-2 replication in vitro, similarly to
SARS-CoV and MERS-CoV, by a proteasome-dependent
degradation of the structural protein N.*' 3% Moreover,
HSP90 inhibition prevented endothelial dysfunction and

the inflammation caused by SARS-CoV-2 infection.'’ *°

Therefore, this could be a possible valuable strategy to
prevent lung pathology during COVID-19.

The development of novel therapeutic strategies to
better intervene in severe cases of COVID-19 is urgently
needed. Here, we analyse the effects of the HSP90 inhib-
itor STA-9090 in vitro on cell activation and viral replica-
tion. In the Syrian hamster COVID-19 model, we evaluate
its efficacy in controlling systemic inflammation and the
viral burden after infection. In vitro, STA-9090 applica-
tion reduced viral replication on alveolar epithelial cells
(AEGs) in a dose-dependent manner and lowered signifi-
cantly the expression of proinflammatory genes in AECs
and alveolar macrophages. In vivo, STA-9090 led to an
overall improvement of the clinical condition of infected
animals, with reduced oedema formation and tissue
pathology.

MATERIAL AND METHODS

Patient and public involvement

Patients and public were not involved in the design and
development of this study.

Virus culture

SARS-CoV-2 isolate (BetaCoV/Germany/BavPatl/2020)
was kindly provided by D. Niemeyer and C. Drosten,
from Charité - Berlin, Germany. SARS-CoV-2 isolate was
prepared as previously.”” Integrity of the furin cleavage
site was confirmed through sequencing of stocks prior to
infection.

Cell culture

Vero E6 cells (ATCC CRL-1586) were cultivated in
Dulbecco’s modified Eagle’s medium supplemented with
10% heat-inactivated fetal calf serum, 1% non-essential
amino acids, 1% L-glutamine and 1% sodium pyruvate
(all Thermo Fisher Scientific, USA), at 37°C. AECs were
isolated from distal lung tissue and cultured as previously
described.” Alveolar macrophages were isolated from
lung biopsies performed in patient with lung tumour, as
previously described.” Cells were incubated with virus
for 1hour at 37°C, and further treated with STA-9090.
AECs were treated for 16hours with different concen-
trations of STA-9090, ranging from 12.5 nM to 800nM
in a log2 scale and alveolar macrophages were treated
for 24hours with 100nM of this inhibitor. The control
group was treated with the highest concentration of the
diluent DMSO. Cytotoxicity (LDH Cytotoxicity Detection
Kit, Takara, Japan) and Viability test (CellTiter-Glo Lumi-
nescent Assay, Promega, USA) were performed on AECs
after STA-9090 application, according to manufacturer’s
protocol.

Animal model )
Infection was performed with 1x10°PFU SARS-CoV-2
diluted in 60pL MEM, applied intranasally (i.n.) in
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the hamsters, as previously described.” In the first in
vivo experimental set, Syrian hamsters were randomly
assigned to three groups, all being infected. The intra-
peritoneal (i.p.) treatment with 25mg/kg body-weight
of STA-9090 (kindly provided by Aldeyra Therapeutics,
USA) was performed together with infection at day 0
(group 1) or twice, both at day 0 and day 4 post-infection
(pi.) (group 2). The third group received placebo
therapy. In a second experimental set, the control group
received placebo treatment at day 3 after infection, while
other two groups received STA-9090 at 48 hours or 72h
p-i. Animals are depicted for sex in online supplemental
table 1. Animals included in the experiment were moni-
tored for signs of disease twice daily, with weight and
temperature measured for compliance with score sheet
criteria. Serum, EDTA blood, oropharyngeal swabs and
lungs were collected for virologic, histopathological and
sequencing analysis.

Viral load quantification

Virus titers and RNA copies were determined by plaque
assay and quantitative RT-PCR analysis as previously
described.”” Analysis was performed in oropharyngeal
swabs and from homogenised lung tissue.

Histopathology for SARS-CoV-2-infected hamsters

Lungs were embedded in paraffin and sections were
made from tissue for immunostaining and analysis. Lung
tissue pathology was evaluated by board-certified veteri-
nary pathologists in a blinded fashion following standard-
ised recommendations, including pneumonia-specific
scoring parameters as described previously.37

Bulk RNA analysis

Sequencing was performed on total RNA isolated from
AECGs, alveolar macrophages and blood samples using
Trizol reagent. Libraries were constructed using the
NEBNext Ultra II Directional RNA Library Prep Kit
(New England Biolabs, USA) and sequenced on a high
throughput NextSeq 500 device (Illumina, USA). Reads
were aligned to the human reference genome hg38
(GRCh38) or the Syrian hamster genome (MesAurl.0)
using hisat2.”” Gene expression was quantified using the
package featureCounts from Rsubread*’ and analysed by
DESqu.41

Mass spectrometry

Serum and lung samples were prepared with RIPA lysis
buffer. Samples were extracted by mixing 25 pL of sample
with 25pL of 25% w/w acetonitrile (ACN) in water,
100 pL. of formic acid 0.1% and 400 pL. of methyl-t-butyl
ether (MTBE). Samples were centrifuged at 3000xg and
supernatant collected for new extraction with 400 L of
MTBE. Both extracted supernatants were pooled dried
under nitrogen and resuspended in 50 L of 40% ACN
in water before analysis. Samples were analysed on a

Quantiva triple quadrupole (Thermo Fisher Scientific,
USA) coupled to a 1290 Infinity HPLC (Agilent Technol-
ogies, USA), using a Zorbax Eclipse column (2.1x50 mm,
1.8pm particle size). Separation was performed using
a 0.3mL/min gradient ranging from 40% of solvent B
(acetonitrile with 0.1% formic acid; solvent A=water with
0.1% formic acid) to 95% in 2min. The HESI source
was operated with 3500 V spray voltage, 30 arbitrary
units sheat gas, 8 arbitraty units auxiliary gas and 350°C
transfer tube and vaporiser temperature. Two transitions
were monitored (365 ->131and 365 ->323) in positive
mode. Quantification was performed using QuanBro-
wser software (Thermo Fisher Scientific, USA).

Western blot

Lung tissue homogenate was assessed to verify expression
of HSP90 and phospho-HSP90 protein levels. B-actin
was used as internal control. Antibodies against HSP90
(Abcam, UK), phospho-HSP90 (Thermo Fisher Scien-
tific, USA) and B-actin (Sigma Aldrich, USA) were used
as primary antibodies. Secondary antibodies conjugated
to HRP against rabbit (Agilent Technologies, USA) or
mouse (Agilent Technologies, USA) were used. Protein
presence was visualised with an Amersham Imager 680
(GE Healthcare, USA) with the chemiluminescent-
based ECL western blotting detection reagents (Cytiva,
Sweden).

Statistical analysis

GraphPrism V.9.1.2 software (GraphPad Software, USA)
was used for statistical analysis of the clinical data and
quantification of virus titers. Details of statistical analysis
are described at the figure legend of each experiment.
One-way or two-way analysis of variance with Tukey’s
multiple comparisons test for unpaired data was used
for the in vivo data. Unpaired t-test was used to compare
PFU counting of AECs. Further data on viral replication
were compared using Mann-Whitney U test. P values are
shown as following for significance: p<0.05 (*), p<0.01

RESULTS

STA-9090 has antiviral and anti-inflammatory properties in
AECs and alveolar macrophages

Distinct viruses depend on HSP90 to replicate. The hepa-
titis C virus depends on HSP90 for the activity of the
NS2/3 protease, essential for RNA replication. Gastroen-
teritis virus, porcine epidemic diarrhoea virus and swine
acute diarrhoea syndrome-CoV depend on the consti-
tutively expressed isoform HSP90PB for virion assembly.
While dengue virus depends on the isoform HSP90c,
normally stress-induced, for cellular entry.** * SARS-
CoV-2 also depends on HSP9Y0, as its inhibition led to a
reduction on replication in Calu-3 lung epithelial cells
and AECs.” *® To evaluate the properties of STA-9090
on differentiated AECs, we infected cells with an MOI
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Figure 1 Antiviral and anti-inflammatory properties of STA-9090 in vitro in infected AECs and alveolar macrophages. AECs,
isolated from human lung tissue, were infected with MOI 0.5 of SARS-CoV-2 and treated with different concentrations of

the HSP90 inhibitor STA-9090. STA-9090 concentrations ranged from 12.5nM to a maximum of 800nM on a log2 scale.
Non-treated or non-infected cells serve as control. (A) Viral titers in supernatants of AECs infected with SARS-CoV-2 and
treated with the indicated concentration of STA-9090. (B) Expression analysis of selected induced genes in AECs. Shown are
z-scores of DESeg2 normalised counts comparing infected samples to uninfected control samples mock-treated or treated
with different concentrations of STA-9090, as shown. Size of the circle and colours show differentiated expression. Alveolar
macrophages were differentiated from lung tissue and infected with SARS-CoV-2 (MOI 0.5) prior to treatment with STA-
9090. Mock infected cells, treated or non-treated, served as control. (C) Heatmaps of differently expressed genes in alveolar
macrophages after infection with SARS-CoV-2 and treatment with 100nM STA-9090. Uninfected cells, receiving STA-9090 or
not, were used as controls. Genes related to IFN-mediated signalling pathway, type | IFN signalling, cellular-response to IFNy
and cytokines were selected, as previously described.®® Columns represent samples and rows genes. Shown are z-scores of
DESeqg2-normalised data from two donors, analysed independently and colour scale ranges from blue (10% lower quantile) to
red (10% upper quantile) of the selected genes. N=3 in A, C and n=2 in B. Unpaired t-test used for comparison in A. *p<0.05,

**p<0.01. AECs, alveolar epithelial cells.

of 0.5 of SARS-CoV-2, and treated them with different
concentrations of this inhibitor, ranging from 12.5 nM
to 800nM. As shown previously,”™* STA-9090 did not
show any sign of cytotoxicity towards the cells (online
supplemental figure 1A). Similar to other HSP90 inhib-
itors, STA-9090 led to a statistically significant inhibition
in viral replication at concentrations equal or higher

than 100nM (figure 1A). On infection of lung epithelial
cells with SARS-CoV-2, an inflammatory response is initi-
ated, with upregulation of the NF-kB signalling response
and the expression of specific inflammatory cytokines.*’
Increased release of proinflammatory cytokines, as
TNFo, IL-1B and IL-6 are associated with increased organ
damage during COVID-19.”" To further examine the
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role of STA-9090 on inflammation, we performed RNA
sequencing from infected AECs. Expression of proin-
flammatory cytokines, including IL-6, IL-1b, CXCL10,
CCL5 and TNFSF10, enhanced on infection, was
reduced by the treatment with STA-9090. This reduction
was already observed with the lowest concentration of
STA-9090 used. In addition, expression of NFKBIA, IFNy-
related genes and genes induced by type I IFN response,
including IFIT2 and IRF1, was reduced by the treatment,
when comparing to untreated infected cells. Cellular
stress markers, including ARRDC3, DDIT3, JUN and
FOS, were neither affected by infection, nor by the treat-
ment. STA-9090 treatment alone did not alter expression
of the inflammatory markers described (figure 1B).

Monocytes and macrophages were suggested to be
critical mediators of the inflammatory responses in
COVID-19, contributing to tissue pathology.47 Alve-
olar macrophages were shown to take up SARS-CoV-2
without productive replication, leading to an activation
of the inflammatory and antiviral pathways, contributing
to lung tissue pathology.”® To characterise the effect of
STA-9090 on alveolar macrophages, RNA sequencing was
performed after infection of cells with an MOI of 0.5 of
SARS-CoV-2 and treatment with STA-9090. Treatment
of non-infected alveolar macrophages showed no sign
of cellular activation, with an overall low expression of
cytokines, IFN-related genes and stress markers. Infec-
tion with SARS-CoV-2 led to an increase in expression of
proinflammatory markers, as IL6, NFKBIA, TNF, ILIA,
which were strongly reduced after treatment with STA-
9090. Similar to AEGCs, expression of distinct cytokines,
genes belonging to the IFNYy response and to type I IFN
response, including interferon regulatory factors and
interferon stimulated genes, were reduced after treat-
ment with STA-9090, with values comparable to unin-
fected cells (figure 1C and online supplemental figure
1B).

Administration of STA-9090 on infected hamsters does not
affect pulmonary viral loads

On SARS-CoV-2 infection, Syrian hamsters present a
moderate course of COVID-19 with strong immune
cell influx in the lungs, pulmonary inflammation and
lung tissue pathology.”” To assess the antiviral and anti-
inflammatory properties of STA-9090 in vivo, Syrian
hamsters were infected with 1x10°PFU SARS-CoV-2 and
treated with this inhibitor (figure 2A). Infection led to a
progressive decrease of body weight, as observed previ-
ously,”” which was not altered by administration of STA-
9090 (figure 2B). Viral loads were quantified from homog-
enised lung tissue and oropharyngeal swabs (figure 2C)
by RT-qPCR, and plaque assays were performed on the
lung tissue homogenate (online supplemental figure
2A). Virus was detected in both compartments and virus
titers decreased over time, with undetectable levels 7 days
p-i. Treatment with STA-9090 did not affect viral loads
in the lung tissue and swabs, as determined by RT-qPCR

and plaque assay. In vitro, STA-9090 could reduce viral
loads in AECs with concentrations equal or higher than
100nM. To quantify the concentration of STA-9090 in
the Syrian hamsters, mass spectrometry was performed
on lung homogenates and serum of the animals at days 1,
3, 5 and 7 after STA-9090 administration. One-day post-
treatment, concentrations of STA-9090 in lungs ranged
from 10 to 15nM, and in serum of about 6 nM. STA-
9090 concentrations decreased progressively with time,
with almost non-detectable levels 5days after treatment
(figure 2D).

STA-9090 reduces lung pathology in infected Syrian hamsters
Lung tissue histology was examined on longitudinal
sections of the left lobes of the lungs of infected
hamsters after treatment with STA-9090. Infected
tissue presented increased infiltration of immune cells
and formation of oedema, as seen by the histology of
the whole tissue. Analysis of the epithelial cell layer
and the alveolar space, including the endothelial cell
layer, showed increased cell hyperplasia and inflam-
mation after infection. Treatment with STA-9090
was sufficient to reduce tissue pathology and inflam-
mation, when comparing to the untreated control
group (figure 3A). Tissue analysis by semiquantitative
scores shows that the treatment with STA-9090 led to
a significant reduction on lung affected area among
animals of group 2 at day 7p.i. Reduced endotheli-
itis was observed among animals receiving twice STA-
9090 at day 5 p.i., in comparison to the other groups
(figure 3B). Inflammation and perivascular oedema
formation (online supplemental figure 2B), alveolar
oedema and alveolar epithelial type 2 (AT2) cell
hyperplasia (figure 3C) presented an apparent, but
not significant, reduction in the score levels after
treatment. Alveolar epithelial necrosis, bronchitis
(online supplemental figure 2C) and immune cell
infiltration, including lymphocytes, macrophages
and neutrophils (online supplemental figure 2D),
showed no differences among the groups. However,
STA-9090 treatment led to a significant decrease
in broncho-epithelial hyperplasia among animals
receiving twice STA-9090, compared with the control
group (online supplemental figure 2C). Western blot
targeting HSP90 and its phosphorylated version were
performed on lung tissue homogenate to investigate
possible effects of HSP90 inhibition on phosphoryl-
ation. No differences were seen in the ratio of phos-
pho-HSP90 to total HSP90, when comparing to unin-
fected animals (online supplemental figure 2E).

Late application of STA-9090 reduces lung inflammation in
infected Syrian hamsters

To better translate to the actual treatment course in
patients, we repeated the infection experiments of Syrian
hamsters with a later application of STA-9090. Infected
hamsters receiving Mock treatment (GB control) or
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Figure 2 Treatment with STA-9090 does not affect viral loads in Syrian hamsters. (A) Syrian hamsters challenged with
SARS-CoV-2 (1x10°PFU), were treated with 25 mg/kg STA-9090 (GB) once, together with infection (group 1), or twice, at day
0 and at day 4 p.i. (group 2). Control group received same volume of dilutor at day O p.i. Analysis was made at day 3 (only for
the control group and group 1), day 5 and day 7 p.i. (B) Body weight in percentage from the original weight was measured
daily after infection of the animals with SARS-CoV-2. (C) Viral load was quantified by RT-gPCR analysis of viral genomic RNA
(gRNA) copies detected in homogenised lung tissue and oropharyngeal swabs at days 3, 5 and 7 p.i. (D) Pharmacokinetics of
STA-9090 quantified by mass spectrometry in the lung tissue or serum of Syrian hamsters infected with SARS-CoV-2. Shown
is the number of days after STA-9090 application (first or second doses) in lung (left) and serum (right). Results are displayed
as mean=SE and n=3. Comparisons were made with a one-way ANOVA test. ANOVA, analysis of variance. LOD, limit of

detection.

STA-9090 at day 2 (GB 48hours) or 3p.i. (GB 72hours)
were analysed on day 5p.i. (figure 4A). No significant
weight loss differences were observed after treatment
of the infected animals with STA-9090, comparing to
the control group (online supplemental figure 3A).
Concentrations of STA-9090 in lung homogenate and
serum were measured at day 5p.i., representing day 3
(GB 48hours) or 2 (GB 72hours) after treatment. STA-
9090 concentrations in the lungs were below 10 nM 2 days
after application (GB 72hours), and slightly lower 3 days
after application. In serum, similar values were observed

among animals receiving STA-9090 48h p.i., while in the
second group it was not detectable (online supplemental
figure 3B). RT-qPCR analysis of the lung tissue shows an
increase in the viral burden in both animal groups treated
with STA-9090, in comparison to mock-treated animals
(figure 4B). This increase in viral titers after treatment was
not observed in the plaque assay of lungs or by RT-qPCR
of swabs of infected animals (online supplemental figure
3C). Histology of the lung tissue was also performed for
characterisation of tissue damage and cellular infiltration
(figure 4C). Overall, the area of the lungs affected by the
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Figure 3 Lung tissue pathology scores are reduced in infected hamsters after treatment with STA-9090. Longitudinal
sections of left lungs from Syrian hamsters after 5 days or 7 days infection with SARS-CoV-2 and receiving treatment of STA-
9090. Treatment was performed at day O p.i. or at day 0 and again at day 4 p.i. and lung tissue was stained with H&E for
histological comparisons (A). Shown are whole lung sections and magnification of the epithelial or endothelial layers. Lung
pneumonia with oedema formation is seen in darker colours, due to the accumulation of fluids and cells. Representative
histology is shown. Semiquantitative analysis of histological lesions quantified at days 3, 5 and 7 p.i. were scored and shown
for comparisons. Lung affected area (B), alveolar oedema and AT2 cell hyperplasia (C) and lung endotheliitis (D) are shown.
Results are displayed as mean+SE and n=3. Comparisons were made by a one-way ANOVA test. *p<0.05. ANOVA, analysis of
variance.

infection was reduced with the treatment at 48 hours p.i., in the total area affected by pneumonia after treatment
compared with control, with decreased oedema forma-  was observed at 48h p.i., comparing to the control group.
tion, epithelial and endothelial cell damage, and not Alveolar oedema formation was also reduced with treat-
seen with treatment at 72h p.i. A significant reduction ~ ment at 48h p.i., but not significantly different to the
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Figure 4 Early treatment with STA-9090 reduces inflammation and lung tissue pathology. (A) Syrian hamsters were

challenged with SARS-CoV-2 (1x10°PFU) and treated with 25 mg/kg STA-9090 (GB) at 48h p.i. (GB 48hours) or at 72h p.i.
(GB 72 hours). Control group received same volume of dilutor and analysis was made at day 5p.i. (B) RT-gPCR analysis of
viral genomic RNA (gRNA) copies detected in homogenised lung tissue was performed at day 5p.i. (C) Longitudinal sections
of left lungs of Syrian hamsters 5days after infection with SARS-CoV-2 were stained with H&E for histological comparisons.
Shown are whole lung sections, and sections focusing on epithelial cell layer and interstitial space. Lung pneumonia with
oedema formation is seen in darker colours. Representative histology is shown. (D) Semiquantitative analysis of histological
lesions quantified at day 5p.i. were scored and shown for comparisons for lung affected area and alveolar oedema. Shown
is the comparison between the groups receiving STA-9090 at day 2 or 3p.i. and the control group. (E) Expression analysis
of selected genes affected by infection and treatment with STA-9090 in blood samples of Syrian hamsters. Normalised
expression values of selected cytokines are shown in logarithmic scale (left) and expression of genes related to tissue
regeneration and repair are shown with z-score values of DESeg2 normalised counts (right). Size of the circle and colours
show differentiated expression. Average values+SE are shown and n=4. Comparisons were made with a two-tailed Mann-
Whitney test (B) and a one-way ANOVA test (D, E). “p<0.05. ANOVA, analysis of variance.
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control group (figure 4D). Alveolar epithelial necrosis,
bronchitis and broncho-epithelial hyperplasia, immune
cell infiltration, perivascular oedema formation and
inflammation, AT2 cell hyperplasia and endotheliitis
(online supplemental figure 3D) were not affected
by the treatment with STA-9090, with only an overall
tendency in reduction seen after treatment. To have a
deeper understanding of the effects of STA-9090 system-
ically, we performed total RNA sequencing of whole
blood samples. A tendency in increased expression of
inflammatory markers, including cytokines, as IL-1b,
IL-6 TNFSF10, CXCL10 and CXCL5, and genes related
to the IFN signalling was observed in the infected group
receiving treatment, when comparing to the mock-treated
group. However, these differences were not statistically
significant (figure 4E). We then analysed expression of
genes related to regeneration of the lung after damage,
such as AT2-regenerative genes and anti-inflammatory
cytokines, which could possibly explain the reduction in
tissue pathology observed by histology. The restoration of
the lung tissue homoeostasis after injury is promoted by
various cell types, including tissue-resident macrophages
and regenerative AT2 cells."** Their regenerative func-
tions are provided by the release of specific mediators
of tissue injury resolution, such as resolvins, protectins
or anti-inflammatory cytokines and by the uptake of cell
debris.”*" The expression of markers related to this
regenerative state of the tissue, including Sirpa, Bndf,
Mki67, Psca, Krt8, Igfbp3-5, Ramp2, Mmpl4 and Gas6,
and anti-inflammatory markers, including 1110, Hmoxl1
and Dusp4, was increased within the animals receiving
HSP90 inhibitor, comparing to control, particularly
among animals treated at 48 h p.i.

DISCUSSION

SARS-CoV-2 still causes significant outbreaks globally, as
new variants appear regularly and vaccination uptakes
around the globe are insufficient.' Aiming at protecting
patients who may develop severe cases of the disease,
different treatment strategies that reduce both viral
titers and the systemic inflammation taking place after
infection are urgently required. Here, we demonstrate
the positive effects of STA-9090, an HSP90 inhibitor, in
reducing SARS-CoV-2 titers on AEC cells and its tissue
protective properties in a hamster model of SARS-CoV-2
infection. In vitro, STA-9090 reduced viral loads in AECs
and led to a reduced expression of proinflammatory
cytokines on AEGCs and alveolar macrophages. In vivo,
though STA-9090 had no antiviral and anti-inflammatory
capacities, lung tissue inflammation, oedema formation
and lung epithelial cell damage were globally reduced
after treatment, possibly indicating protective properties
of STA-9090 in the treatment of COVID-19.

Many viruses were shown to be highly dependent on
HSP90 for replication, depending on this chaperone for
proper folding and function of the newly rapidly synthe-
sised viral proteins.” * Similar to virus-infected cells,

highly proliferative cancer cells also depend on HSP90 to
grow. The use of HSP90 inhibitors is, therefore, known in
advanced clinical trials for the treatment of some specific
tumours, showing no or reduced signs of cytotoxic.18 R
Targeting HSP90 during SARS-CoV-2 infection leads to
an inhibition in virion production, as well as reduction in
inflammation.”! Here, HSP90 inhibition was efficient in
reducing viral loads in AECs infected with SARS-CoV-2,
with concentrations above 100nM. Contrarily to AECs,
we did not observe a reduction in viral loads in infected
hamsters after treatment with STA-9090. Interestingly,
the concentration of STA-9090 achieved in serum and
lung tissue of hamsters 1-day postapplication was approx-
imately 10nM, with reduced levels at later time points.
This concentration is comparable to the lowest doses
analysed in vitro, which had no antiviral effect on AECs.
The pleiotropic effects of HSP90 include degradation
of distinct proteins, including MAPK, JAK/STAT and
NF-kB, affecting distinct signalling pathways implicated
in inflammation, cell proliferation and ﬁbrogenesis.16 o8
SARS-CoV-2 infection leads to the activation of the IKK,
STAT3 and AKT, which activate NF-kB and lead to inflam-
mation.? 2 2% Production of proinflammatory cytokines,
such as IL-1B, IL-6, CXCL10 and TNF, correlated to the
progression of COVID-19, were shown to be reduced by
HSP90 inhibition, probably due to the role of HSP90 in
the NF-kB activation.”® A reduced inflammation of the
lungs also influences the recruitment and activation
of important immune cells, which may contribute to
tissue damage.”* * ** IFN signalling was shown to have
a pivotal role in COVID-19 by coordinating an appro-
priate inflammatory response against viral infection and
the subsequent activation of the innate and adaptive
immune responstf:.59 Here, we also show that STA-9090
could abrogate NF-kB signalling, with a reduction in the
expression of NFKBIA on infected cells. STA-9090 also
dampened the production of important cytokines and
genes involved in IFN signalling in vitro after infection.
In vivo, we could not observe the same reduction in the
expression of inflammatory markers on treatment, as
observed in vitro. This could be a consequence of the
low systemic concentrations of the inhibitor, as measured
by mass spectrometry. The tissue protective functions of
STA-9090 observed in histology might, therefore, be a
result of other factors. On lung tissue infection with SARS-
CoV-2, a regenerative process with induction of AT2 cell
proliferation takes place, leading to the repair of tissue
d21mage.49_52 5657 Here, the expression of distinct markers
that could indicate this regenerative state was upregu-
lated among animals treated with STA-9090. Treatment
with STA-9090 had probably contributed to an improved
epithelial regeneration after tissue injury. Moreover,
Hub genes involved in angiogenesis and tissue repair,
including Pdeba, Cdh2 and Angptl, are enhanced on
Hmox1 and I110 expression, further contributing to this
protective role.”” Here, expression of anti-inflammatory
markers and genes related to tissue homoeostasis were
overall increased among animals treated at 48h p.i. and
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could have further improved tissue repair. Activation of
anti-inflammatory and regenerative cells could be possibly
responsible for the improvement in tissue pathology
seen in the animals after treatment and should, there-
fore, be further investigated. However, analysis of blood
transcriptome to understand lung tissue regeneration
should be carefully interpreted. HSP90 inhibition was
shown to attenuate the reduction of intercellular junc-
tion proteins, as occluding and VE-cadherin, activated
by SARS-CoV-2 spike protein, protecting against vascular
permeability.'’ We could also observe a protective role of
STA-9090 on the endothelial cell layer, as seen by reduced
lung tissue endotheliitis. This is in agreement with other
studies that show a protective role of HSP90 inhibition in
barrier dysfunction.” However, a late application of STA-
9090 was not sufficient to protect animals from disease.
Probably, a delayed application of STA-9090, combined
with an increase in viral load had the opposite effect to
what was expected, with increased and prolonged inflam-
mation of the tissue. Therefore, the efficacy of STA-9090
in reducing tissue inflammation and tissue pathology are
dependent on the frequency and timing of the admin-
istration of this inhibitor. In vivo, even if not sufficient
to block viral replication, the reduced concentrations
of STA-9090 achieved systemically could be sufficient
to provide protective functions to the tissue against the
infection.

Our study has several limitations. The mass spectrom-
etry data indicated that the concentrations of the inhib-
itor reached in the lung tissue and serum of hamsters
was likely not high enough to lead to the antiviral and
anti-inflammatory properties of STA-9090, seen in vitro.
Still, we were able to see a reduction in lung tissue
pathology, with reduced inflammation and endothelial
cell damage. Increasing the concentration of STA-9090,
by, for example, intravenous application, instead of i.p.,
as performed for the hamsters, could increase its anti-
viral and anti-inflammatory capacities. Also, applying the
medicine directly into the lungs by inhalation could be
an interesting approach to enhance its concentrations
locally, thereby improving tissue protection. Moreover,
the low number of animals, as well as mixing male and
female animals in the groups, led to increased variability
in the results, with increased standard errors. Different
responses to infection between sex are already known and
were described elsewhere. Future studies should increase
the number of animals tested or focus distinctively on the
sex of the animals used, to better understand the mecha-
nisms of action of STA-9090 in reducing tissue pathology
in COVID-19 or other inflammatory diseases of the lung.

Altogether, we describe here the distinct beneficial
properties of STA-9090 in controlling cellular activation
and tissue inflammation, and in this line, contributing
to tissue protection in COVID-19. We postulate that in
future experiments, a combinatory strategy of treat-
ment with STA-9090 and different antiviral compounds
could be beneficial in moderate and severe cases of the
disease, where STA-9090 would promote stabilisation of

the endothelial barrier of the lung, diminish inflamma-
tion and promote tissue protection, while reduced viral
replication would lead to improvements in the disease
outcome.
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