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Summary
Background Pulmonary infection with SARS-CoV-2 stimulates host immune responses and can also result in the
progression of dysregulated and critical inflammation. Throughout the pandemic, the management and treatment
of COVID-19 has been continuously updated with a range of antiviral drugs and immunomodulators.
Monotherapy with oral antivirals has proven to be effective in the treatment of COVID-19. However, treatment
should be initiated in the early stages of infection to ensure beneficial therapeutic outcomes, and there is still
room for further consideration on therapeutic strategies using antivirals.

MethodsWe studied the therapeutic effects of monotherapy with the oral antiviral ensitrelvir or the anti-inflammatory
corticosteroid methylprednisolone and combination therapy with ensitrelvir and methylprednisolone in a delayed
dosing model of hamsters infected with SARS-CoV-2.

Findings Combination therapy with ensitrelvir and methylprednisolone improved respiratory conditions and reduced
the development of pneumonia in hamsters even when the treatment was started after 2 days post-infection. The
combination therapy led to a differential histological and transcriptomic pattern in comparison to either of the
monotherapies, with reduced lung damage and down-regulation of expression of genes involved in the
inflammatory response. Furthermore, we found that the combination treatment is effective in case of infection
with either the highly pathogenic delta or circulating omicron variants.

Interpretation Our results demonstrate the advantage of combination therapy with antiviral and corticosteroid drugs
in COVID-19 treatment from the perspective of lung pathology and host inflammatory responses.

Funding Funding bodies are described in the Acknowledgments section.
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Introduction
Coronavirus disease 2019 (COVID-19), caused by
infection with severe acute respiratory syndrome coro-
navirus 2 (SARS-CoV-2), is linked to mild-to-severe
respiratory distress, pneumonia, and death. Bronchial
and alveolar epithelial cells are the major target cells for
SARS-CoV-2 infection, and these cells trigger host
innate immune and inflammatory responses in the
lungs.1 Following viral replication, interferons and cy-
tokines are produced and released from infected and
bystander epithelial cells and immune cells, leading to
the activation and pulmonary infiltration of immune
cells including macrophages and neutrophils.2 Although
a proper immune response orchestrates the antiviral
state and attenuates tissue damage by viral infection,
severe COVID-19 shows an imbalanced and hyperactive
host immune response characterised by defects in the
type I interferon response and the dysregulated release
of pro-inflammatory cytokines, resulting in deleterious
inflammation.3,4 Overall, the inflammatory response to
SARS-CoV-2 infection plays a pivotal role in the patho-
genesis of severe COVID-19.

Several medications have been employed for COVID-
19 therapy.5 In the early phase of infection, oral antiviral
agents such as nirmatrelvir and molnupiravir are rec-
ommended for treating non-hospitalized patients to
reduce the viral load and the risk of COVID-19-related
hospitalization.6,7 In addition, ensitrelvir (ETV) reduces
the time to resolution of COVID-19 symptoms, and it is
currently approved as an oral antiviral medication for
COVID-19 in Japan.8 For therapeutic efficacy, it is
advisable that these oral antiviral medications are initi-
ated as soon as possible after the onset of symptoms.5 In
the later stages of infection, immunomodulators are
expected to circumvent tissue damage induced by the
inflammatory response observed exclusively in severe
COVID-19. In such a situation, dexamethasone, an anti-
inflammatory corticosteroid, was shown to reduce the

mortality rate in hospitalised patients with COVID-19
requiring supplemental oxygen.9 Methylprednisolone
(mPSL) is also used as an alternative corticosteroid for
the same purpose; however, evidence of the efficacy of
mPSL in severe COVID-19 remains insufficient because
of the small sample sizes in clinical trials.10 Because
corticosteroids cause immunosuppression and increase
viral loads, this treatment can be harmful rather than
beneficial in patients with mild-to-moderate COVID-
19.11,12 Meanwhile, combination therapy with the
intravenous antiviral drug remdesivir (RDV) and im-
munomodulators produced better outcomes than treat-
ment with RDV or immunomodulator alone in severe
diseases.13,14 However, little is known about the thera-
peutic impact of combination therapy with oral antiviral
agents and immunomodulators in either mild-to-
moderate and severe COVID-19.

Syrian hamsters are highly susceptible to infection
with SARS-CoV-2, and they are widely used in in vivo
studies of COVID-19. To date, the hamster has proven
to be the most reliable animal model for studying
COVID-19 pathophysiology and therapeutics. In pre-
clinical studies, oral antiviral agents reduced viral loads
and improved lung pathology in recipient hamsters
infected with SARS-CoV-2.15–17 Recently, we demon-
strated that post-exposure treatment with ETV in SARS-
CoV-2-infected hamsters resulted in reduced viral
replication and alleviated clinical signs.18 Treatment with
corticosteroids also improved pathology but increased
viral loads and delayed clearance of virus in the lungs of
hamsters.19–21 Moreover, two studies examined the
combinations of RDV plus mPSL19 and neutralizing
monoclonal antibody plus dexamethasone,21 and
observed favourable therapeutic effects compared to
those of monotherapy.

Considering the relationship between virus replica-
tion and the host inflammatory response in lungs, it is
desirable to initiate treatment with oral antiviral drugs

Research in context

Evidence before this study
We searched PubMed for studies published in English from
database inception to February 15th, 2022, using the search
terms (“SARS-CoV-2” AND “Antivirals” AND “Anti-
Inflammatory Agents” AND “Animals”). Our search identified
multiple studies about combination therapies with antivirals,
antibodies and anti-inflammatory agents. However, there is a
lack of information about the therapeutic effect of oral
combination treatment with antiviral and anti-inflammatory
agents in animal models of COVID-19.

Added value of this study
We showed that delayed antiviral monotherapy resulted in
reduced therapeutic efficacy in SARS-CoV-2 infected hamsters.
However, we found that combination therapy with antiviral

and anti-inflammatory corticosteroid drugs controlled a wide
range of host inflammatory responses, improved the lung
pathology, and ameliorated clinical aspects of COVID-19
compared to the effects of ETV or mPSL monotherapies in the
delayed dosing model.

Implications of all the available evidence
Our study has implications for clinical practice. Combination
therapy with antiviral and anti-inflammatory corticosteroid
drugs restricted both viral spread and hyperinflammation
leading to better outcomes in COVID-19. Since both drugs are
available as oral medications, this combination therapy could
provide a clinical and potent therapeutic option for the
treatment of COVID-19.
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early after the onset of infection. However, treatment in
clinical settings is sometimes initiated in the context of
extensive SARS-CoV-2 replication in the respiratory
tracts of patients. In this study, we investigated the in-
fluence of delaying oral antiviral ETV treatment on
therapeutic efficacy using a SARS-CoV-2-infected ham-
ster model. We then evaluated and characterised the
therapeutic effect of oral combination treatment with
ETV and mPSL in a delayed dosing model using histo-
pathological and transcriptome analyses.

Methods
Cells
Vero-TMPRSS2 cells [Vero E6 cells (CRL-1586, ATCC,
RRID:CVCL_0574) stably expressing human TMPRSS2]
and Vero-hACE2-TMPRSS2 (Vero E6 cells stably
expressing human ACE2 and human TMPRSS2) were
established using lentiviral vectors as previously
described22,23 and maintained in Dulbecco’s Modified
Eagle’s Medium (DMEM) containing 10% foetal bovine
serum (FBS). The cells were regularly confirmed to be
negative for mycoplasma contamination by MycoAlert
Mycoplasma Detection Kit (Lonza Bioscience).

Viruses
SARS-CoV-2 delta (strain TY11-927, lineage AY.122,
GISAID: EPI_ISL_2158617) and omicron (strain TY41-
795, lineage XBB.1, GISAID: EPI_ISL_ 15669344) vari-
ants were obtained from the National Institute of
Infectious Diseases, Japan.

Compounds
ETV (also known as code S-217622, fumaric acid co-
crystal form) was provided from Shionogi & Co., Ltd.24

mPSL was obtained from the Tokyo Chemical In-
dustry. RDV was obtained from Combi-Blocks.

Animal experiments
Sample sizes of 3 or 4 animals/group were determined
based on prior in vivo studies, and no power calculations
were performed. Animals were divided into three
groups based on their body weights (high-, middle- and
low-body weight strata) and randomly assigned to each
treatment groups with same ratio to ensure a homoge-
nous distribution of treatments over these strata. Ani-
mals were housed in sterile isolators under 12 h light/
12 h dark cycles with free access to food and water. No
blinding procedures were applied. Five-week-old male
or female Syrian hamsters (Japan SLC) were intranasally
inoculated with 1 × 104 pfu of SARS-CoV-2 in 200 μl of
PBS under anaesthesia with isoflurane inhalation. ETV
was suspended at 20 mg/ml in 0.5% (w/v) methyl cel-
lulose 400. mPSL was solubilised as 100 mg/ml solution
in dimethyl sulfoxide and suspended at 1 mg/ml in
0.5% (w/v) methyl cellulose 400. RDV was solubilised as
a 100 mg/ml solution in dimethyl sulfoxide and

suspended at 3 mg/ml in 12% (w/v) sulfobutylether-
β-cyclodextrin, pH 5.0. Hamsters were orally adminis-
tered twice daily with ETV (200 mg/kg) and/or mPSL
(10 mg/kg) suspension for 5 days from 0, 1 or 2 dpi
under anaesthesia with isoflurane inhalation. The dose
of ETV was determined based on drug exposure in ro-
dents in which no adverse effects were observed in
safety studies.25 For treatment with RDV, hamsters were
intraperitoneally injected with RDV solution (15 mg/kg)
at 2 and 3 dpi. Vehicle control hamsters were adminis-
tered with 0.5% (w/v) methyl cellulose 400. A subset of
hamsters at 4 dpi or 6 dpi were sacrificed for lung
collection. The lung tissues were used for virus titration,
gene expression assays and histopathological examina-
tion. Another subset of hamsters were monitored for up
to 10 dpi for body weight change and subjected to blood
collection at 18 dpi. Body weights of animals were
monitored daily. The humane endpoint was established
as body weight loss exceeding 30% or moribund state
due to severe infection.

Ethics
The animal experiments with virus infection were per-
formed in accordance with the National University
Corporation, Hokkaido University Regulations on Ani-
mal Experimentation. The protocol was reviewed and
approved by the Institutional Animal Care and Use
Committee of Hokkaido University (approval no. 20-
0060).

Microneutralization assay for SARS-CoV-2
To determine the titres of neutralizing antibody in
hamsters, serum samples were collected from hamsters
at 18 dpi and heated at 56 ◦C for 30 min to inactivate
complement. Serial two-fold dilutions of serum samples
in DMEM containing 2% FBS were incubated with
100 pfu of SARS-CoV-2 delta variant at 37 ◦C for 1 h.
The serum-virus mixtures of 50 μl were then added to
Vero-TMPRSS2 cells in 96 well plates. After 4 dpi, viral
cytopathic effects were examined under an inverted
microscope. The neutralization titre was defined as the
reciprocal of the highest serum dilution that completely
inhibited the virus cytopathic effects in Vero-TMPRSS2
cells.

Virus titration and quantitative RT-PCR (qRT-PCR)
assays
Lungs from hamsters at 4 or 6 dpi were homogenised in
PBS with TissueRuptor (Qiagen). A part of the whole
lung homogenate was subjected to virus titration by
plaque assays on Vero-TMPRSS2 for the delta variant
and Vero-hACE2-TMPRSS2 for the omicron variant.
The cell monolayers were inoculated with serial di-
lutions of the lung homogenates for 1 h at 37 ◦C. The
cells were then overlaid with DMEM containing 2% FBS
and 0.5% Bacto Agar (Becton Dickinson). At 2 days (for
the delta variant) or 3 days (for the omicron variant)
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post-inoculation, cells were fixed with 3.7% buffered
formaldehyde and stained with 1% crystal violet. For
measurement of host gene expression and viral RNA
levels, total RNA was extracted from the homogenate
with a combination of TRIzol LS (Invitrogen) and
Direct-zol RNA MiniPrep kit (Zymo Research). RNA
samples were analysed by qRT-PCR with Thunderbird
Probe One-step qRT-PCR Kit (Toyobo) and QuantStudio
7 Flex Real-time PCR system (Applied Biosystems;
Thermo Fisher Scientific). Target RNA levels were
normalised to hamster Actb and calculated by the rela-
tive standard curve method. The copy numbers of
hamster Actb and SARS-CoV-2 nucleocapsid genes were
also estimated by the standard curve method. Primers
and probes for hamster Irf7 and Oas2 were obtained as a
PrimeTime Predesigned qPCR assay (Integrated DNA
Technologies). Other primers and probes for hamster
Actb, Il6, Il10, Ccl2, Cxcl10, and SARS-CoV-2 nucleo-
capsid genes were as previously described.26–28

Differentially expressed genes
For mRNA-seq analysis, total RNA samples from lungs at
4 dpi were subjected to library preparation using NEB-
Next Ultra II Directional RNA Library prep kit for Illu-
mina (New England Biolabs) and sequenced on an
Illumina NovaSeq 6000 with 150 base pair-end reads at
Azenta. Raw mRNA-seq data were deposited to DDBJ
with accession IDs DRR477693-DRR477707. Obtained
mRNA-seq reads were processed with the nf-core/
RNAseq pipeline.29 Preprocessed paired reads were
aligned to reference genomes with STAR (v2.7.10).30

Genome data for Syrian Golden hamster (Ensemble
MesAur1.0) and SARS-CoV-2 (Ensemble ASM985889v3
Wuhan-Hu-1 isolate), respectively, were used.31 Gene
level transcript abundances were estimated by Salmon
(v1.9.0)32 and tximport (v1.22).33 Reads mapped to SARS-
CoV-2 genome were removed in further analysis.
Differentially expressed gene analysis was performed
using DESeq2 (v1.34).34 Differentially expressed genes
were ranked with a P-value and the direction of fold
change as described elsewhere35 and ranked gene lists
were used for geneset enrichment analysis36 using Clus-
terProfiler (v4.2.2).37 To utilise human genesets, hamster
gene IDs were converted to human gene IDs by g:Profiler
suite.38 Genes with one-to-one ortholog relation, human
genesets retrieved from Reactome Pathway39 and Cell-
Marker,40 and cell type markers with evidence code
“Experimental” were used for the analysis. For heatmap
analysis, a DESeq2 normalised gene expression table was
log2 transformed and was scaled in gene-wise manner to
establish relative gene expression values (z-score).

Pulmonary function tests
Pulmonary function was assessed using a whole-body
plethysmography system (Data Sciences International)
as previously described.41 In brief, hamsters were placed
individually in unrestrained plethysmography chambers.

After 30 s for acclimatisation, respiratory parameters
were acquired over a 3-min period by using FinePointe
software (Data Sciences International).

Histopathological examination
Lung tissues at 4 and 6 dpi were fixed in 3.7% formal-
dehyde in PBS and embedded in paraffin. To detect viral
RNA in the paraffin sections, in situ hybridization was
carried out using an RNA scope 2.5 HD Red Detection kit
(Advanced Cell Diagnostics) with an antisense probe tar-
geting the nucleocapsid gene of SARS-CoV-2 (Advanced
Cell Diagnostics) as previously described.42 To detect viral
antigen in the sections, IHC was carried out using a
rabbit monoclonal antibody for SARS-CoV nucleocapsid
protein (40143-R001, clone #001, Sino Biological, RRI-
D:AB_2827974) which cross-reacts with SARS-CoV-2
nucleocapsid protein. Specific antigen-antibody reactions
were visualised by means of 3,3′-diaminobenzidine tet-
rahydrochloride staining using the Dako Envision system
(Dako Cytomation). Histopathological severity score of
pneumonia was determined based on the percentage of
alveolar inflammation in a given area of a pulmonary
section collected from each animal in each group using
the following scoring system: 0, no inflammation; 1,
affected area (≤1%); 2, affected area (>1%, ≤10%); 3,
affected area (>10%, ≤50%); 4, affected area (>50%); an
additional point was added when pulmonary oedema
and/or alveolar haemorrhage was observed.43 The average
score for all lobes was calculated for each animal.

Statistics
Statistical differences between treatments in the exper-
iments including an uninfected control were deter-
mined by one-way analysis of variance (ANOVA) with
Tukey’s test (Figs. 1c–e, i–l, 2d and e, 5a and b, 6e–j,
Supplementary Figure S4c–f). Statistical differences
between vehicle treated and drug-treated animals were
determined by one-way ANOVA with Dunnett’s test
(Figs. 1f and g, 2c, f–i, 6a and b, Supplementary
Figures S2 and S4a and b). When the data did not
meet the ANOVA criteria, statistical analyses were
conducted by Kruskal–Wallis test with the Dunn’s
multiple comparisons test (Figs. 3c, e and f, 6d). All
statistical tests were carried out using Prism version
9.5.1 (GraphPad software).

Role of funders
The funders had no role in the study design, data
collection, analysis, or interpretation, or any aspect
pertinent to this study.

Results
Delayed treatment attenuates the therapeutic
effect of ETV in hamsters
To examine the influence of delaying antiviral admin-
istration on COVID-19 treatment, hamsters were
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intranasally infected with SARS-CoV-2 and then orally
treated for 5 days with ETV using three different
starting times: immediately after inoculation to 4 days

post-infection (dpi) [ETV (0 dpi)], from 1 to 5 dpi [ETV
(1 dpi)], and from 2 to 6 dpi [ETV (2 dpi); Fig. 1a].
Hamsters treated with methyl cellulose 400 (vehicle)

Fig. 1: Differences in outcomes between immediate and delayed treatment with the antiviral drug ensitrelvir (ETV) in hamsters infected
with SARS-CoV-2. a, Schematic representation of the experimental design for antiviral treatment in the hamster model. Male hamsters were
intranasally inoculated with 1 × 104 pfu of the SARS-CoV-2 delta variant. The hamsters were orally treated with ensitrelvir (ETV, 200 mg/kg) or
vehicle alone b.i.d. for 5 days starting at the time of infection [ETV (0 dpi) and vehicle], 1 day post-infection (dpi) [ETV (1 dpi)], or 2 dpi [ETV (2
dpi)]. A group of hamsters was sacrificed at 4 dpi for tissue collection. Another subset of hamsters was monitored for 10 dpi for body weight
changes. b, Body weight changes in uninfected and SARS-CoV-2-infected hamsters treated with ETV or vehicle (n = 4 for each group). c, Area
under the curve (AUC) of body weight over time in (b) (n = 4 for each group). d, e, Enhanced pause (Penh) (d) and ratio of peak expiratory flow
(Rpef) (e) in hamsters at 4 dpi were measured by whole-body plethysmography (n = 4 for the uninfected group, n = 6 for the other groups). f,
Virus titres in the lungs of hamsters at 4 dpi were determined by the plaque assay (n = 4 for each group). g, Viral RNA copies in the lungs of
hamsters at 4 dpi were quantified by quantitative RT-PCR (qRT-PCR) and normalised to those of Actb (n = 4 for each group). h, Gross
observation of lungs at 4 dpi. Side length of squares, 5 mm. i–l, Relative gene expression of Il6 (i), Il10 (j), Ccl2 (k), and Cxcl10 (l) in infected
hamster lungs at 4 dpi compared to that in the lungs of uninfected hamsters were examined using qRT-PCR (n = 4 for each group). Data were
normalised to those of Actb. All graph shows mean and 95% confidence intervals (CIs) with each dot representing an individual animal.
Statistics were calculated by one-way ANOVA with Tukey’s test (c–e, i–l) and one-way ANOVA with Dunnett’s test (f, g). P values versus vehicle-
treated control are indicated in the graphs.
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were included as an untreated control group in this
study. We used the SARS-CoV-2 delta variant (lineage
AY.122), which is a highly pathogenic variant that
causes severe pneumonia in hamsters.42,44,45 Vehicle-
treated hamsters exhibited body weight loss up to 6
dpi (Fig. 1b). Compared to vehicle-treated group, mice
receiving ETV treatment from 0 dpi showed a slight
reduction of body weight associated with the infection

[mean AUC difference to ETV (0 dpi) of −323, 95%
CI −420 to −226], whereas delayed treatment had
limited ameliorating effects on body weight loss [mean
AUC difference to ETV (2 dpi) of −43.8, 95% CI −141 to
53.3] (Fig. 1c). The respiratory condition of hamsters at
4 dpi was assessed by measuring the enhanced pause
(Penh) and ratio of peak expiratory flow (Rpef) using
whole-body plethysmography (Fig. 1d and e).

Fig. 2: Therapeutic treatment of SARS-CoV-2 infection in hamsters with ETV and methylprednisolone (mPSL). a, Schematic representation
of the experimental design for treatment in the hamster model. Male hamsters inoculated with the SARS-CoV-2 delta variant were orally
treated with ETV for 5 days (200 mg/kg, b.i.d., 2–6 dpi) and/or mPSL for 2 days (10 mg/kg, b.i.d., 2–3 dpi). A group of hamsters was sacrificed at
4 dpi for tissue collection. Another subset of hamsters was monitored for 10 dpi for body weight changes. b, Body weight changes in SARS-
CoV-2-infected hamsters treated with ETV and/or mPSL (n = 4 for each group). c, AUC analysis of body weight over time in (b). One mouse in
mPSL group reached humane endpoint at 7 dpi and was excluded from the analysis (n = 3 for mPSL, n = 4 for other groups). d, e, Enhanced
pause (Penh) (d) and ratio of peak expiratory flow (Rpef) (e) in hamsters at 4 and 6 dpi were measured by whole-body plethysmography (n = 4
for the uninfected group, n = 6 for the other groups). f–i, Virus titres (f, h) and viral RNA copies (g, i) in the lungs of hamsters at 4 (f, g) and 6
dpi (h, i) (n = 4 for each group). Viral RNA copies were normalised to those of Actb. All graph shows mean and 95% CIs with each dot
representing an individual animal. Statistics were calculated by one-way ANOVA with Dunnett’s test (c–i). P values versus vehicle-treated control
are indicated in the graphs.
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Compared to vehicle-treated group, ETV treatment
inhibited the increase in Penh and decrease in Rpef
associated with SARS-CoV-2 infection [mean Penh
difference to ETV (0 dpi) of 0.592, 95% CI 0.998–1.08],
indicating improvement in the respiratory conditions,

but this effect was limited in the delayed-treatment
groups [mean Penh difference to ETV (2 dpi) of
0.108, 95% CI −0.384 to 0.600]. Lung tissues were
harvested from a subset of hamsters at 4 dpi in each
group. Early treatment with ETV resulted in a larger

Fig. 3: Histopathological findings in the lungs of SARS-CoV-2-infected hamsters receiving therapeutic treatment. Male hamsters were
infected with 1 × 104 pfu of the SARS-CoV-2 delta variant and treated b.i.d. with ETV (200 mg/kg) at 2–6 dpi and/or mPSL (10 mg/kg) at 2–3
dpi following the schedule shown in Fig. 2a. a, Gross observation of lungs from hamsters at 4 dpi. Side length of squares, 5 mm. b, Repre-
sentative histopathological images of the lungs of hamsters at 4 dpi. Upper two panels, haematoxylin and eosin staining. The third from the
top panels, in situ hybridization (ISH) targeting the nucleocapsid gene of SARS-CoV-2. Bottom panels, immunohistochemistry (IHC) targeting
the nucleocapsid protein of SARS-CoV-2. Scale bars in the top panels, 1 mm. Scale bars in other panels, 200 μm. c, Histopathological severity
score of pneumonia at 4 dpi based on the percent area of alveolitis in a given section (n = 4 for each group). d, Representative histopathological
images of hamster lungs at 6 dpi. All panels display haematoxylin and eosin staining. Scale bars in the upper panels, 1 mm. Scale bars in lower
panels, 200 μm. e, Histopathological severity score of pneumonia at 6 dpi based on the percent area of alveolitis in a given section (n = 4 for
each group). f, Neutralizing antibody titres in hamster serum collected at 18 dpi (n = 4 for each group). All graph shows mean and 95% CIs with
each dot representing an individual animal. Statistics were calculated by Kruskal–Wallis test with Dunn’s test (c, e, f). P values versus vehicle-
treated control are indicated in the graphs.
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Fig. 4: Transcriptomic signatures in the lungs of SARS-CoV-2-infected hamsters receiving therapeutic treatment. Male hamsters were
infected with 1 × 104 pfu of the SARS-CoV-2 delta variant and treated b.i.d. with ETV (200 mg/kg) and/or mPSL (10 mg/kg) at 2–3 dpi following
the schedule shown in Fig. 2a. a, Principal component analysis of gene expression data were derived from the whole lungs of hamsters at 4 dpi.
Dots indicate infected hamsters receiving vehicle (grey), mPSL (blue), ETV (red), or ETV/mPSL (green) and uninfected controls (white). The
explained variance by each component was 65% for PC1 and 18% for PC2. b, Gene set enrichment analysis of differentially expressed genes.
Upregulated (red) or downregulated (blue) gene pathways compared to uninfected control (left panel) and infected vehicle-treated hamsters
(right panel) are shown. Enrichment values were calculated as −log10 (adjusted P-value), and downregulated pathways are represented with
negative values. c, Heatmaps showing the relative expression of a panel of genes in enriched pathways. No more than 100 of the top
upregulated genes in each pathway in an untreated vehicle control group compared to the uninfected control group are shown. Each column
represents a single sample from the vehicle (grey), mPSL (blue), ETV (red), ETV/mPSL (green) or uninfected control group (white).
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decrease in viral loads in the lungs (Fig. 1f and g).
Although the total administration doses of ETV until 4
dpi are different between prophylactic [ETV (0 dpi)]
and therapeutic [ETV (1 dpi), ETV (2 dpi)] treatment
groups, the viral loads in therapeutic groups were also
decreased by 1–2 orders of magnitude even when
treatment was started after 2 dpi (Fig. 1f and g). On
gross examination, focal congestion and haemorrhage
were observed in the lungs of hamsters in the vehicle
and ETV (2 dpi) groups, but such findings were limited
in hamsters in the ETV (0 dpi) and ETV (1 dpi) groups
(Fig. 1h). The cytokines IL-6, IL-10 and the chemokines

CCL2, CXCL10 are associated with severe COVID-19,
and can serve as biological markers for COVID-19
severity.1,2 The gene expression of these cytokines and
chemokines was induced in the lungs of infected
hamsters at 4 dpi, and this upregulation was strongly
inhibited in the ETV (0 dpi) and ETV (1 dpi) groups but
only slightly inhibited in the ETV (2 dpi) group
(Fig. 1i–l). These results indicate that ETV treatment
reduces the viral load and ameliorates both the in-
flammatory state in the lungs and the clinical aspects of
COVID-19, but the therapeutic effect is mitigated when
ETV treatment is delayed after infection.

Fig. 5: Validation of differential gene expression associated with therapeutic treatment with ETV and mPSL. a, b, Relative gene expression
of cytokines and interferon-stimulated genes in the lungs of male hamsters at 4 (a) and 6 dpi (b). mRNA expression was quantified using a
probe-based qRT-PCR assay (n = 4 for each group). Data were normalised to those of Actb. All graph shows mean and 95% CIs with each dot
representing an individual animal. Statistics were calculated by one-way ANOVA with Tukey’s test. P values versus vehicle-treated control are
indicated in the graphs.
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Fig. 6: Therapeutic treatment of hamsters infected with SARS-CoV-2 omicron variant. Male hamsters were infected with 1 × 104 pfu of the
SARS-CoV-2 omicron variant XBB.1 and treated b.i.d. with ETV (200 mg/kg) and/or mPSL (10 mg/kg) at 2–3 dpi. a, Virus titres in hamster lungs
at 4 dpi were determined by plaque assay (n = 4 for each group). b, Viral RNA copies in hamster lungs at 4 dpi were quantified by qRT-PCR and
normalised to those of Actb (n = 4 for each group). c, Representative histopathological images of hamster lungs at 4 dpi. Upper two panels,
haematoxylin and eosin staining. The third from the top panels, ISH targeting the nucleocapsid gene of SARS-CoV-2. Bottom panels, IHC
targeting the nucleocapsid protein of SARS-CoV-2. Scale bars in the top panels, 1 mm. Scale bars in other panels, 200 μm. d, Histopathological
severity score of pneumonia based on the percentage area of alveolitis in a given section (n = 4 for each group). e–j, Relative gene expression of
Il6 (e), Il10 (f), Ccl2 (g), Cxcl10 (h), Irf7 (i), and Oas2 (j) in hamster lungs at 4 dpi compared to the findings in the lungs of uninfected hamsters
were examined using qRT-PCR (n = 4 for each group). Data were normalised to those of Actb. All graph shows mean and 95% CIs with each dot
representing an individual animal. Statistics were calculated by one-way ANOVA with Dunnett’s test (a, b), Kruskal–Wallis test with Dunn’s test
(d) and one-way ANOVA with Tukey’s test (e–j). P values versus vehicle-treated control are indicated in the graphs.
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Combination therapy with ETV and mPSL
accelerates the recovery from severe COVID-19
Previous studies demonstrated that the administration
of anti-inflammatory corticosteroids (dexamethasone
and mPSL) ameliorates pneumonia temporally but in-
creases the viral load in hamsters infected with SARS-
CoV-2.19–21 We next examined the therapeutic effect of
delayed corticosteroid treatment in hamsters infected
with SARS-CoV-2. Hamsters infected with the SARS-
CoV-2 delta variant were orally administered with
mPSL for 2 days (2–3 dpi) and/or ETV for 5 days (2–6
dpi; Fig. 2a). Compared to vehicle-treated group, mon-
otherapy with mPSL had little impact on body weight
loss caused by infection [mean AUC difference of 11.7,
95% CI −66.0 to 89.3], but the hamsters receiving ETV/
mPSL combination therapy showed the lowest body
weight loss among all examined groups [mean AUC
difference of −94.4, 95% CI −166 to −22.5] (Fig. 2b and
c). We note that oral administration of mPSL caused
slight body weight loss in uninfected hamsters
(Supplementary Figure S1). Penh and Rpef at 4 dpi were
improved by mPSL monotherapy [mean Penh differ-
ence of 0.892, 95% CI 0.424–1.36] and in combination
with ETV [mean Penh difference of 0.970, 95% CI
0.502–1.44], whereas mPSL monotherapy aggravated
the respiratory conditions in hamsters at 6 dpi [mean
Penh difference of 0.0214, 95% CI −0.227 to 0.270]
(Fig. 2d and e). Infectious virus and viral RNA loads in
the lungs of hamsters at 4 and 6 dpi were reduced by
ETV/mPSL combination therapy, but their viral loads
were slightly higher than those in hamsters receiving
ETV monotherapy (Fig. 2f–i). Hamsters treated with
mPSL monotherapy maintained relatively high viral
loads at 6 dpi compared to those in vehicle-treated
hamsters, consistent with a previous study.19 We also
examined the antiviral effect of RDV monotherapy and
combination therapy with mPSL in a delayed dosing
protocol. Monotherapy with RDV achieved 10-fold
decrease in virus titres in the lungs of hamsters, but
the antiviral effect of RDV was lower than that of ETV
treatments (Supplementary Figure S2). The limited
antiviral effect was further reduced in the combination
treatment with mPSL and has been partly explained by
the high serum esterase activity, causing the meta-
bolism of RDV.46 Collectively, these results indicate that
ETV/mPSL combination treatment exhibits high thera-
peutic activity and ameliorates the severity of COVID-19
without delaying virus clearance in a delayed dosing
model of SARS-CoV-2 infected hamsters.

Effects of combination therapy with ETV and mPSL
on lung pathology
We examined the pathological features in hamster
lungs. On gross examination, focal congestion and
haemorrhage were observed in the lungs of hamsters
receiving monotherapy with ETV or mPSL as well as in
the vehicle control at 4 dpi (Fig. 3a). In contrast, few

pathological changes were observed in the lungs of an-
imals that received ETV/mPSL combination therapy.
The histopathological severity score of pneumonia was
determined on the basis of inflammation, oedema, and
haemorrhage as described in the Methods. Histopath-
ological examination uncovered extensive inflammatory
cell infiltration along with alveolar haemorrhage in the
lungs of vehicle-treated hamsters (Fig. 3b). This severe
inflammation was slightly but reduced in the lung sec-
tions of hamsters treated with mPSL or ETV mono-
therapy (Fig. 3c). Meanwhile, lung sections of hamsters
treated with ETV/mPSL combination therapy demon-
strated mild inflammation in limited legions and lower
severity scores compared to the vehicle-treated animals
(Fig. 3b and c). Immunohistochemical and in situ hy-
bridization analyses revealed that viral antigen- and viral
RNA-positive cells were distributed across extended
areas of the lungs of the hamsters in the vehicle and
mPSL monotherapy groups, whereas a smaller number
of cells in the lungs of animals in the ETV monotherapy
and ETV/mPSL combination therapy groups were pos-
itive for viral RNA/antigen (Fig. 3b). At 6 dpi, we
observed severe inflammation accompanied by alveolar
haemorrhage and/or pulmonary oedema in the lungs of
hamsters receiving mPSL monotherapy, as well as in the
vehicle control group (Fig. 3d). In contrast, the inflam-
mation was less severe in the lungs of hamsters that
received ETV monotherapy or ETV/mPSL combination
therapy. The histopathological severity score for pneu-
monia in the mPSL monotherapy group was compara-
ble to that of the vehicle control group (Fig. 3e).
However, the score showed a slight reduction in the
ETV monotherapy group and the ETV/mPSL combina-
tion therapy group. Because hamsters receiving ETV/
mPSL combination therapy exhibited mild symptoms
with limited inflammatory responses to the infection
during the monitoring period, we evaluated serocon-
version in the hamsters. Hamsters treated with vehicle,
ETV monotherapy, mPSL monotherapy, and ETV/
mPSL combination therapy elicited comparable
neutralizing antibody titres at 18 dpi (Fig. 3f). Taken
together, ETV/mPSL combination treatment restricted
both viral spread and hyperinflammation in the lungs
without changes in seroconversion to SARS-CoV-2,
which in turn leads to a more desirable therapeutic ef-
fect compared to that of ETV or mPSL monotherapy.

Combination therapy with ETV and mPSL controls
the host inflammatory response to COVID-19
SARS-CoV-2 infection induces marked and imbalanced
upregulation of various cytokines, chemokines, and
interferon-stimulated genes (ISGs), which are associ-
ated with COVID-19 pneumonia and disease severity.
We therefore extended our analysis of the effect of
treatment on gene expression profiles. The tran-
scriptome of hamster lungs at 4 dpi was analysed by
mRNA sequencing (mRNA-seq). Principal component
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analysis revealed distinct gene expression signatures
between uninfected and infected (vehicle-treated) ham-
sters (Fig. 4a). The gene expression signatures of ham-
sters treated with ETV/mPSL combination therapy were
separated from those of hamsters treated with vehicle,
ETV, or mPSL monotherapies (Fig. 4a). Consistent with
the results of the histopathological examination, the
differential expression of cell marker genes suggested a
prominent inflammatory cell infiltration in the lungs of
hamsters in the vehicle, ETV, and mPSL groups
compared to that in the ETV/mPSL combination ther-
apy group (Supplementary Figure S3). Pathway analysis
of differentially expressed genes highlighted host innate
immune and inflammatory responses to the infection,
such as cytokine/chemokine signalling and cell cycle
regulation in infected hamsters compared to uninfected
hamsters (Fig. 4b, left panel). In comparison to vehicle
treatment, mPSL monotherapy inhibited the upregula-
tion of some genes enriched for neutrophil degranula-
tion and T cell receptor (TCR) signalling, whereas ETV
monotherapy had little impact on these pathways
(Fig. 4b, right panel and 4c). Notably, ETV/mPSL
combination therapy reverted the upregulation of genes
enriched for interferon and interleukin signalling in
addition to neutrophil degranulation and TCR signalling
by infection (Fig. 4b and c), indicating a comprehensive
effect of treatment on the host immune response to
COVID-19. The magnitude of gene expression changes
did show some variations among hamster individuals in
same treatment groups (Fig. 4c). We validated the
expression of cytokines and chemokines in hamster
lungs at 4 and 6 dpi by quantitative RT-PCR (qRT-PCR;
Fig. 5a and b). We also included Oas2 and Irf7, which
were upregulated ISGs in our transcriptome analysis
and have been reported to play an essential role in in-
flammatory symptoms associated with COVID-19.47,48

Consistently, the ETV/mPSL combination therapy
controlled the host inflammatory response to infection.
At 6 dpi, hamsters in the mPSL monotherapy group
exhibited high expression of cytokines, chemokines, and
ISGs (Fig. 5b), corresponding to the delay in viral
clearance (Fig. 2h and i). It has been reported that IL-10
upregulates the expression of ACE2 and renders the
susceptibility to SARS-CoV-2 infection to alveolar mac-
rophages, resulting in COVID-19 progression.49 The
expression levels of IL-10 were increased from 4 to 6 dpi
in hamsters and the escalation was significantly inhibi-
ted by the ETV/mPSL combination therapy (Fig. 5a and
b). These results indicate that ETV/mPSL combination
therapy controls both viral growth and host inflamma-
tory responses to SARS-CoV-2 infection, leading to
better outcomes for recipient animals with COVID-19.

As with human cases, male hamsters develop more
severe clinical signs and lung pathology compared to
females.50 To evaluate the potential sex differences in the
responses to the delayed treatments, we examined the
therapeutic efficacy in female hamsters infected with

the SARS-CoV-2 delta variant. Both ETV monotherapy
and ETV/mPSL combination therapy decreased viral
loads and inhibited the upregulation of cytokines in the
lungs of female hamsters at 4 dpi (Supplementary
Figure S4).

Combination therapy with ETV and mPSL for SARS-
CoV-2 omicron XBB.1
Compared to the highly pathogenic SARS-CoV-2 delta
variant, the currently circulating omicron variant has
relatively low virulence and slow growth in the lungs,
and it causes attenuated disease in hamsters.42,45,51 As
such, we investigated the effect of ETV/mPSL combi-
nation therapy against SARS-CoV-2 XBB.1, a
sub-lineage of the omicron variant. Because omicron
infection has little impact on body weight and respira-
tory parameters in hamsters,51 we focused on the viral
load and inflammation in the lungs to evaluate thera-
peutic efficacy. ETV monotherapy and ETV/mPSL
combination therapy, but not mPSL monotherapy,
reduced virus titres and viral RNA loads in the lungs of
hamsters at 4 dpi (Fig. 6a and b). Histopathological ex-
amination revealed that ETV/mPSL combination ther-
apy improved the severity score with reduced
inflammatory cell infiltration and lower numbers of viral
RNA/antigen-positive cells (Fig. 6c and d). In addition,
mPSL monotherapy attenuated the lung pathology
without decreasing the number of virus-infected cells
(Fig. 6c and d). The expression of cytokines, chemo-
kines, and ISGs in the lungs was elevated following
infection, and this gene upregulation was suppressed by
treatment with ETV monotherapy and in combination
with mPSL, presumably due to changes in viral loads
(Fig. 6e–j). These results indicate that ETV/mPSL
combination therapy ameliorates pneumonia caused by
the SARS-CoV-2 omicron variant, whereas ETV and
mPSL monotherapies only partially improve host in-
flammatory responses to infection.

Discussion
Lung bronchial and alveolar epithelial cells are targets
for SARS-CoV-2 infection. The infected cells release
inflammatory mediators and trigger host inflammatory
responses with pulmonary infiltration of immune cells,
leading to COVID-19 pneumonia.1 Therefore, inhibiting
SARS-CoV-2 proliferation in the early phase of infection
prevents hyperinflammation and mitigates the severity
of the disease. In this study, hamsters receiving delayed
treatment with ETV from 2 dpi showed greater weight
loss, more severe respiratory conditions, and higher
expression of cytokines and chemokines than hamsters
receiving ETV in an earlier phase of infection, indicating
that delayed antiviral treatment resulted in reduced
therapeutic efficacy. It is suggested that controlling the
host inflammatory response is an essential factor for a
better performance of delayed therapy for COVID-19.
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Because viral loads have been reported to peak around 2
dpi in the lungs of hamsters experimentally inoculated
with SARS-CoV-2,52,53 drug administration was initiated
in our delayed protocol after substantial viral prolifera-
tion, which is associated with the stimulation of host
inflammatory responses and lung pathology.

Previous studies demonstrated the lower replication
competence and pathogenicity of omicron variants in
the lungs.42,45,51 In contrast to the infection with the delta
variant, ETV monotherapy inhibited the upregulations
of the pro-inflammatory cytokine IL-6, whereas it had
limited impact on the histopathological severity of
pneumonia in the lungs of hamsters at 4 dpi with the
omicron variant XBB.1, suggesting that the attenuated
infection may be more susceptible to antiviral mono-
therapy. We can conclude that lower viral road and IL-6
levels following ETV monotherapy will contribute to the
efficient viral clearance, improved lung conditions and
overall better outcomes in COVID-19.

Our mRNA-seq analysis revealed that mPSL mono-
therapy suppressed neutrophil and T cell activation,
suggesting that these phenotypes contribute to the
amelioration of COVID-19-induced lung pathology.
Consistent with our findings, it has been reported that
dexamethasone induced the immunosuppression of
neutrophils in patients with COVID-19.54 Conversely,
mPSL monotherapy was associated with an increased
viral load, delayed viral clearance, and prolonged upre-
gulations of several types of cytokines and chemokines
in the lungs. These paradoxical effects of steroidal anti-
inflammatory drugs were also recognised in a previous
study using SARS-CoV-2-infected hamsters.19 Further-
more, treatment with steroidal anti-inflammatory drugs
had varied and inconsistent effects on the expression of
cytokine and chemokine genes in various studies, pre-
sumably because of differences in the time course,
administration route, and doses of the anti-
inflammatory drugs.19–21 Our histopathological exami-
nation revealed that mPSL monotherapy partially
improved the lung pathology in hamsters infected with
the omicron variant, but not in those infected with the
highly pathogenic delta variant. These results highlight
the complexity and difficulty of treatment with steroidal
anti-inflammatory drugs for COVID-19.

Theoretically, the antiviral effects of drugs could
compensate for the undesirable delay in viral clear-
ance induced by treatment with anti-inflammatory
drugs in COVID-19. Compared to the effects of ETV
or mPSL monotherapies, the combination therapy
controlled a wide range of host inflammatory re-
sponses, improved the lung pathology, and amelio-
rated clinical aspects of COVID-19 in hamsters.
Furthermore, the combination treatment was effec-
tive in infection with both highly pathogenic delta and
circulating omicron variants. We propose a model in
which ETV/mPSL combination treatment suppressed
pulmonary inflammation without a delay in virus

clearance and achieved strong therapeutic efficacy
following delayed treatment in SARS-CoV-2-infected
hamsters (Supplementary Figure S5). In conclusion,
our study demonstrates that combination therapy
with antiviral and anti-inflammatory drugs could
provide a potent therapeutic option for treatment of
COVID-19.

However, we noted some limitations and con-
founding factors in this study. First, we examined the
performance of combination therapy using a single set
of oral antiviral/anti-inflammatory drugs. Nirmatrelvir
and molnupiravir have been widely used as oral anti-
viral drugs for COVID-19, and they are candidates for
further investigation of antiviral/anti-inflammatory
combination therapy. Second, we did not consider
the effect of drug–drug interactions between ETV and
mPSL in hamsters receiving this combination therapy
as a confounding factor that may influence the thera-
peutic effect. A clinical study reported that ETV in-
creases the area under the plasma concentration-time
curve of dexamethasone, but ETV has no clinically
meaningful effect on the pharmacokinetics of pred-
nisolone in humans.55 We therefore did not include
dexamethasone in the combination regimen in this
study. Third, this study was conducted using hamsters
experimentally inoculated with SARS-CoV-2. Although
hamsters mimic many aspects of human COVID-19,
species specific immune response to the infection
and treatment may be a potential confounding factor.
We also could not exclude the experimental settings
including the virus strain, virus titre, and inoculum
size alter the course and severity of COVID-19.56 Most
of our studies were conducted using the highly path-
ogenic delta variant with a large inoculum volume,
leading to acute and severe infection. This severe
COVID-19 model has an advantage of low individual
variation, but it could be less sensitive to observe other
therapeutic treatments.

In summary, our study has revealed the advantage of
combination therapy with ETV and mPSL from the
perspective of lung pathology and host inflammatory
responses. Since patients can easily receive oral medi-
cations, combination therapy with oral antiviral and
anti-inflammatory drugs could serve as a practical and
potent treatment option for COVID-19.
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