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Older age is one of the strongest risk factors for severe COVID-19. In

this study, we determined whether age-associated cellular senescence
contributes to the severity of experimental COVID-19. Aged golden
hamsters accumulate senescent cells in the lungs, and the senolytic drug
ABT-263, a BCL-2 inhibitor, depletes these cells at baseline and during
SARS-CoV-2infection. Relative to young hamsters, aged hamsters had a
greater viral load during the acute phase of infection and displayed higher
levels of sequelae during the post-acute phase. Early treatment with
ABT-263 lowered pulmonary viralload in aged (but not young) animals, an
effect associated with lower expression of ACE2, the receptor for
SARS-CoV-2. ABT-263 treatment also led to lower pulmonary and systemic
levels of senescence-associated secretory phenotype factors and to
amelioration of early and late lung disease. These data demonstrate the
causative role of age-associated pre-existing senescent cells on COVID-19
severity and have clear clinical relevance.

Older adults are particularly susceptible to respiratory viral infec-
tions, and infection with SARS-CoV-2 is no exception'™. This greater
susceptibility is mainly related toimpairmentsin pulmonary functions
and immune responses in the aging lung’””. Immunosenescence and
inflammaging are key features of the aging immune system, inwhich an
accumulation of senescent cells participates in this decline and favors
aninflammatory phenotype® 2. These changes have a critical role in dis-
ease progression and clinical outcomes thereafter. Cellular senescence

isaresponse to stress that stably alters cell functions, including the
ability to divide and replicate, and triggers resistance to apoptosis.
Thelatteris due, atleastin part, to members of the B cell lymphoma-2
family of proteins (BCL-2, BCL-XL and BCL-W)". Cellular senescence
canbetriggered by short telomeres or by various stress stimuli, such as
DNA-damaging agents, oxidative stress, inflammation and infection’.
Thelungs are particularly exposed to stress stimuli. As aconsequence,

both naturally occurring senescent cells (ina programmed response)
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andstress-induced senescent cellsaccumulate in the aged lung tissue
and contribute substantially to the decline in pulmonary functions ™,

Although senescence is beneficial in tumor suppression and
wound healing'”", the aberrant accumulation of senescent cells can
generate an inflammatory milieu that leads to chronic tissue damage
and diseases'*". The senescent cells’ detrimental role mostly concerns
the release of various effectors, including inflammatory cytokines,
immune modulators, proteases, growth factors, profibrotic factors
and pro-coagulant factors that can alter tissue microenvironments'>°.
This senescence-associated secretory phenotype (SASP) contributes
to acute and chronic inflammation and might have arole inimmune
response regulation. It has been shown that the genetic or pharmaco-
logical removal of senescent cells ameliorates disease outcomes and
prolongs the lifespan'®? >, Senolytics constitute an emerging class of
drugs that can selectively kill senescent cells by exploiting the latter’s
differences with non-senescent cells. They may be atractable treatment
option for humans in many settings, ranging from chronic inflamma-
tory diseases to infections'®. The most promising senolytics to date
target anti-apoptosis pathways, which are upregulated in senescent
cells. Several such drug candidates, including ABT-263 (navitoclax),
target BCL-2 family proteins*?,

The putative role of pre-existing senescent cells in COVID-19 in
older patients, as well as in patients with chronic disease conditions,
has been suggested>”*°, but experimental evidence is still lacking.
Camell et al.” recently investigated the role of age-dependent, pre-
existing senescent cells during an infection with a hepatotropic and
neurotropic betacoronavirus (mouse hepatitis virus) in aged mice.
Treatment with a senolytic or the genetic ablation of senescent cells
reduced theviralloadin feces, lowered the level of liver and gutinflam-
mation and increased the survival rate. However, it was not clear
whether the data on the mouse hepatitis virus can be extrapolated to
SARS-CoV-2. Indeed, the mechanism involved in viral entry into cells
and the pathogenesis are very different between mouse hepatitis virus
and SARS-CoV-2 (ref. 32). To address this question, we studied the well-
characterized golden hamster (Mesocricetus auratus) model****. Using
aged hamsters (22 months old), we first demonstrated that senescent
cells, mostly epithelial cells, accumulate in lungs. We analyzed the
outcome of a SARS-CoV-2 infection in aged hamsters with regard to
theviralload and disease featuresin the lungs and verified that senes-
cent cells are depleted by treatment with ABT-263. We next analyzed
the effect of ABT-263 in this model of COVID-19. Removal of senescent
cellsin aged hamsters reduced the viral load in lungs, diminished the
SASPresponseinlungs and blood and dampened early and long-term
pulmonary disease features upon challenge with SARS-CoV-2. The
lower viral replication due to senescent cell depletion associated with
areduced expression of angiotensin-converting enzyme 2 (ACE2), the
receptor for SARS-CoV-2.Itisnoteworthy that we observed age-specific
differencesin the action of ABT-263 in hamsters, withalack of effectin
young animals. We conclude that the depletion of pre-existing (aged
individuals) senescent cells might ameliorate acute and longer-term
COVID-19 outcomes.

Results

ABT-263 depletes senescent cells in hamster aged lungs

Before investigating the effect of aSARS-CoV-2infectioninaged ham-
sters, we first analyzed the steady-state level of cellular senescence
(bulk transcriptomic on lung samples). Compared withyoung hamsters
(2 months old), afunctional characterization of differentially expressed
genes by gene set enrichment analysis (GSEA) highlighted changesin
several classes of genesinaged (22 months old) hamsters; some genes
were upregulated (for example, cilium organization and movement),
and others were downregulated (for example, apical junctions and
blood pressure) (Fig.1a,b and Table 1). The CellAge database was then
interrogated to identify genes related to cell senescence. We identified
62 upregulated and 102 downregulated senescence-associated genes
inaged hamsters (fold change > 1.5, P < 0.01). The genes related to cell
senescence with the greatest fold changes in expression (upregulation
or downregulation) are showninFig. 1c. These included the prototypi-
cal senescent marker p16™*? (encoded byCdkn2a, upregulated). With
regard to genes encoding SASP-related factors, we found that many
cytokines, cytokine receptors, proteases, protease inhibitors (such
as serpin) and growth factors were upregulated in the lungs of aged
animals, relative toyounganimals (Fig.1d). Accumulation of p16-positive
senescent cells during aging is critical in multi-organ age-related
phenotype®**¢ Thus, p16 expressionin aged hamsters was assessed by
immunohistochemistry and immunofluorescence onlungsections. The
specificity of the anti-p16 was verified using HeLa cells expressing ham-
ster p16 (Extended Data Fig.1a). The analyses revealed thatalarge num-
ber of cells (mostly bronchial and alveolar epithelial cells) in lungs from
aged animals expressed p16 (Fig. 1e and Extended DataFig. 1b, top). Few
plé6-positive cells were detected in lungs from young animals. Although
senescence-associated B-galactosidase (SA-B-Gal) activity cannot
be attributed uniquely to cell senescence?, it is considered a good
marker of cellular senescence®®*°. The frequency of SA-B-Gal-positive
cellswas by far higherin aged lungs relative to young lungs (Extended
DataFig.1c).Senescent cells express high levels of anti-apoptotic BCL-2
family members, including BCL-XL". Inline, pulmonary expression of
BCL-XL protein was clearly higher in aged lungs compared to young
lungs, as assessed by western blotting (Extended Data Fig. 1d).

The BCL-2 family inhibitor ABT-263 is a potent, selective eliminator
of senescent cellsin the mouse”. The compound’s effectinaged ham-
sters had not previously been evaluated. ABT-263 treatment for three
consecutive days ablated, albeit not completely, p16-expressing cellsin
hamster lungtissue as revealed by immunohistochemistry and immu-
nofluorescence (Fig. 1fand Extended Data Fig. 1b). Analysis of SA-B-Gal
activity confirmed the efficacy of ABT-263 (Fig. 1g and Extended Data
Fig. le). Accordingly, ABT-263 treatment was associated with strong
downregulation of transcripts that encode senescence-associated
factors identified as upregulated in aged hamsters (Fig. 1h). ABT-263
also reduced, albeit not significantly, Bc[2 transcript expression but
not p2I (also known as Cdknla, another marker of senescence). Aged
hamster might constitute a good model for studying the impact of
senolysisin COVID-19.

Fig.1| The transcriptomic analysis of aged lungs and the effect of ABT-263
treatment on senescent cellsin the lungs. a-d, Transcriptomic data were
generated from whole lung tissue collected from naive aged hamsters (22 months
of age) and naive young hamsters (2 months of age) (n =3 and n=4, respectively).
Significant differentially expressed genes in aged lungs with fold change cutoffs
>1.50or<1.5and moderated ¢-test P < 0.01 after Benjamani-Hochberg correction
were considered. a, Volcano plot of transcriptomic data is depicted. The x axis
represents the log,-transformed fold change for differentially expressed genes
inaged versus young lungs, and the y axis represents the log,,. b, GSEA plots
showing the enrichment of upregulated genes (red) and repressed genes (blue)
inaged hamsters relative to young hamsters at baseline. The y axis indicates

the normalized enrichment score (NES). ¢,d, Heat maps showing significantly
modulated genes related to ‘cellular senescence’ (c) and SASP-related factors (d)

with the highest fold change in expression. The log, expression range values are
indicated by the color scale. Asterisks denote genes shownin h. e, Lungs from
aged hamsters and young hamsters were stained with anti-p16. Arrows indicate
plé-positive cells. A, lung alveoli; B, bronchi. f, The same procedure was repeated
but this time in aged hamsters receiving (or not) ABT-263. Scale bars, 20 pum.

g, SA-B-Gal staining of lung sections after ABT-263 treatment in aged hamsters.
h, Relative expression levels of transcripts identified in b and ¢ (marked with

an asterisk) and transcripts moderately upregulated in aged lungs but relevant
insenescence (Cdknla and Bcl2) as assessed by RT-PCR assays (lung) (n=3-7).
The dataare expressed as the mean + s.d. fold change relative to average

gene expression in young animals. a-d, One experiment performed. e,h, One
representative experiment out of two is shown. h, Significant differences were
determined using the two-tailed Mann-Whitney U-test. *P < 0.05.
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Table 1| GSEA analysis (lungs from uninfected young hamsters versus uninfected, aged hamsters)

GSEA name MSigDB® NES FDR g value Direction®
GOBP_CILIUM_ORGANIZATION AND MOVEMENT C5BP 2.96 <0.00001 Up
REACTOME_GPCR_LIGAND_BINDING C2CP -2.28 <0.00001 Down
REACTOME_ECM_PROTEOGLYCANS C2CP =21 0.0006 Down
GOBP_REGULATION_OF_BLOOD_PRESSURE C5BP -1.93 0.03 Down
GOBP_NEGATIVE_REGULATION_OF_LEUKOCYTE_APOPTOTIS C5BP -1.9 0.03 Down
HALLMARK_EPITHELIAL_MESENCHYMAL_TRANSITION Hallmarks -1.6 0.025 Down
HALLMARK_APICAL_JUNCTION Hallmarks -1.59 0.018 Down

*Name of the GSEA Molecular Signatures Database (MSigDB) used. "Normalized enrichment score (NES) calculated by GSEA software. “Type of list used for GSEA analysis: upregulated genes

(up) or downregulated genes (down) in aged lungs versus young lungs.

Aged hamsters develop a high viralload and post-acute
sequelae

The consequences of a SARS-CoV-2 infection in aged hamsters have
rarely been addressed**. Relative to young hamsters, aged animals
had higher expression of genes encoding RNA-dependent RNA poly-
merase (RARp) and envelope (E) protein and viral particles at 3 and
7 days post-infection (dpi) (Fig. 2a). Inmunohistochemistry (anti-spike)
and immunofluorescence (nucleoprotein) staining on lung sections
confirmed the higher viral load in aged animals (Fig. 2b,c). No major
difference in viral antigen location (mostly in bronchial and alveolar
epithelia) was observed between young and aged hamsters. Hence,
SARS-CoV-2replicated to higher levelsin lung tissues of aged animals
than in young animals. The levels of transcripts encoding ACE2 have
been shown to be higher in aging human lung tissue relative to young
human lung tissue*>**. In line, the steady-state expression of the Ace2
gene was higher in aged hamster lungs relative to young hamster lungs
(Fig. 2d).Regarding other cellular compounds involved in SARS-CoV-2
infection, transmembrane serine protease 2 (Tmprss2) and cathepsin L
(Ctsl) transcript expression was unchanged in aged animals, whereas
that of neuropilin-1 (NrpI) was reduced. Enhanced ACE2 expression
in aged lungs (mostly in alveolar and bronchiolar epithelia) was con-
firmed at the protein level byimmunofluorescence and westernblotting
(Fig. 2e and Extended Data Fig. 2a).

With regard to morbidity, weight loss peaked at 6 dpi in young
hamsters and at 8 dpi in aged hamsters. At 7 dpi and onwards, young
animals started to recover body weight. The initial body weight was
attained at16 dpi. By contrast, the body weightincreased in aged ham-
stersbutatamuchslower rate thanin younger animals. Aged animals
failed torecover their initial body weight at 22 dpi. It is noteworthy that
one of the four aged hamsters suffered from respiratory distress at
9 dpiand sowas euthanized. At 3 dpi, both age groups had developed
bronchointerstitial pneumonia, congestion and intra-alveolar and
interstitial cell infiltration. At 7 dpi, bronchoepithelial hyperplasia,
bronchointerstitial pneumonia and perivascular and intra-alveolar
mixed cell inflammation were markedly enhanced (Extended Data
Fig. 2b). There were no clear age-dependent differences in the total
disease score (Fig. 2g). However, small differences (mostly in the alveo-
lar area) between aged hamsters and young hamsters were observed
at 7dpi. In fact, a loss of structure in the alveolar area (for example,
alveolar wall rupture) was observed in aged animals (Fig. 2h). By
contrast, the alveolar wall structure in young hamsters was essen-
tially unaffected and was associated with marked alveolar epithelial
cell hyperplasia. With regard to the longer-term consequences of a
SARS-CoV-2infection, the lungs still presented some areas of inflamma-
tionand type Il hyperplasia at 22 dpi (Extended DataFig. 2c). Interest-
ingly, the number of these inflammatory foci was significantly higherin
aged hamsters thaninyoung hamsters (Fig. 2i). The intensity of Sirius
Red staining indicated a higher collagen deposition in aged animals
(Fig. 2j and Extended Data Fig. 2d). Interestingly, the structure of the

basal membrane around bronchi and blood vessels was disorganized
and sometimes disrupted in aged hamsters (Extended Data Fig. 2d,
right panels). This alteration was not found in young hamsters. Overall,
aged hamsters exhibited a higher viral load associated with a higher
ACE2 expression at basal level and developed more intense post-acute
sequelae in the lungs than their young counterparts did.

ABT-263 reduces viralload and SASP factors in aged hamsters
Respiratory viruses, including SARS-CoV-2, caninduce cellular senes-
cence in humans and in young animals*>*~°, We sought to determine
whether SARS-CoV-2-induced lung cell senescence is exacerbated in
aged animals. The number of p16-positive pulmonary cells increased
duringinfectioninaged hamsters, whichwasindicative of exacerbated
lung senescence (Fig.3a). Their numbers were higher in aged hamsters
than in young hamsters (Fig. 3a,b). It is noteworthy that p16-positive
cells were still visible at 22 dpi, albeit in lower numbers than at earlier
timepoints (Fig. 3a). Some, but not all, p16-positive cells expressed virus
antigeninyoungand aged hamsters (Extended Data Fig. 3a). Ininfected,
aged animals, it is likely that pre-existing senescent cells (infected or
not), virus-induced senescent cells (p16-positive and virus-positive
cells) and secondary senescent cells (p16-positive and virus-negative
cells)* populate the lung tissue. Although transcript levels of Cdkn2a
(which encodes p16) were not markedly enhanced during infection, its
expression was higherininfected, aged hamstersrelative to infected,
young hamsters (Fig. 3c).

We nextdetermined the effect of ABT-263 treatment in the context
of infection. Hamsters were treated with ABT-263 1 day before SARS-
CoV-2 infection and then daily until euthanization. No evidence of
beneficial oradverse effects (for example, additional body weight loss)
was observed duringinfection (Extended Data Fig. 4a). ABT-263 treat-
ment depleted, albeit not completely, p16-positive cellsin lung tissue
fromaged animals atboth 3 dpiand 7 dpi (Fig. 3d,e and Extended Data
Fig.4b).Incontrast, ABT-263 treatment failed to reduce the frequency
of pl6-positive cells in young animals. ABT-263 also reduced Cdkn2a
transcript expressionininfected, aged hamsters (Fig. 3fand Extended
Data Fig. 4c). We then turned to analyze whether ABT-263 treatment
resultsinreduced expression of SASP factors ininfected, aged lungs.
Transcriptomic analysis revealed that 134 genes, including genes
related to SASP factors, were downmodulated after treatment with
ABT-263 (fold change > 1.5, P< 0.01) (Fig. 3g). This included immune
and inflammatory modulators, such as cytokines/cytokine receptors
and interferon-stimulated genes (ISGs).

We next sought to determine whether clearing senescent cells
with ABT-263 would impact viral replication during SARS-CoV-2 infec-
tion. ABT-263 lowered pulmonary viral particlesin aged hamsters, but
not young hamsters, at 3 dpi (Fig. 4a). These data were confirmed by
quantitative RT-PCR assays (transcripts for RARp and E protein). No
clear differences were observed in viralmRNA load at 7 dpi (Extended
DataFig.5a). The mRNA expression level of genes encodinginterferons
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Fig. 2| Effects of SARS-CoV-2 infection on aged hamsters. Young hamsters and
aged hamsters were infected with SARS-CoV-2. Lungs were collected at 3 dpi,

7 dpiand 22 dpi (n =3-6). Leftand middle: quantification of viral RdRp and E
protein transcript levels using RT-PCR assays. The data are expressed as ACt and
genome copy per microgram of RNA. Right: number of infectious virus particles
perlung (50% tissue culture infectious dose, TCIDs,). b, Immunohistochemistry
analysis of spike. Scale bars, 20 um. ¢, Leftl: immunofluorescence staining for
DAPI (blue) and viral nucleoprotein (red) is shown. Scale bars, 25 pum. Right: the
intensity of nucleoprotein signals was normalized by DAPI count. The histograms
indicate the fold change relative to average intensity in young animals (n = 6).

d, Gene expression was quantified by RT-PCR (fold change relative to average
gene expression in young animals) (n =3-6). e, Expression of AC2 and 3-tubulinin
young and aged whole lung homogenates as assessed by western blotting.

Right: the relative protein levels normalized to -tubulin are shown (n = 6-8).

f,Body weight loss curves (four aged hamsters and six young hamsters).

g, Histopathological examination of lung sections (H&E staining). The mean sum
of the subscores isshown (n =3-6). h, Representative photomicrographs at 7 dpi.
Arrowhead: inflammatory cell infiltrate; star: alveolar wall rupture; sun: typell
pneumocyte hyperplasia; thunderbolt: necrosis. Scale bars, 50 pm. i, Numbers
of inflammatory foci per lung section (n = 6).j, Percentage of Sirius Red labeling
(n=5-10).a-i, One of two representative experiments is shown. j, A pool of two
independent experiments is depicted. For all graphs, errors indicate mean + s.d.
Significant differences were determined using the two-tailed Mann-Whitney
U-test (a,c,d,e,g,i) and the one-way ANOVA Kruskal-Wallis test (non-parametric),
followed by Dunn’s post test (j). Significance of body weight regain (area under
the curve) ininfected young hamsters was calculated using the Wilcoxon
matched-pairs signed-rank test (f). *P < 0.05, **P < 0.01, **P < 0.001.

(IFNs) and ISGs generally mirrored the viral load at 3 dpi and onwards.
ABT-263 treatment of aged hamsters (but not of young hamsters)
was associated with lower mRNA expression of IFNs and ISGs at 3 dpi
(Fig.4b) and, to alesser extent, at 7 dpi (Extended Data Fig. 5b). Inline
with the above data, the number of spike and nucleoprotein-positive
cellswaslowerinaged (butin not young) hamsters treated with ABT-263
(Fig. 4c,d and Extended Data Fig. 5¢,d for young animals). Extended
Data Fig. 3b shows that p16 and virus antigen double-positive cells
were preferentially eliminated by ABT-263, whereas most virus-positive
and pl6-negative cells were not removed by the drug. Lastly, western
blots of viral nucleoprotein also indicated that the viral load was sig-
nificantly lower in ABT-263-treated aged hamsters than in the control
group (Fig.4e). Toinvestigate whether the reduced viralload associates
withreduced ACE2 expression, quantitative RT-PCR, western blotting
(whole lungs) and immunofluorescence on lung sections were per-
formed onuninfected animals. Although it did not reach significance,
ACE2 transcript and protein expression was reduced upon ABT-263
treatment (Fig. 4f and Extended Data Fig. 6). The number of double-
positive (ACE2 and p16) cells was reduced upon ABT-263 treatment.
We conclude that the pre-infection depletion of (ACE2-expressing)
senescent cells in aged hamsters reduces the viral load in the lungs.

ABT-263 ameliorates acute and long-term pulmonary disease

We next assessed the impact of ABT-263 treatment on COVID-19-like
lung disease. At 7 dpi, the surface of lung sections affected by suba-
cute bronchointerstitial pneumonia was significantly lower in ABT-
263-treated aged animals than in the control group (Extended Data
Fig. 7a). In young animals, ABT-263 had no effect on pneumonia. The
total histological score indicated that the disease was less intense in
ABT-263-treated aged animals than in the control group (Fig. 5a, left
panels). More specifically, inflammation (inflammatory infiltrates),
hemorrhage, syncytiaand alveolar destruction (less alveolar wall rup-
ture; Fig. 5a, right panels) were markedly less intense or widespreadin
ABT-263-treated aged animals. In contrast, the total histology scorein

ABT-263-treated young hamsters did not reveal any overt differences
regarding COVID-19-like parameters, including alveolar destruction
(Fig. 5a). We next wondered whether ABT-263 treatment influenced
circulating levels of biomarkers of SARS-CoV-2 infection. Given that
these changes are difficult to evidence with ELISAs, we used mass spec-
trometry to analyze the proteome. At 7 dpi, the serum concentrations
of anumber of SASP-related factors were lower in ABT-263-treated
aged hamsters than in the control group (fold change >1.2, P<0.2)
(Fig. 5b).Some of the observed differencesin levels of prothrombotic
andinflammatory factors are reportedly correlated with the severity of
COVID-19 in humans®**, The prothrombotic factors included proteases,
protease inhibitors, peptidases and fibrinogen family members, and
the inflammatory factors included C-reactive protein and the mono-
cyte-macrophage chemoattractant chemokine (C-C motif) ligand
6. Treatment with ABT-263 was also associated with lower levels of
enzymes and transporters from various metabolic pathways.

We then investigated whether ABT-263 treatment effects on the
longer-term consequences of a SARS-CoV-2 infection (22 dpi). ABT-263
did not significantly accelerate the body weight recovery in infected,
aged hamsters (Extended Data Fig. 7b). Of note, one aged hamster
treated with vehicle out of six died at 14 dpi, whereas all ABT-263-treated
animals survivedinfection. Interestingly, relative to the vehicle control,
histological examination (hematoxylin and eosin (H&E) staining) at
22 dpirevealed lower areas of inflammation and type Il hyperplasia
in ABT-263-treated aged hamsters relative to controls (Fig. 5¢). The
number of inflammatory foci was significantly reduced in aged animals
after ABT-263 treatment. No effect was evidenced in young hamsters.
The percentage of Sirius Red staining was equivalentin vehicle-treated
and ABT-263-treated aged hamsters, indicating no change on collagen
deposition (Fig. 5d). However, the basal membrane was less disorgan-
ized and disrupted (indicated by stars in Fig. 5d) in ABT-263-treated
aged hamstersrelative to controls. To examine whether ABT-263 treat-
ment in aged animals impacted on the expression of components
involvedin chroniclung diseases, we performed a proteomic analysis

Fig.3 | Effect of a SARS-CoV-2 infection on the frequency of pulmonary
plé-positive cells and effects of ABT-263 treatment on p16 and SASP
expressioninlungs. a, Lungs from mock-infected and SARS-CoV-2-infected,
aged hamsters and young hamsters were stained with a p16 antibody.
Representative photomicrographs showing labeling of p16 are shown at 3 dpi,

7 dpiand 22 dpi. Scale bars, 20 pm. b, p16 labeling was performed on lung
sections collected at 3 dpi. Scale bars, 25 pm. Bottom: the histograms indicate the
fold change relative to average intensity in young animals (n = 4-5).c, The mRNA
expression level of Cdkn2a (encoding p16) was quantified by RT-PCR.

The data are expressed as fold increase relative to average gene expression in
mock-infected young hamsters (n =3-6).d, Aged hamsters and young hamsters
were treated (or not) with ABT-263 and then infected with SARS-CoV-2. Arrows
indicate p16-positive cells (3 dpi). Scale bars, 20 pm. e, Effect of ABT-263
treatment on p16 expression as assessed by immunofluorescence (3 dpi).

Scale bars, 25 pm. Right: the intensity of p16 signals was normalized by DAPI

count. The histograms indicate the fold change relative to average intensity in
vehicle-treated infected, aged animals (n = 5-10). f, The Cdkn2a transcript levels
areindicated. The dataare expressed as the fold increase relative to average
gene expression in vehicle-treated infected young hamsters (n = 5-6). g, Effect
of ABT-263 treatment on the expression of genes related to SASP factors in
infected, aged hamsters (n = 3-4, 7 dpi). Heat map (hierarchical clustering) of
the differences in expression of SASP factors, calculated using the difference
between log intensity of ABT-263 and the control (fold change > 1.5, P< 0.01).
a-f, One of two representative experiments is shown. g, One experiment
performed. For allgraphs, errorsindicate mean + s.d. Significant differences
were determined using the two-tailed Mann-Whitney U-test (b,e), moderated
t-test after Benjamani-Hochberg correction (g) and one-way ANOVA
Kruskal-Wallis test (non-parametric), followed by Dunn’s post test (c,f).
*P<0.05,*P<0.01.
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on lung homogenates. We observed that most altered proteins with
afold change greather than 2 had a reduced expression in ABT-263-
treated animals relative to vehicle controls (58 downregulated and
six upregulated, P < 0.05) (Fig. 5e and Extended Data Fig. 5c). Among
downregulated proteins, a large proportion belonged to the ubig-
uitin—proteasome system, the uncontroled activity of which plays a
partin chronic lung diseases®** (Fig. 5e). The expression of cell adhe-
sion molecules is dysregulated during chronic lung diseases>°. The
expression of members of theimmunoglobulin superfamily (ICAM-1,
ICAM-2andF11R) and integrins (ITGAL, ITGB1 and ITGB2) was reduced
in ABT-263-treated animals compared to the control group (Fig. Se).
Although some proteases (for example, cathepsin) and members of the
complement pathway (C1q-binding protein and complement compo-
nentreceptor 1) were also downregulated in ABT-263-treated animals,
classicalmarkers of fibrosis, such as extracellular matrix proteins and
growth factors, were not significantly altered (Fig. 5e and Extended
DataFig.7c). Takenasawhole, depletion of senescent cells ameliorates
acute lung and systemic COVID-19-like disease and mitigates longer-
term consequences of a SARS-CoV-2 infection in aged hamsters.

Discussion
Only afew studies have addressed the effect of advanced age on experi-
mental SARS-CoV-2infectionsin hamsters**5-°°, With the exception
of Selvaraj et al. and Bogard et al.*?, these studies used middle-aged
animals, aged from 5 to 8 months. As the life expectancy of golden
hamsters is typically 20-24 months, we chose to study 22-month-old
hamsters (equivalent to ~-80-year-old humans). Unlike the findings of
Osterrieder etal.*® butin line with the report by Griffin etal.” (in middle-
aged animals), we found that the viral load in lungs was higherin aged
hamsters thaninyoung hamsters. Of note, Selvarajetal.” also observed
aprolonged period of active virus replicationin the upper respiratory
tract of middle-aged and aged hamsters. It is noteworthy that the load
of mouse-adapted SARS-CoV-2 wasreportedly greaterin middle-aged
(12-month-old) mice thanin young mice®*’. The higher viralloadin old/
aged animals might be due to greater viral entry, faster replication and/
or aweaker or slower antiviral response (for example, type land type Il
IFNs)**. Inline with other studies”*, the age-dependent differencesin
the severity of lung lesions observed during the early (3 dpi) and acute
(7 dpi) responses were not large. Our present data showed that aged
hamsters had developed moderate fibrosis (collagen deposition) in
thelungs at 22 dpiand, in contrast to young animals, failed to recover
their initial body weight, which s indicative of long-term sequelae.
Compared to young animals, our data suggest greater cellular
senescenceinthe lungs of uninfected, aged animals as assessed by p16
and BCL-XL protein expression and SA-B-Gal activity. The expression
of p16 was enhanced during SARS-CoV-2 infection, in line with other
reports®***8, and remained more elevated in aged animals relative
to young counterparts. The causes for enhanced p16 expression, and
in general of SARS-CoV-2-induced senescence, are still unknown. It
probably relies on various molecular pathways originating from virus
propagation (for example, reactive oxygen species production by
stressed mitochondria) or specific viral molecular components™.

Indirect effects may also occur because the SASP is known to induce
paracrine senescence of neighboring cells during a SARS-CoV-2 infec-
tion**%%* Next, we assessed the effect of treatment with ABT-263.
We chose to treat animals just before the viral infection (so that pre-
existing senescent cells were removed) and then continue the treat-
ment until euthanization to eliminate virus-induced senescent cells.
In our setting, ABT-263 treatment partially eliminated p16-positive
cells and decreased the senescence-associated signature in SARS-
CoV-2-infected, aged animals. We next assessed viral loads in hamster
lung tissues in the context of ABT-263 treatment. We did not make any
starting hypothesesinthisrespect because senescent cells could have
potentially opposing effects on the viral load. Indeed, SASP factors
might suppress viral replication (via IFN-related and/or chemokine
pathways) and/or promote viral replication (viaimmunosuppressive
factors and/or enhanced expression of viral receptors)*~%*7° Because
pre-existing senescent cells might be preferential targets for SARS-
CoV-2(duetohighlevels of ACE2 expression on epithelial cells and/or
elevated permissiveness for virus replication)’’?, one would expect the
removal of senescent cells by ABT-263 to reduce the viral load in aged
hamsters. Indeed, our data evidenced a lower viral load in lungs from
ABT263-treated aged animals but not in lungs from ABT263-treated
young animals; the latter finding (young animals) is in line with the
reports by Lee et al.*” and Tsuji et al.*®. Our results are also in line with
thereportof Camell et al.” of alower virus (mouse hepatitis virus) load
insenolytic-treated, aged mice (>20 months of age). Hence, targeting
senescent cells in aged hamsters results in a lower viral load. The lack
of an antiviral effect of ABT-263 in young hamsters might be due (1)
to inefficient removal of virus-induced senescent cells in this system
(in line with ref. 48), and/or (2) to the fact that cellular senescence in
young hamster lungs starts when the viral load is already high (for virus
kinetics®). We hypothesize that, in aged animals, targeting pre-existing
senescent cells, rather thanstress (virus)-induced senescent cells, with
ABT-263 results in a lower viral load in vivo. The mechanisms behind
this effect have yet to be determined and warrant investigation in the
future. A plausible explanationis that ABT-263 acts at the early stage—
namely, attachment and entry—ofthe virus replication by eliminating
AC2-positive cells. Our dataindeed showed areduced AC2 expression
and alower number of ACE2 and p16 co-expressing cells after ABT-263
treatmentinaged hamsters. ABT-263 may alsoimpact on other steps of
viral replication in senescent cells, such as transcription, replication,
gene expression, assembly, maturation and release, for instance by
modulating the endoplasmic reticulum stress pathway”>. Other alter-
native and/or additional mechanisms are also plausible. For instance,
dying senescent cells targeted by ABT-263 may release danger, antivi-
ral signals, such as IFN inducers. Further studies will be necessary to
address these key questions. Notably, ABT-263 treatment also reduced
the severity of lung disease (acute phase) in SARS-CoV-2-infected, aged
hamsters. Again, it was difficult to form starting hypotheses. On the
one hand, epithelial cells are prone to cellular senescence in old lungs™,
and so eliminating these cells might have led to substantial effects,
including pulmonary barrier leakage. Moreover, an ABT-263-induced
increase in the apoptosis of senescent cells in the lungs might have

Fig. 4 |Effect of ABT-263 treatment on viral loads and ACE2 expressionin
lungs. Aged hamsters and young hamsters were treated (or not) with ABT-263
and then infected with SARS-CoV-2. Animals were euthanized at 3 dpi.

a, Determination of viral loads in the lungs. Left: the number of infectious
particles was determined in a TCIDs, assay. The data are expressed as the number
ofinfectious virus particles per lung (n = 6-11). Middle and right: quantification
ofviral RdRp and E protein transcript levels in the whole lungs, using RT-PCR.
The dataare expressed as ACt and genome copy per microgram of RNA (n=5-8).
b, mRNA copy numbers (for IFNs and ISGs) were quantified by RT-PCR. The data
are expressed as the fold change relative to average gene expression in mock-
infected animals (n = 5-6). c, Immunohistochemistry analysis of spike in the lung
from SARS-CoV-2-infected, aged hamsters treated (or not) with ABT-263. Scale

bars, 100 pmand 20 um. d, Viral nucleoprotein labeling (immunofluorescence)
was performed on lung sections. Scale bars, 25 pm. Right: the histograms indicate
the fold change relative to average intensity in vehicle-treated infected, aged
animals (n = 6). e,f, Expression of the viral nucleoprotein, ACE2 and B-tubulin
(western blotting) in vehicle-treated and ABT-263-treated SARS-CoV-2-infected,
aged hamsters (whole lung homogenates). The relative protein levels normalized
to B-tubulin are shown (n =3-8). For all graphs, errors indicate mean + s.d. Pooled
results from two independent experiments (a) and one of two representative
experiments (b-e) are shown. Significant differences were determined using the
two-tailed Mann-Whitney U-test (b,d,e,f) or one-way ANOVA Kruskal-Wallis test
(non-parametric), followed by Dunn’s post test (a). *P < 0.05, **P < 0.01.

Nature Aging | Volume 3| July 2023 | 829-845

836


http://www.nature.com/nataging

Article https://doi.org/10.1038/s43587-023-00442-w

*
a 0.0303
99 0~ 8x10°
00193 00853
('Y D
3 o ° 5 °
o 84 o] °
[] a =
ke 2 a u
@ % 4 [ ] ‘; 4x10°% 4
Q ks} a o| B
s = x 8
=74 a
> mum oge | 9 e . i
e 6 5 2x10°
[}
2 )
(O
[ — - Detection 4
6 8 limit 0
Aged Young Aged Young Aged Young
® Vehicle W ABT-263 ® Vehicle W ABT-263 @ Vehicle m ABT-263
- ® 1,000 o
b . g 10,000 Aged o & Young
o < 0
BE 1000 3E % ?
e $2 1004 HEL
23 ie
55 100 7 93
o & o9 10 4 ] 0.0823
58 573 n
j=1 10 4 c9
c 9 @ O
c @ Ralito]
O c O e 1
- T 14 T T
= x = 3
ls] [
L o w5
£ 0.1 - £ 0.1
Ifnb Ifnl Stat1 Mx1 Ifng Ifnb Ifnl Stat1 Mx1 Ifng
® Vehicle m ABT-263 ® Vehicle m ABT-263
c Aged (3 dpi) d Aged (3 dpi)
Vehicle ABT-263
Y 2.0 4 *%
] £ ° 0.0087
° o
T °
A > S 154
>
> o
(5}
100 pm 100 um T M0
e — o
f
©
<
o
° 0.5 ™
<]
[
] F£1
©
N
E o]
< @ Vehicle M ABT-263
Ve
»
Nucleoprotein
f Vehicle ABT-263
95 kba O ] —— . —| [CE2
e Vehicle ABT-263 . 0.0653 55 k02
55 kDa - s . ... W .- S @ B | -tubulin
m— — ‘B i
2 c
40 kDa 02 Fold protein expression
%% 44 B-tubulin normalization
qt:) g O 02 04 06 08 10
52 | \ \ \ |
55 kD 82 21 =
7 - - I-.- - P— 3%5 L Vehicle P—c—+
40 kDa — i 2
N 0 -
B-tubulin Vehicle ABT-263 ABT-263 - " et

Nature Aging | Volume 3| July 2023 | 829-845 837


http://www.nature.com/nataging

Article https://doi.org/10.1038/s43587-023-00442-w
a .
7 dpi
Aged Young
157 00076 15 1 Bl Syncytia o
1 Type Il hyperplasia 2
(]
>
10 =3 Hemorrhage
o o
S S B Inflammation
(2] (2]
K] = Hyaline membrane
° s ° /fibrin
Alveolar and/or o
perivascular edema 9
B Necrosis/cell death ';
<
0 - 0
Vh  ABT-263 Vh ABT-263
b Aged
proteomics - blood (7 dpi)
Vehicle ABT-263 Vehicle ABT-263
5
AlI3 ** ccLe 5
* o 3
SERPIN G1 3 CRP 3
CNDP1 sxx | & NLRPI2 | 2
AMY11 #x g S
SERPIN C1* o
MMP19 g— Vehicle ABT-263
(0]
ki 2 GPLD1 **
ERAP1 8 GPX3 * -
Ay ° cvrel | &
DPEP #%x o
CA2 S
[
Vehicle ABT-263 EXTL2 3
TFRC **
- FGG ** .
GP5 * g [
FGA * 3 .
Q Row min Row max
F10 2
F13A1
C d ) e Aged
22 dpi proteomics - lungs (22 dpi)
Vehicle  ABT-263
o © % .
Q Q PSMD9 3
< < * S
2 9 15 PSMB3 | &
PSMA7 F=N
200 4m PsMAal |3 €
PSMA2 |2 5
: PSMA6 %
2 3 PSMB4 3
QA N
= = ITGA1
< < EMCN
2% ITGB2 o
ITGB1 =
m Inflammation & Type Il hyperplasia ok, cD44 §
*k —_—
0.0024 CLEC3B | 2
'g 207 *040’1c59 A 6.0 0050 PCDH1 §-
z 0.0108 L 554 2 ICAM1
S 2 154 2.1t FIIR
e E 3 b | icam2 g
? S 104 - = 45 | == 0 5
3 E . = 3 CRIL 33
5 5 z E 2
-g £ 35 O C1QBP % ]
= 3.0 H
Vh AAZL-ZGS Vh YABT-263 Ag'ed Young Age'd Young Row min Row max
9 oung e Vehicle = ABT-263 e Vehicle = ABT-263

Nature Aging | Volume 3| July 2023 | 829-845

838


http://www.nature.com/nataging

Article

https://doi.org/10.1038/s43587-023-00442-w

Fig. 5| Effect of ABT-263 treatment on pulmonary and systemic inflammation
inaged hamsters. Aged hamsters and young hamsters were treated (or not) with
ABT-263 and then infected with SARS-CoV-2. Animals were euthanized at 7 dpi
and 22 dpi. a, Left: histopathological examination of lung sections (H&E staining,
7 dpi). The sum of the subscores is shown (n =11-12 aged and n = 6 young). Right:
photomicrographs showing lower alveolar destructionin ABT-263-treated aged
hamsters (but not ABT-263-treated young hamsters). Arrowhead: inflammatory
cellinfiltrate; star: alveolar wall rupture; sun: type Il pneumocyte hyperplasia;
thunderbolt: necrosis; arrow: activated blood vessel. Scale bars, 50 um. b, Heat
maps of the differential expressed prothrombotic and inflammatory factors
inthe serum of vehicle-treated and ABT-263-treated aged hamsters, in amass
spectrometry analysis of the proteome (fold change in protein level >1.2,
P<0.05) (n=5-6). ¢, Histopathological examination of lung sections (H&E
staining, 22 dpi). Lower panels: The total histology score (left) and the numbers of

inflammatory foci (inflammation and type Il hyperplasia) per lung section (right)
areshown (n=4-6).d, Sirius Red labeling in the lungs of vehicle-treated and ABT-
263-treated aged hamsters and young hamsters at 22 dpi. Top: representative
images showing (stars) the destructured basal membranes in vehicle-treated
aged animals. Bottom: the percentages of Sirius Red labeling are shown (n = 4-6).
e, TMT-based proteomic analysis of lung extracts (vehicle-treated and ABT-263-
treated aged hamsters). Heat maps of the differentially expressed components,
inamass spectrometry analysis of the proteome, are depicted (fold change in
proteinabundance >2, P<0.05) (n=4).Forallgraphs, errors indicate mean + s.d.
Pooled results from two independent experiments (a, left) and one of two
representative experiments (a, right, and b-e) are shown. Significant differences
were determined using the two-tailed Mann-Whitney U-test (a,b,e) and one-way
ANOVA Kruskal-Wallis test (non-parametric), followed by Dunn’s post test (c,d).
*P<0.05,*P<0.01,**P<0.001.

accentuated the localinflammatory response markedly. Onthe other
hand, one might expect ABT-263 treatment to have beneficial effects.
Camell etal.” reported that SASP factors derived from senescent cells
(in vitro chemical induction) could amplify inflammation and the
trafficking of macrophages (considered to be harmful in COVID-19)*".
SARS-CoV-2 infection of pre-existing senescent cells may amplify
their pro-inflammatory SASP. Accordingly, treatment with ABT-263
ameliorated systemic health parameters by substantially lowering
serum concentrations of SASP-related compoundsingeneral and those
involved in thrombosis and inflammation in particular. Our data also
showed that early treatment with ABT-263 ameliorates sequelae of a
SARS-CoV-2infection as measured by reduced type Il hyperplasia, more
organized basal membrane and lowered expression of factors known to
playa partin chronic lung diseases®*~°. This included members of the
ubiquitin-proteasome system (a major protein degradation system)
and celladhesion molecules. Onthe other, ABT-263 treatment did not
ameliorate body weight recovery and collagen depositionin lungs. In
agreement with the reports from Tsuji et al.** and (to a lesser extent)
Leeetal.” (who observedslight differences), we did not observe a posi-
tive effect of ABT-263 treatment on lung disease in young hamsters.
As suggested by Tsuji et al.*8, this finding could be explained by the
lack of efficiency of ABT-263 in infected young hamsters—a situation
not observed in mice***%, These apparently contradictory findings
might be due to differences in the pathways regulating the survival
of age-associated pre-existing and virus-induced senescent cells in
hamsters versus in mice.

The present study had some limitations. Because there are no p16
knockout hamsters, we cannot rule out the possibility that the results
of tissue staining with the p16 antibody used in the current study detect
anon-specific signal rather than p16. Although our results provide
insights into therapies that target senescent cells and might improve
COVID-19 outcomes inolderindividuals, golden hamster data should
be interpreted with caution. Indeed, this model does not replicate all
the features of severe COVID-19; the hamster isinfected by SARS-CoV-2
but survives and rapidly resolves the COVID-19-like disease, although
post-acute sequelae persist”. Moreover, the extrapulmonary disorders
and organ damage seen in hamsters are not the same as those found
inhumans during severe COVID-19, although some similarities (blood
levels of SASP factors) were noted in the present work. In the present
study, we focused on an early senolytic intervention and, thus, deple-
tion of the resident senescent cells before infection (for example, to
reduce cell targets for SARS-CoV-2 and alleviate the SASP). The effects
of post-infection ABT-263 treatment in aged animals remain to be
investigated. Another limitation of the present study relates to our
focuson ABT-263, adrug that targets BCL-2 family proteins. The specific
targeting of senescent cells should now be studied using other classes
of senolytics. The senotherapeutic potential of dasatinib (a tyrosine
kinase inhibitor) and quercetin (a kinase-inhibiting flavonoid), which
were recently shown toalleviate cellular senescence-associated (lung)

diseases in human’®”’, should be investigated in our settings. Itis note-

worthy that the combination of dasatinib and quercetinreduced lung
pathology in preclinical models of COVID-19 (ref. 45). In conclusion,
our present results describe the causative role of senescent cells in
COVID-19-like disease in aged hamsters and, thus, highlight potential
mechanisms by whichadvanced age influences COVID-19. Giventhatan
accumulation of senescent cells is observed in many chronic diseases
(such as obesity, diabetes and pulmonary disorders), our present
results suggest that senolytics might protectindividuals with a greater
risk of poor COVID-19 outcomes. Several clinical trials to determine
whether natural senolytics (for example, fisetin and quercetin, alone
or in combination with other drugs) have an effect on COVID-19 in
olderadults and adults with comorbidities arein progress’®. If these
clinical trials are successful (some encouraging early results have
been described), our study results would suggest that the depletion
of senescent cells is associated with better clinical outcomes in older
patients with COVID-19 and would validate the ‘geroscience” hypothesis
by positing senolytics as effective drugs against acute (respiratory)
viral diseases in older adults*",

Methods

Animals, infections and ethics

Young (2-month-old) and aged (22-month-old) male Syrian golden
hamsters (Mesocricetus auratus), equivalent to young adult (20 years
old) and aged (-80 years old) humans, respectively, were purchased
fromJanvier Laboratory. Animals were infected with 100 pl of DMEM
containing (or not, for mock (control) animals) 2 x 10* TCIDs, (50% of
the tissue culture infectious dose) of SARS-CoV-2 (hCoV-19_IPL _France
strain of SARS-CoV-2)**** For tissue collection, animals were eutha-
nized with anintraperitonealinjection of euthasol (140 mg kg™). Lungs
were collected fromnon-infected (mock) hamsters and from SARS-CoV-
2-infected hamsters at 3 dpi, 7 dpi and 22 dpi. Two right lobes of the
lung were used to quantify the viralload, and the other tworightlobes
were used for gene expression analyses. The left lobe was kept for histo-
logic analyses. All experiments involving SARS-CoV-2 were performed
within the Biosafety Level 3 facility of the Institut Pasteur de Lille. The
protocols were validated by the local committee for the evaluation of
the biological risks and complied with current national and institu-
tional regulations and ethical guidelines (Institut Pasteur de Lille/B59-
350009). The experimental protocols using animals were approved by
the institutional ethical committee, Comité d’Ethique en Experimen-
tation Animale (CEEA) 75, Nord Pas-de-Calais. The animal study was
authorized by the Education, Research and and Innovation Ministry
under registration number APAFIS#25041-2020040917227851v3.

Treatment with ABT-263

ABT-263 (CliniSciences) was dissolved in DMSO for stock preparation
andkeptat-20 °C.Forinvivotreatments,10% ABT-263 was formulated
in 30% polyethylene glycol 400 and 60% Phosal 50 PG. To assess the
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potential efficacy of ABT-263 treatment in non-infected animals, aged
hamsters were administered by oral gavage (200 pl) with ABT-263
(65 mg kg™) or vehicle (DMSO) control for three consecutive days. To
assess the potential efficacy of ABT-263 treatment in SARS-CoV-2-in-
fected animals, young hamsters and aged hamsters were administered
with ABT-263 (65 mg kg™) or vehicle (DMSO) 1 d before infection and
then daily until 6 dpi.

Determination of B-Gal activity

SA-B-Gal staining on lung sections was performed as described®. In
brief, lungs were fixed in 2% formaldehyde and 0.2% glutaraldehyde
in PBS for 30 min at room temperature. Tissues were embedded in
optimal cutting temperature (OCT) compound and cutinto 5-pm sec-
tions. The sections were stained as described”. Images were acquired
using the EVOS M5000 Imaging System (Thermo Fisher Scientific).
Alternatively, lung cell suspensions® were used to quantify 3-Gal activ-
ity. Cells (3 x 10° per milliliter) were resuspended in phosphate buffer
(pH 6.0) and subjected to repeated freeze-thaw cycles. Cells were
centrifuged at 12,000g for 7 min, and supernatants were mixed with
2-nitrophenyl-B-b-galactopyranoside (ONPG) (2.2 mg ml™) and 1 mM
MgCl, in phosphate buffer. After overnight incubation, two volumes
of 1M sodium carbonate were added, and absorbance was measured
at450 nm (Thermo Fisher Scientific, Multiskan FC).

Expression of hamster p16 in HeLa cells

The coding sequence of hamster Cdkn2a was amplified by RT-PCR
from RNA extracted from aged hamster lungs using primers shownin
Table 2 (Eurofins Scientifics). The PCR product was inserted in plasmid
pcDNA3.1(+) (Invitrogen). The construct was confirmed by sequencing.
Hela cells (American Type Culture Collection, CCL-2) grown on glass
coverslips were transfected with pcDNA-p16 or pcDNA3.1as a control
using the TransIT-LT1transfection agent (Mirus Bio). Transfected cells
were cultured for 48 h, fixed with 4% paraformaldehyde and processed
forimmunofluorescence detection of p16 using a rabbit antibody from
Abcam (ab211542,1:100) or with a mouse monoclonal antibody from
Santa Cruz Biotechnology (sc377412, 1:100) and an Alexa Fluor 488
(1:800, Invitrogen) as a secondary antibody.

Determination of the viral load

The load of live, infectious viruses and the amount of viral RNA were
measured using the Reed-Muench TCID,, assay and quantitative
RT-PCR assays, respectively, as described®. Specific primers (Euro-
fins Scientifics) are shown in Table 2. Individual mRNAs were quanti-
fied relative to expression of the genes encoding RdRp and gamma
actin (Actgl). The viral load was expressed as the amount of viral RNA
relative to the Actgl expression level (ACt). Viral load quantification
(genomic and mostly subgenomic) of hamster tissues was assessed
as follows. One-step quantitative PCR assay was performed using
Takyon Low Rox one-step RT probe Mastermix (Eurogentec) and spe-
cific primers and probe targeting the envelope (E) gene (Table 2). A
synthetic gene containing the SARS-CoV-2 envelope gene was used to
construct the standard curve*. Viralload quantification was assessed
by linear regression using a standard curve of six known quantities of
plasmids containing the envelope sequence (ranging from 10’ to 100
copies). The threshold of detection was established as200 viral copies
per microgram of RNA. Viral protein in lung tissue was quantified by
western blotting, as follows.

Westernblotting

Lung or cell extracts were lysed in RIPA buffer (50 mM Tris-HCI pH
8,150 mM NacCl, 1% NP-40, 0.5% sodium deoxycholate and 0.1% SDS
supplemented with protease inhibitors (Roche Diagnostics)), heated
at 95 °C for 20 min and centrifuged at 10,000g for 10 min. Proteins in
supernatants were quantified using the Pierce BCA Protein Assay Kit
(Thermo Fisher Scientific). An equalamount of protein was mixed with

Table 2 | Sequences of oligonucleotides used in the present
study

Oligonucleotides

Forward 5'-GAGAGGGTCCACTTTTCGGG-3'

Wdr63
Reverse 5'-GGCAGCCAGTGTATGTCTGT-3'
" Forward 5'-TCGATCGGCAGATACCACAG-3'
Fank1
Reverse 5'-CCCAAGAAGCTCCGTGTCTT-3'
] Forward 5'-ACGAGAAGGGGGAGCTGTAT-3'
Fgf9
Reverse 5'-CGGGTCCACTGGTCTAGGTA-3'
Forward 5'-CATCAGACTCTTGCTTTGCC-3'
Adam8
Reverse 5'-~AAACCTTCCCCTCCTCACAC-3'
Forward 5'-AGAACTTGCATCCTCCAGAAA-3'
SerpinB10
Reverse 5'-CTGCGGTTCTGCACCAAAAT-3'
Forward 5'-ACAGTATCTACGTGCGGCTG-3'
Cdkn2a
Reverse 5'-TGTCTGGGCAGAAGTTACGC-3'
Forward 5'-AGCGATATTGTTCGGAGGCA-3'
Cdknla
Reverse 5'-CACTTTGCTCCTGTGTGGGA-3'
l Forward 5'-CTTTGAGTTCGGTGGGGTCA-3'
Bcl2
Reverse 5'-GGTCGGTGAACCTCACTTGT-3'
Forward 5'-CTGGGAAAACTCCATGCTG-3'
Ace2
Reverse 5'-GAACGATCTCTCGCTTCATCT-3'
Forward 5'-GGGCTACGAGCTTTATGAAGC-3'
Tmprss2
Reverse 5'-GGACGAACAGGAGTCACTGTG-3'
| Forward 5'-GGGTGATGTCCCCAAGTCTG-3'
Cts
Reverse 5'-TGGCCACAGCCTTCATTAGG-3'
Forward 5'-CTGGAAAGAAGGGCGTGTCT-3'
Nrp1
Reverse 5'-CTTCATATCCGGGGGTGCTC-3'
b Forward 5'-ACCCTAAAGGAAGTGCCAG-3'
Ifn
Reverse 5'-CCAGCTGCCAGTAATAGCTC-3'
o Forward 5'-CCCACCAGATGCAAAGGATT-3'
Ifn
Reverse 5'-CTTGAGCAGCCACTCTTCTATG-3'
Forward 5'-TCCATGCGGTTGAACCCTAC-3'
Stat1
Reverse 5'-TGTCAGTGTTCTGTGCTCACTT-3'
Forward 5'-GGTATCGTTACCAGGTGCCC-3'
Mx1
Reverse 5'-GGTCTGGAACACTTGGGGAG-3'
; Forward 5'-TGTTGCTCTGCCTCACTCAGG-3'
Ifng
Reverse 5'-AAGACGAGGTCCCCTCCATTC-3'
Forward 5'-ACAGAGAGAAGATGACGCAGATAATG-3'
Actgl
Reverse 5'-GCCTGAATGGCCACGTACA-3'
g Forward 5'-GTGARATGGTCATGTGTGGCGG-3'
RdRp
Reverse 5'-CARATGTTAAASACACTATTAGCATA-3'
Forward 5'-ACAGGTACGTTAATAGTTAATAGCGT-3'
Envelope oo\ erse 5-ATATTGCAGCAGTACGCACACA-3
(E) gene
Probe FAM-ACACTAGCCATC-CTTACTGCGCTTCG-MGB
Cdkn2a Forward 5'-TTTGAAGCTTGCCACCATGGAGCCCTCTGCGGAC-3'
(protein

expression) Reverse 5'- TTTGGGATCCTTAGTAGGGCCCTAGGGGGTG -3'

Laemmliloading buffer (EcoTech Biotechnology). Proteins were then
separated using 10% or 12% SDS-PAGE and then transferred from the
gel to anitrocellulose membrane. The antibodies used are as follows:
monoclonal mouse antibody (HL5511, 1:2,000, GeneTex) for the viral
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nucleoprotein, a polyclonal rabbit antibody (NBP1-76611, 1:1,000,
Bio-Techne) for ACE2 and a monoclonal rabbit antibody (ab32370,
1:1,000, Abcam) for BCL-XL. The detection was made by using the
appropriate horseradish peroxidase-conjugated secondary antibody
(1:2,500, Jackson ImmunoResearch). Antibodies were detected using
chemoluminescence (Pierce), and the signals were quantified by apply-
ingthe ‘gel quantification’ procedure in ImageJ software (version1.1.0)
(National Institutes of Health). To normalize, an antibody directed
against B-tubulin (86298,1:1,000, Cell Signaling Technology) was used.
For p16 detectionin HeLa cells, monoclonal rabbit anti-p16 (ab211542,
1:1,000, Abcam) was used. The antibody against -actin was from
Sigma-Aldrich (A5441,1:1,000).

Determination of host gene expression using quantitative
RT-PCR

Gene expression in the lungs was analyzed by quantitative RT-PCR as
described™®. Specific primers are shownin Table 2. Relative mRNA levels
were determined according to the 22 method by comparing (1) the
PCRcycle thresholds (Ct) for the gene of interest and the housekeeping
gene (ACt) and (2) the ACt values for the treated and control groups
(AACt). Data were normalized against expression of the Actgl gene
and expressed the fold change over the mean gene expression levelin
mock-treated young hamsters.

Histopathological assessments

Lung tissues (left lobe) were fixed in 4% PBS-buffered formaldehyde
for 7 d, rinsed in PBS, transferred into a 70% ethanol solution and
processed into paraffin-embedded tissue blocks. The histological
processing and analysis was subcontracted to Sciempath Labo, and
histopathologic scores were given by a board-certified pathologist.
Tissue sections (3 um thick) were stained with H&E reagent. Whole-
mount tissues were scanned with a Nanozoomer (Hamamatsu
Photonics), and morphological changes were assessed by using a semi-
quantitative dual histopathology score adapted fromrefs.33,57,82. To
evaluate pulmonary fibrosis, the Sirius Red-stained areas on scanned
sections were measured witha computer-assisted, automated, whole-
section histomorphometric image analysis technique (Visiopharm).
Virtual whole sections were observed at a magnification of x20
(corresponding to 0.46 pm per pixel). An algorithm for Sirius Red
morphometric measurement on lung-stained sections was generated
with the Bayesian linear segmentation tool inthe Visiopharm software
package and thenrefined by training on a subset of lung sections. Major
histology sectionartifacts (such as large vascular and peribronchiolar
structures and the alveolar lumen) were automatically delineated
and removed from the area of interest. The Sirius Red-positive area
(inmm?) was measured and expressed as a percentage of the total area
ofiinterest. The accuracy of the automated morphometric evaluation
was checked on eachindividual image.

Immunohistochemistry and immunofluorescence

Tissue sections (7 um thick) were dried for 48 h at 42 °C. Slides
were rehydrated with toluene (AnalaR NORMAPUR ACS, VWR) and
decreasing concentrations of ethanol in water. The lung sections were
stained with mouse monoclonal anti-p16 (sc-377412,1:500, Santa Cruz
Biotechnology) or rabbit polyclonal anti-SARS-CoV-2-spike glycopro-
tein (ab272504,1:5,000, Abcam) antibodies. For p16 and spike labeling
(immunohistochemistry), the slides were blocked for endogenous
peroxidase with 3% H,0, and boiled for antigen retrieval in citrate
buffer (0.1 M citric acid, 0.1 M dehydrated sodium citrate and milli-Q
water (Millipore) pH 6). Sections were incubated with the appropri-
ate secondary antibody from Vector Laboratories (goat anti-mouse
IgG (H+L), biotinylated BA-9200-1.5 or goat anti-rabbit IgG (H+L),
BA-1000-1.5,1:200), washed and incubated with the VECTASTAIN Elite
ABCPeroxidase Standard Kit (Vector Laboratories). Slides were washed
three times in PBS, and the chromogen 3,3’-diaminobenzidine (DAB)

from the Peroxidase Substrate Kit (SK-4100, Vector Laboratories)
was added to each slide. The slides were counterstained with Mayer’s
Hemalun (Merck). Lastly, the slides were mounted with glycerin mount-
ing medium (glycergel mounting medium c0563, Dako). Images were
acquired using an Axio Scan.Z1slide scanner, ZEN (Blue edition) 2012
software (Carl Zeiss), a Leica DM3000 LED microscope and a FLEX-
ACAM Clcamera.For pl6, ACE2 and viral nucleoproteinlabeling (immu-
nofluorescence), the following antibodies were used: p16 (sc-377412,
1:50, Santa Cruz Biotechnology), ACE2 (NBP1-76611,1:50, Bio-Techne)
and SARS-CoV nucleocapsid (NB100-56576, 1:50, Bio-Techne). The
rehydrated tissue sections were first treated with antigen unmasking
solution (sodium citrate buffer pH 6 or Tris EDTA buffer pH 9). Then,
sectionswere rinsed and blocked for 3 hat room temperature in block-
ing solution (PBS containing 5% BSA and 0.3% Triton X-100). Sections
were incubated overnight at 4 °C with primary antibodies diluted in
blocking solution. Sections were then washed and incubated at room
temperature for 1 hwith AlexaFluor-conjugated secondary antibodies
(A-11037,1:500, Invitrogen) in blocking solution. For p16, a VectaFluor-
Excel Amplified Anti-Mouse IgG, DyLight 488 Antibody Kit (DK-2488,
Vector Laboratories) was used according to the recommendations.
Sections were stained with 4’,6-diamidino-2-phenylindole (DAPI)
(Sigma-Aldrich) for 10 min, and coverslips were then mounted on
slides using a fluorescence mounting medium (Agilent Technologies).
Mountedslides were storedin the dark and at 4 °C untilimage acquisi-
tion. Immunofluorescence quantification was performed with ZEN 3.2
software and the Image Analysis module (Carl Zeiss). The intensity of
thelabeling was normalized by DAPI count. For each group, 2-3whole
lung sections from at least three different animals were quantified.

Transcriptomic analyses

The hamster lung transcriptome (young versus aged) was analyzed with
custom-designed hamster gene expression microarrays (4 x 44,000
v2, Agilent Technologies) and the one-color gene expression Agi-
lent workflow. In brief, the microarrays were designed with the eAr-
ray server (Agilent Technologies) by starting from the Mesocricetus
auratus gene annotation MesAurl.0 provided by Ensembl (Agilent
AMAMID no. 086414). The custom microarrays were hybridized with
1,650 ng of Cy3-labeled cRNAs purified on RNeasy Mini-Spin Columns
(Qiagen). Starting from 100 ng of total RNA, cRNAs were synthesized
and labeled with Cy3 dye using the one-color Low Input Quick Amp
Labeling Kit (Agilent Technologies). After hybridization for 17 h at
65 °C, the microarrays were washed and scanned with a G2565CA Agi-
lent DNA microarray scanner. Fluorescence signals were extracted and
normalized with Feature Extraction software (version10.5.1.1, Agilent
Technologies) and transferred to GeneSpring GX12.6 software (Agilent
Technologies) for processing and data mining. Expression data were
normalized by applying the 75th percentile method in GeneSpring. To
remove probes with a raw signal below 10 in all the conditions tested,
the microarray probes were filtered with an Agilent flag filter. Samples
fromatleast threeindependent hamstersin each group were analyzed,
and differentially expressed genes were identified in a volcano plot
with fold change cutoffs >1.5 or <1.5 and a moderated ¢-test P < 0.01
after Benjamani-Hochberg correction. The data were visualized by
hierarchical clustering with the Euclidian metric and complete link-
age. A GSEA was performed by using the pre-ranked routine and the
default parametersin GSEA software (version 2.0.13). All gene set files
for this analysis were obtained from the GSEA website (https://www.
broadinstitute.org/gsea/). The CellAge database (https://genomics.
senescence.info/cells/) was interrogated to identify genes related to
cell senescence in aged hamsters. To study the effect of ABT-263 on
gene expression in aged lungs, RNA sequencing was performed. In
brief, RNA sequencing libraries were generated using the NEBNext
Ultra Il Directional RNA Library Prep Kit for [llumina (New England
Biolabs (NEB)) with a poly(A) enrichment method following NEB’s rec-
ommendations. Thelibraries were sequenced on an lllumina NovaSeq
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platform (paired-end, 150 bp). The sequencing reads of each sample
were trimmed and quality filtered using Trimmomatic (version 0.39)
with the following options: ILLUMINACLIP:3:30:10 and MAXINFO:0.5.
Cleaned reads were then processed using Salmon (version 1.9.0) with
default parameters and the reference genome of Mesocricetus auratus
(MesAurl.0 (GCA_000349665.1)). Gene annotations were computed
using tximport (version 1.28.0). DESeq2 (version 1.12.3) was used to
analyze the differential gene expression between the experimental
groups. Some genes with afold change > 1.5(P< 0.01, moderated ¢-test
after Benjamani-Hochberg correction) are represented in the hierar-
chical heat maps showninFigs. 1c,d and 3g. Heat maps and clustering
were generated from differential expression with Phantasus software
(version 1.19.3). The hierarchical clustering was performed from the
rows accordingto the matrix value metric (for a pre-computed similar-
ity matrix) with a full linking method.

Mass spectrometry analysis of the proteome and analysis of
proteomics data

Spectral counting proteomic (serum) and tandemmass tag (TMT)-based
proteomic (whole lung extract) were performed as follows. In brief, pro-
teins (10 pgand 30 pg, respectively) were loaded on SDS-PAGE gels with
gelslice trypsin digestion for each sample. For TMT-based proteomics
(quadruplicates), peptides were labeled with TMT reagents (Thermo
Fisher Scientific) according to the manufacturer’sinstructions,and the
different samples were mixed. Extracted peptides were fractionated
withthreeacetonitrileincrements (7.5%,12.5% and 50%) for the spectral
counting proteomic or eight acetonitrile increments for TMT-based
proteomicsin 0.1% triethylamine ona High pH Reversed-Phase Peptide
Fractionation Kit (Thermo Fisher Scientific). Eluates were dried with
avacuum centrifuge and resolved in 0.1% formic acid. Peptides were
separated by an UltiMate 3000 RSLCnano System and analyzed using Q
Exactiveinstrumentsas previously described®’. The raw nano liquid chro-
matography coupled to tandem mass spectrometry (LC-MS/MS) data
were converted into an*.mgf peak list format, using Proteome Discoverer
1.4 (Thermo Fisher Scientific). MS/MS data were analyzed using the
Mascot search engine (version 2.4.0, Matrix Science) installed onalocal
server. With a mass measurement tolerance of 10 ppm for precursors
and 0.02 Da for fragment ions, we searched a composite target-decoy
database (32,348 x 2 total entries) built from the UniProt Mesocricetus
auratus dataset (taxonomy 10036, December 2021, 32,230 entries)
fused with the sequences of recombinant trypsin and a standard list of
contaminants (118 entries). Cysteine carbamidomethylation, methionine
oxidation, protein N-terminal acetylation, cysteine propionamidation
and TMT 6-plex (N-term and K) were searched for as variable modifica-
tions. Up to one missed trypsin cleavage was allowed. The identification
resultswereimported into ProLine software (version 2.0) for validation.
Peptide spectrum matchestaller than nineresidues andion scores higher
than10wereretained. The false discovery rate (FDR) was then optimized
to be below 1% at the protein level using the Mascot Modified MudPIT
score. Spectral counting analyses were performed with ProLine 2.0.
For normalization of TMT channels, the function ‘normalize to peptide
amount’ was selected in Proteome Discoverer 1.4. Values correspond to
the numbers of spectra per protein (spectral counting proteomic) and
to the ratio of the abundance of the protein in a given sample divided
by the abundance of the same protein in the pooled samples (TMT-
based proteomic). Some proteins with a fold change >1.2 (serum) or >2
(lungs) (P< 0.2 and P< 0.05, respectively, two-tailed Mann-Whitney)
are represented in the hierarchical heat maps shown in Fig. 5b and
Fig.5e, respectively.

Statistical analysis and reproducibility

All experiments were performed at least two times except for
Fig.1la-d.For hamster experiments, 3-10 hamsters were analyzed per
experiment. No power analyses were used to predetermine sample
sizes, but our sample sizes were similar or superior to those reported

in the previous publications**%, Data distribution was assumed to be
normal, but this was not formally tested. Data collection and analysis
were not performed blinded to the conditions of the experiments. All
statistical analyses were performed using GraphPad Prism version
9.2.0 software. Significance of body weight loss or regain (area under
the curve) was calculated using the Wilcoxon matched-pairs signed-
rank test. A two-tailed Mann-Whitney U-test was used to compare two
groups, unless otherwise stated. Comparisons of more than two groups
with each other were analyzed with the one-way ANOVA Kruskal-Wallis
test (non-parametric), followed by Dunn’s post test. All data are
expressed as the mean + s.d.

Reporting Summary
Furtherinformationonresearch designisavailableinthe Nature Port-
folio Reporting Summary linked to this article.

Data availability

Transcriptomic and proteomic raw data that support the findings of
this study have been depositedin the Gene Expression Omnibus (GEO)
and the Proteomics Identifications (PRIDE) database, respectively, with
accessionnumbers GSE230301 (Fig. 1), GSE231673 (Fig. 3g), PXD041777
(Fig. 5b) and PXD041973 (Fig. 5Se and Extended Data Fig. 7c) (http://
www.ebi.ac.uk/pride).

Code availability

Codesand all other datasupporting the findings of this study, including
raw data underlying figures, are available from the corresponding
author uponreasonable request.
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Extended Data Fig. 1| Enhanced cellular senescence in aged lungs and effects
of ABT-263 treatment. A, Validation of the anti-p16 antibodies on transfected
cells. HeLa cells were transfected with the control plasmid pcDNA3.1(+) or the
plasmid pcDNA3.1(+) encoding hamster p16. Left panel, Cells were labeled with
two different anti-p16 antibodies (immunofluorescence). Right panel, Expression
of p16 and B actinin HeLa cells expressing or not hamster p16 as assessed by
western blotting. B, Left panel, Effect of ABT-263 treatment on the number

of pl6-positive cells (white arrows) in young and aged lungs as assessed by
immunofluorescence. Bars: 25 um. Right panel, Quantification of p16-expressing
cells. The histograms indicate the fold change relative to average intensity in
vehicle-treated young animals (n = 8-9). C, SA-B-Gal staining of lung sections

from young hamsters and aged hamsters. Increased blue staining (black arrows)
indicates a higher number of senescent cells in aged lungs. D, ONPG-based -Gal
activity of lung extracts collected from aged hamsters treated with the vehicle or
with ABT-263 (n = 3). E, Left panel, Expression of Bcl-xL and  tubulin in young and
aged whole-lung homogenates as assessed by western blotting. Right panel, the
relative protein levels normalized to 3 tubulin are shown (n = 3-6). For all graphs,
errorsindicate mean + s.d. Pooled results from two experiments (B) and one of
two representative experiments (A, C-E) are shown. Significant differences were
determined using the two tailed Mann Whitney Utest (D and E) and One-way
ANOVA Kruskal-Wallis test (nonparametric), followed by the Dunn’s posttest test
(B, right).** P<0.01,**P< 0.001.
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Extended Data Fig. 2| Ace2 expression in aged lungs and consequences of a
SARS-CoV-2infection onlung pathology. A, Immunofluorescence analysis of
Ace2inthe lung from uninfected (mock) young hamsters and aged hamsters.
Bars: 25 um. Right panel, The histograms indicate the mean + s.d fold change
relative to average intensity in young animals (n = 3). Significant differences were
determined using the two tailed Mann Whitney Utest. B and C, Representative

photomicrographs of lungs from SARS-CoV-2-"infected young hamsters and aged
hamsters (H&E staining) at 7 dpi (B), and 22 dpi (C). C, Arrow: inflammatory cell
infiltrate; sun: type Il pneumocyte hyperplasia. D, The lungs were stained with
Sirius Red. Representative images are depicted (22 dpi). Stars indicate altered
structure of epithelial and vascular basal membranes. B-D, Scales are indicated.
One of two representative experiments is shown.
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Extended Data
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Fig.3|Virusantigen and p16 expressionin vehicle-treatedand  performed onlungsections collected from vehicle-treated (A) and from

ABT-263-treated young and aged lungs at 3 dpi. Inmunofluorescence staining ABT-263-treated (B) infected animals. Scales are indicated. One of two
for DAPI (blue), viral nucleoprotein (red) and p16 (green) is shown. Labelling was representative experiments is shown.
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Extended DataFig. 5| Effect of ABT-263 treatment on viral loads and

ISGs. Aged hamsters and young hamsters were treated (or not) with ABT-263
and infected with SARS-CoV-2. A, Quantification of viral RdRp and E protein
transcript levels in the whole lungs using RT-PCR assays (7 dpi). The dataare
expressed as ACt and genome copy/pg RNA (n = 5-6). B, nRNA copy numbers of
genes (interferons and ISGs), as quantified with RT-PCR. The data are expressed
as the fold change, relative to average gene expression in mock-infected animals
(n=5-6). C,Immunohistochemistry analysis of spike in the lung from SARS-CoV-

2-infected young hamsters treated (or not) with ABT-263 (3 dpi). Bars: 100 pm
and 20 pm. D, Nucleoprotein labelling (immunofluorescence) was performed on
lung sections collected at 3 dpi. Bars: 25 pm. Right panel, The histograms indicate
the fold change relative to average intensity in vehicle-treated young animals
(n=6).A-D, One of two representative experiments is shown. For all graphs,
errorsindicate mean + s.d. Significant differences were determined using the
two tailed Mann Whitney Utest (B and D) and One-way ANOVA Kruskal-Wallis test
(nonparametric), followed by the Dunn’s posttest test (A). * P< 0.05, ** P< 0.01.
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Extended Data Fig. 6 | Ace2 and p16 expressionin vehicle-treated and ABT-
263-treated young and aged lungs. Lungs were collected from uninfected
animals previously treated or not with ABT-263. Immunofluorescence staining
for DAPI (blue), Ace2 (red) and p16 (green) is shown. Labelling was performed on
lung sections collected from vehicle-treated (A) and from ABT-263-treated (B)
animals. Scales are indicated. C, The intensity of Ace2 signals was normalized by
DAPI count. The histograms indicate the fold change relative to average intensity

in vehicle-treated young hamsters (n = 3). D, mRNA copy numbers of Ace2 were
quantified in RT-PCR assays (n = 4-9). The data are expressed as the fold change
relative to average gene expression in vehicle-treated aged hamsters. A-D, One
of two representative experiments is shown. For all graphs, errors indicate
mean + s.d. Significant differences were determined using the two tailed Mann
Whitney Utest.
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(n=5-6).C, Heatmaps of the differential expressed componentsin the lungs of
vehicle-treated and ABT-263-treated aged hamsters, in a mass-spectrometry
analysis of the proteome (fold change in protein abundance >2, P< 0.05) (n=4).
Pooled results from two independent experiments (A left, Band C) and one of two
representative experiments (A right) are shown. For all graphs, errors indicate
mean £ SD. A and C, Significant differences were determined using the two tailed
Mann Whitney Utest.** P<0.01.
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Statistics

For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.

n/a | Confirmed

The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement

X X

A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

The statistical test(s) used AND whether they are one- or two-sided
Only common tests should be described solely by name; describe more complex techniques in the Methods section.

A description of all covariates tested
A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient)
AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)

D

For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted
Give P values as exact values whenever suitable.

O O XX O OO
00X

X

For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings

For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes

X X X
oo

Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

Our web collection on statistics for biologists contains articles on many of the points above.

Software and code

Policy information about availability of computer code

Data collection  Microscopic data: Axiolmager 4 (Zeiss), DM3000 microscope (Leica), Flexacam C1 (Leica), EVOS M5000 Imaging System (Thermo Fisher
Scientific)
Quantitative real-time PCR: QuantStudio 12K Flex Real-Time PCR System (Thermo Fisher Scientific)
Immunoblotting data: ChemiDoc MP System (Bio-Rad)
Histological data: Nanozoomer (Hamamatsu photonics) and Axio Scan.Z1 slide scanner (Zeiss)
Transcriptomic data: G2565CA DNA microarray scanner (Agilent Technology) , NovaSeq6000 (lllumina)
Mass spectrometry and proteomics data: Q-Exactive instruments (Thermo Fisher Scientific)

Data analysis Immunoblotting: Image J software (version 1.1.0)
Immunofluorescence staining: ZEN 3.2 software and the Image Analysis module (version 3.2)
Histological: Visiopharm software package
Transcriptomic data (Agilent): Agilent feature extraction software (version 10.5.1.1) and transfer to Genespring GX 12.6 software, GSEA
software (version 2.0.13)
Transcriptomic data (RNAseq): Trimmomatic (v0.39), Salmon (v1.9.0), tximport (v1.28.0), DESeq2 (v1.12.3)
Proteomic analysis: Mascot search engine (version 2.4.), Proline 2.0
Heatmap : Phantasus v1.19.3
Software statistical analysis: GraphPad Prism 9 version 9.2.0

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Portfolio guidelines for submitting code & software for further information.




Data

Policy information about availability of data
All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:

- Accession codes, unique identifiers, or web links for publicly available datasets
- A description of any restrictions on data availability

- For clinical datasets or third party data, please ensure that the statement adheres to our policy

Transcriptomic and proteomic raw data that support the findings of this study have been deposited in Gene Expression Omnibus (GEQ) and Proteomics
|IDEntifications database (PRIDE), respectively with the accession numbers GSE230301 (Figure 1) (https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?
acc=GSE230301), GSE231673 (Figure 3G) (https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE231673), PXD041777 (Figure. 5B), and PXD041973 (Figure 5.E
and extended Figure 7C) (http://www.ebi.ac.uk/pride).

Research involving human participants, their data, or biological material

Policy information about studies with human participants or human data. See also policy information about sex, gender (identity/presentation),
and sexual orientation and race, ethnicity and racism.

Reporting on sex and gender N/A

Reporting on race, ethnicity, or  N/A
other socially relevant

groupings

Population characteristics N/A
Recruitment N/A
Ethics oversight N/A

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Field-specific reporting

Please select the one below that is the best fit for your research. If you are not sure, read the appropriate sections before making your selection.

|Z Life sciences |:| Behavioural & social sciences |:| Ecological, evolutionary & environmental sciences

For a reference copy of the document with all sections, see nature.com/documents/nr-reporting-summary-flat.pdf

Life sciences study design

All studies must disclose on these points even when the disclosure is negative.

Sample size The sample size used in this study was determined based on the expense of data collection, and the need to have statistical power.
Data exclusions  in Fig. 2F, one individual who died before day 22 were excluded. For the other experiments, no data was excluded from the analysis

Replication All data presented were obtained from two to three independent experiments with similar outcomes. Data shown in Figure 1A-D have been
obtained from a single experiment (n=3-4)

Randomization  For all experiments, animals and/or cell culture wells were randomly assigned to experimental groups.

Blinding Data collection and analysis were not performed blind to the conditions of the experiments, because experiments were performed and
analyzed by the same researchers. However, experiments and analysis were performed objective and unbiaised.

Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.
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Antibodies used SARS-CoV-2 spike protein (Abcam, 272504) (1:5000), SARS-CoV-2 Nucleocapsid protein (Bio-Techne, NB100-56576) (1 :50), SARS-
CoV-2 Nucleocapsid protein (GeneTex, GTX635689, clone HL5511) (1:2000), p16INK4a (Santa Cruz, sc-377412, clone C-7) (1:500,
1:50 (immunofluorescence)), p16INK4a (Abcam, ab211542, clone EPR20418) (1:1000), ACE2 (Bio-Techne, NBP1-76611) (1:1000, 1:50
(immunofluorescence)), ACE2 (Abcam, ab32370) (1:1000), Bcl-xL (abcam, ab32370, clone E18) (1 :1000), beta-tubulin (Cell Signaling,
86298, clone D3U1W) (1:1000), beta- actin (Sigma, A5441, clone AC-15) (1:1000).

Biotinylated goat anti-rabbit 1gG (Vector Laboratories, BA-1000-1.5) (1:200), Biotinylated goat anti-mouse 1gG (Vector Laboratories,
BA-9200-1.5) (1:200), Goat anti-rabbit 1gG Alexa Fluor 594 (Invitrogen, A-11037) (1:500), Goat anti-mouse IgG Alexa Fluor 488
(Invitrogen, A-11029) (1:500), HRP-conjugated goat anti-rabbit IgG (Abcam, ab6721), HRP-conjugated goat anti-mouse I1gG (Abcam,
ab6789) (1:2500), VectaFluor Excel Amplified Anti-Mouse 1gG, DyLight”" 488 Antibody Kit (Vector Laboratories, DK-2488),Goat anti
Mouse HRP (Abcam, ab6789) and goat anti Rabbit HRP (Abcam, ab6721) (1:2500).

Validation The two anti-p16 antibodies, namely Santa Cruz/sc377412 and Abcam/ab211542, used in this study label Hela cells transfected with
hamster p16, but not control cells (Extended data Fig. 1). Silencing p16 expression by means of siRNAs abrogates the binding.

All antibodies used in this study were commercially available antibodies and were validated by companies. Data sheet is available
from the web links as described below.

SARS-CoV-2 spike protein: https://www.abcam.com/products/primary-antibodies/sars-cov-2-spike-glycoprotein-antibody-
coronavirus-ab272504.html

SARS-CoV-2 Nucleocapsid protein: https://www.novusbio.com/products/sars-nucleocapsid-protein-antibody nb100-56576 https://
www.genetex.com/Product/Detail/SARS-CoV-2-COVID-19-Nucleocapsid-antibody-HL5511/GTX635689

p16INK4a: https://www.scbt.com/fr/p/p15-p16-antibody-c-7
https://www.abcam.com/products/primary-antibodies/cdkn2ap16ink4a-antibody-epr20418-ab211542.html#lb ACE2: https://
www.novushio.com/products/ace-2-antibody nbp1-76611

Bel-xL: https://www.abcam.com/products/primary-antibodies/bcl-xl-antibody-e 18-ab32370.html

B-tubulin: https://www.cellsignal.com/products/primary-antibodies/b-tubulin-d3ulw-mouse-mab/86298

B-actin: https://www.sigmaaldrich.com/FR/fr/product/sigma/a5441?gclid=CjwKCAjw ihBhADEiwAXEaz/hN4w-
MPakobsQDueVPhxMpwnspLuOIlzZ8wmS8Q6NhSKbiDLXNbQcuhoC6bsQAVD BwE&gclsrc=aw.ds

Goat anti-rabbit IgG, biotinylated: https://vectorlabs.com/products/antibodies/biotinylated-goat-anti-rabbit-igg Goat anti-mouse IgG,
biotinylated: https://vectorlabs.com/products/antibodies/biotinylated-goat-anti-mouse-igg

Goat anti-rabbit IgG Alexa Fluor 594: https://www.thermofisher.com/antibody/product/Goat-anti-Rabbit-lgG-H-L-Highly-Cross-
Adsorbed-Secondary-Antibody-Polyclonal /A-11037

Goat anti-mouse 1gG Alexa Fluor 488: https://www.thermofisher.com/antibody/product/Goat-anti-Mouse-lgG-H-L-Highly-Cross-
Adsorbed-Secondary-Antibody-Polyclonal/A-11029

VectaFluor Excel Amplified Anti-Mouse 1gG, DyLight”" 488 Antibody Kit: https://vectorlabs.com/products/antibodies/vectafluor-
excel- dylight-488-anti-mouse-igg-kit

HRP-conjugated goat anti-rabbit IgG: https://www.abcam.com/products/secondary-antibodies/goat-rabbit-igg-hl-hrp-ab6721.html
HRP-conjugated goat anti-mouse 1gG: https://www.abcam.com/products/secondary-antibodies/goat-mouse-igg-hl-hrp-ab6789.html|

Eukaryotic cell lines

Policy information about cell lines and Sex and Gender in Research

Cell line source(s) Hela cells were obtained from ATCC (CCL-2), VERO-E6 cells were obtained from ATCC (CRL-1586), VERO/TMPRSS2 cells were
produced in our laboratory (https://doi.org/10.1371/journal.ppat.1010498)

Authentication These cells were not authenticated by ourselves
Mycoplasma contamination We confirmed that there were no Mycoplasma contamination in our cultures

Commonly misidentified lines No commonly misdentified cell lines were used in this study
(See ICLAC register)




Animals and other research organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research, and Sex and Gender in

Research

Laboratory animals

Wild animals
Reporting on sex
Field-collected samples

Ethics oversight

2 month-old and 22 month-old Syrian golden hamsters were purchased from Janvier Laboratory. The animals were fed a standard
rodent chow (SAFE, Augy France) and were given water ad libitum.

The study did not involve wild animals
Findings described in this study apply for male hamsters
No field collected samples were used in the study.

All experiments involving SARS-CoV-2 were performed within the biosafety level 3 facility of the Institut Pasteur de Lille. The
protocols were validated by the local committee for the evaluation of the biological risks and complied with current national and
institutional regulations and ethical guidelines (Institut Pasteur de Lille/B59-350009). The experimental protocols using animals were
approved by the institutional ethical committee “Comite” d’Ethique en Experimentation Animale (CEEA) 75, Nord Pas-de-Calais”. The
animal study was authorized by the “Education, Research and and Innovation Ministry” under registration number
APAFIS#25041-2020040917227851v3.

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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