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Abstract

Background The coronavirus disease 2019 (COVID-19) outbreak revealed the susceptibility of elderly patients
to respiratory virus infections, showing cell senescence or subclinical persistent inflammatory profiles and favoring
the development of severe pneumonia.

Methods In our study, we evaluated the potential influence of lung aging on the efficiency of replication of influ-
enza A virus (IAV) and severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), as well as determining the pro-
inflammatory and antiviral responses of the distal lung tissue.

Results Using precision-cut lung slices (PCLS) from donors of different ages, we found that pandemic HTN1

and avian H5NT1 AV replicated in the lung parenchyma with high efficacy. In contrast to these AV strains, SARS-CoV-2
Early isolate and Delta variant of concern (VOC) replicated less efficiently in PCLS. Interestingly, both viruses showed
reduced replication in PCLS from older compared to younger donors, suggesting that aged lung tissue represents

a suboptimal environment for viral replication. Regardless of the age-dependent viral loads, PCLS responded to H5N1
IAV infection by an induction of IL-6 and IP10/CXCL10, both at the mRNA and protein levels, and to HIN1 IAV infection
by induction of IP10/CXCL10 mRNA. Finally, while SARS-CoV-2 and H1NT IAV infection were not causing detectable
cell death, H5N1 IAV infection led to more cytotoxicity and induced significant early interferon responses.

Conclusions In summary, our findings suggest that aged lung tissue might not favor viral dissemination, pointing
to a determinant role of dysregulated immune mechanisms in the development of severe disease.
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Introduction

Viral pneumonia induced by influenza A virus (IAV) and
severe acute respiratory syndrome coronavirus 2 (SARS-
CoV-2) is a leading cause of death from infectious dis-
eases worldwide [1-3]. Importantly, there is a profound
difference in clinical severity of coronavirus disease
2019 (COVID-19) depending on age. Specifically, while
advanced age is associated with higher risk for severe dis-
ease and death, children are rarely affected, and severe
pneumonia is unusual in this population [4]. On the
other hand, infection by IAV is associated with increased
mortality in older patients, but also poses a risk for severe
disease in young children [5-7].

The increased susceptibility of the elderly to severe
respiratory virus infections is due to a combination of
factors associated with aging, including comorbidities,
a decline in lung function, cellular senescence, and dys-
regulated immunity. This includes impairment of local
innate immune mechanisms, an hyperinflammatory phe-
notype related to age called “inflammaging’, and a decline
in humoral and cellular responses, termed “immunose-
nescence” [8—10]. Infection with a number of viruses,
such as measles virus, human respiratory syncytial virus,
and coronaviruses, can induce premature cellular senes-
cence [11]. Interestingly, infection of lung tissue by IAV
induced premature aging as indicated by the appearance
of senescent cells and subsequently, infection of senes-
cent cells resulted in increased viral replication [12].
Similarly, SARS-CoV-2 was shown to induce senescence
through multiple mechanisms with the potential to trig-
ger COVID-19-related “cytokine storm” and organ dam-
age [13].

Nevertheless, the impact of age and the local pul-
monary microenvironment on acute respiratory virus
infection has not been elucidated so far, mainly due to
experimental limitations and because no suitable ani-
mal model is available. Previous studies utilizing lung
explants, including unprocessed lung biopsies [14-18]
and precision-cut lung slices (PCLS) [19], have demon-
strated the high efficiency of IAV replication in cultured
lung tissue from the lower respiratory tract, making them
valuable models for studying IAV infection and viru-
lence. Lung explants have also been used to study the
replication potential of SARS-CoV-2 variants, the cellu-
lar tropism of both SARS-CoV and SARS-CoV-2, and the
subsequent immune responses [17, 18, 20, 21]. However,
these studies did not examine the influence of the tissue
donors’ age. Of note, we and others have demonstrated
an age-dependent susceptibility of the upper respiratory
epithelium towards respiratory virus infection [22, 23].
Thus, we hypothesized that the features of the lung from
older individuals, particularly the alveolar epithelium
of the distal lung, may influence viral replication and
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contribute to the adverse outcomes during IAV or SARS-
CoV-2 infections in the elderly. We employed a model
of respiratory virus infection based on PCLS cultures
[24-27]. This culture model preserves the bronchiolar
and alveolar structures with minimal changes during cul-
ture for up to two weeks [28], allowing the study of cell
behavior and cell—cell interactions in their native cellular
environment [27]. Due to these characteristics, PCLS are
bridging the gap between simple in vitro and complex
in vivo systems [25], by recapitulating pathophysiologi-
cal conditions and local inflammatory responses, that are
believed to occur in vivo [29]. The generation of defined
tissue sections ensures better homogeneity and repro-
ducibility, thus reducing the degree of variability between
the replicates [30, 31].

In this study, we investigated IAV and SARS-CoV-2
replication and pro-inflammatory and antiviral responses
induced by infection of “older” versus “younger” distal
lung tissue. We used human PCLS, obtained from sev-
eral donors with different ages, for viral infection studies
using an early isolate of SARS-CoV-2 and an isolate of the
Delta VOC, as well as the 2009 pandemic IAV HIN1 and
avian IAV H5N1.

Materials and methods

Biosafety statement

All experiments with infectious H5N1/A/turkey/Tur-
key/1/2005 and SARS-CoV-2 were performed in an
enhanced biosafety level 3 (BSL3) containment labora-
tory at the Institute of Virology and Immunology, Mit-
telhdusern, Switzerland, which followed the approved
standard operating procedures of BSL3 facility of relevant
authorities in Switzerland (authorization no. A202819).
All the personnel involved in these experiments received
advanced training and wore appropriate personal protec-
tive equipment, including Tyvek overall and hood, and a
Jupiter or Versaflo respirator with an HEPA filter system
(all 3 M).

Cell lines and culture conditions

Madin-Darby canine kidney type II (MDCK-II) cells
were kindly given by Georg Herrler (University of Vet-
erinary Medicine Hannover, Germany) and were cul-
tured in MEM (Thermo Fisher Scientific) supplemented
with 5% fetal bovine serum (FBS). Human embryonic
kidney 293 T (HEK-293 T) cells (American Type Cul-
ture Collection (ATCC), Manassas, USA; CRL-3216),
were maintained in DMEM supplemented with 10% FBS.
VeroE6 cells were kindly provided by Doreen Muth, Mar-
cel Miiller, and Christian Drosten (Charité, Berlin, Ger-
many) and cultured in DMEM GlutaMax supplemented
with 10% FBS and 1% HEPES (all Thermo Fisher Scien-
tific). VeroE6-TMPRSS2 cells (NIBSC Research Reagent
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Depository, UK) were cultured in DMEM GlutaMAX
with 10% FBS and 1X non-essential amino acids (Thermo
Fisher Scientific). When passaging, 200 pg/ml of gene-
ticin (G418) were added to the culture medium. All cells
were maintained in a humidified incubator at 37 °C, 5%
CO,.

Human precision-cut lung slice cultures

Human PCLS were prepared as previously reported by
us [32, 33]. Briefly, lung tissue distant from the tumor
edges resections (tumor-free margin of a minimum of
5 c¢m), with no signs of inflammation or emphysema,
were collected at the Inselspital, Bern University Hospi-
tal (approved by the Bernese Ethics Commission, license:
KEK-BE_2018-01801). All donors were informed and
signed a written consent before inclusion. All lung tissue
resections were tested for SARS-CoV-2 by qPCR. Once
in the lab, tissues were processed within six hours post-
surgery: 1 cm® low-melting agarose-perfused (2%) lung
tissues were cut in 400 pum slices in the Compresstome
VE-310-0Z Vibrating Microtome (Precisionary), follow-
ing the manufacturer’s recommendations. Slices were
placed in 12-well plates with DMEM GlutaMax medium,
1% FBS, HEPES 20 mM, and 1X Antibiotic—Antimycotic
(Thermo Fisher). PCLS were incubated at 37 °C, 5% CO,
in a humidified incubator, and medium was changed
every day for one to seven days prior infection.

Human well-differentiated primary nasal epithelial cells
Generation of human well-differentiated nasal epithe-
lial cell cultures (WD-NECs) was done as previously
described [32]. In short, primary NECs were obtained
commercially (Epithelix Sarl, Geneva, Switzerland). Cells
were seeded and maintained on 24-well transwell inserts
(Corning) at the air-liquid interface in MucilAir cul-
ture medium (Epithelix Sarl, Geneva, Switzerland) in a
humidified incubator at 37 °C, 5% CO,. Culture medium
was changed every three days.

Viruses

The eight-plasmid pHW2000 reverse genetics sys-
tem of HIN1 A/Hamburg/4/2009 (GenBank accession
nos.. GQ166207, GQ166209, GQ166211, GQ166213,
GQ166215, GQ166217, GQ166219, GQ166221) was
provided by Hans-Dieter Klenk (University of Marburg,
Marburg, Germany). For generation of infectious virus,
10° MDCK-II cells and 2x10° HEK-293 T cells were
seeded into 10 cm cell culture dishes and grown over-
night at 37 °C, 5% CO,. The co-culture was transfected
with the 8-plasmid set (2 pg of each plasmid) using Lipo-
fectamine 2000 transfection reagent (Fisher Scientific).
At 24 h post transfection, the cells were washed with PBS
and maintained in serum-free medium supplemented
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with 0.2% (w/v) of bovine serum albumin (BSA), 1% (v/v)
of penicillin/streptomycin, and 1 pg/ml of acetylated
trypsin. Passage 0 was obtained six days post-transfec-
tion, when the cell medium was collected, FBS was added
to a final concentration of 5% and cell debris was removed
by centrifugation (3000 rpm, 10 min, 4 °C). Two pas-
sages on MDCK-I], in the presence of trypsin, were per-
formed to obtain the working stock, which was titrated
on MDCK-II cells, as described below, before use. H5N1
A/turkey/Turkey/2005 was kindly provided by Dr. W.
Dundon, (IZSV Instituto Zooprofilattico Sperimentale
delle Venezie, Venice, Italy). Virus was passaged twice in
embryonated chicken eggs and allantoic fluid was clari-
fied using low-speed centrifugation as described previ-
ously [34]. A SARS-CoV-2 early isolate (SARS-CoV-2/
Miinchen1.1/2020/929, “Early isolate” in subsequent text
and figures), kindly provided by Daniela Niemeyer, Mar-
cel Miiller, and Christian Drosten (Charité, Berlin, Ger-
many), was passaged once in VeroE6 cells. To produce
the working stock, SARS-CoV-2 Early isolate was then
propagated once more in VeroE6 cells at a multiplicity
of infection (MOI) of 0.01 plaque forming unit (PFU)
per cell. Therefore, the respective volume of the original
isolate was added to the cells in DMEM GlutaMax sup-
plemented with 10% FBS and incubated for 36 h at 37 °C,
5% CO,. SARS-CoV-2 Delta isolate (SARS-CoV-2 Delta
AY.127 (hCoV-19/Switzerland/BE-IFIK-918-4879/2021,
L5109, passage of EPI_ISL_1760647)) [35] was passaged
three to four times accordingly on VeroE6-TMPRSS2
cells. Next, the supernatant was centrifuged to eliminate
cell debris, and then stored in aliquots at—70 °C. Next,
we performed whole genome sequencing of the SARS-
CoV-2 virus stocks used for the infection experiments,
with special focus on the polybasic cleavage site of the
spike protein, due to previous observation of rapid cell
culture-induced mutations [36]. We performed sequenc-
ing on viral RNA isolated from SARS-CoV-2 Early iso-
late- and Delta-infected VeroE6-TMPRSS2 cells. We
generated sequencing libraries using the Rapid Barcoding
Kit 96 V14 (SQK-RBK114.96) ONT (Oxford Nanopore
Technologies, https://nanoporetech.com) and sequenced
on an ONT MinIlON according to the manufacturer’s
instructions. We used ONT MinlON software version
24.2.16 to perform data acquisition and real-time high-
accuracy basecalling. Geneious Prime 2024.0.4 was
used to map (minimap2) fastq pass reads to the refer-
ence SARS-CoV-2/Wuhan-Hu-1 (GenBank accession
no. MN908947.3) to find variations and to create a con-
sensus sequence. We aligned the consensus sequences of
the Early and Delta isolates, and the reference Wuhan to
assess the polybasic cleavage site of the spike protein (Fig.
S1A).
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Infection of human precision-cut lung slice cultures

PCLS were infected one to seven days post-surgery
and experiments were conducted within four to ten
days post-surgery. Similarly-sized PCLS were infected
with either Mock or virus at 10° PFU of IAV H5N1/A/
turkey/Turkey/2005 and HI1N1/Hamburg/4/2009 or
SARS-CoV-2 Early and Delta isolate, in 750 pL infection
medium (DMEM GlutaMAX, supplemented with 0.1%
FBS, 100 units/ml of penicillin and 100 pg/ml strepto-
mycin, and 2.5 pg/ml of Amphotericin), for 2 h at 37 °C,
5% CO,. Afterwards, PCLS were washed twice with PBS
with Ca** and Mg?", to remove residual virus inoculum
and then fresh growth medium (DMEM GlutaMAX, sup-
plemented with 1% FBS, 100 units/ml of penicillin and
100 pg/ml streptomycin, and 2.5 pg/ml of Amphotericin)
was added. Every 24 h medium was changed and 4, 24,
48, and 72 h post-infection (h p.i.), PCLS were collected
for RNA extraction in ice-cold TRIzol reagent (Thermo
Fisher) or washed twice in PBS, transferred to embed-
ding cassettes, and then fixed in 4% formalin for 24 h
until further processing for immunohistochemistry and
immunofluorescence staining. Supernatants from indi-
cated timepoints were collected before the daily medium
change and frozen at — 70 °C until further processing.

RNA isolation and quantitative PCR

RNA isolation of PCLS was performed by the combina-
tion of two procedures, as previously described [33].
PCLS were placed into MagNA Lyser Green Beads tubes
(Roche Diagnostics) with 700 pl ice-cold TRIzol reagent
and disrupted in a Bullet Blender Tissue Homogenizer
(Next Advance). After the separation of phenol-chloro-
form, approx. 250 ul aqueous phase was mixed 1:1 with
75% ethanol and transferred into the Zymo-Spin IC Col-
umn from the RNA Clean & Concentrator Kit (Zymo
Research). RNA clean-up and collection was done fol-
lowing the manufacturer’s instructions.

RNA of WD-NECs was extracted using the Nucleospin
RNA Plus Kit (Macherey—Nagel) according to manufac-
turer’s protocol. For the detection of viral RNA (except
HINT1) and host mRNA, the Omniscript RT kit (Qiagen)
using random hexamers (Thermo Fisher Scientific) was
used for reverse transcription and synthesis of comple-
mentary DNA (cDNA). Quantitative PCR (qPCR) was
performed on an ABI Fast 7500 Sequence Detection Sys-
tem (Applied Biosystems) with target-specific primers,
using the TagMan Gene Expression Assay (Applied Bio-
systems) or the Fast SYBR Green Assay (Thermo Fisher
Scientific). For HIN1/A/Hamburg/4/2009, one-step
c¢DNA synthesis and qPCR were performed on a 7500
Real-Time PCR System (Thermo Fisher Scientific) using
the AgPath-ID One-Step RT-PCR kit (Thermo Fisher
Scientific) with target-specific primers. Results were
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analysed using SDS software (Applied Biosystems), with
relative expression calculated using the AACT method as
described [37]. Expression levels for the genes of interest
were normalized to the housekeeping genes 18S riboso-
mal RNA (rRNA) or beta-2-microglobuline (B2M) [33,
38-47]. The sequences and concentrations of primers
and probes used are listed in Table 1. For H5N1 A/tur-
key/Turkey/2005, the Flu panA mod primer and probes
were used and for HIN1/Hamburg/4/2009, they were
combined with the Flu M swine reverse primer [43].

Infectious virus titration

For IAV titration, MDCK-II cells were seeded at 10°
cells/well density into 96-well plates and cultured over-
night before infection. The virus samples were tenfold
serial-diluted in serum-free growth medium, and each
sample was titrated in duplicate (40 pl inoculum/well).
After a 90-min adsorption at 37 °C, an overlay contain-
ing MEM with 1% (w/v) methylcellulose, 2% FBS and 1%
(v/v) penicillin/streptomycin solution was added to each
well (160 pl). 24 h p.i. cells were washed twice with pre-
warmed PBS and fixed in 4% formalin for 15 min. This
was followed by two 0.1 M glycine-quench washes, and
a 5-min permeabilization with 0.25% (v/v) of Triton
X-100 in PBS. Primary antibody staining against viral
nucleoprotein (NP) was performed using the mouse
monoclonal HB-65 (ATCC, clone H16-L10-4R5) anti-
body diluted 1:50 in PBS, followed by the secondary anti-
body goat anti-mouse IgG conjugated to Alexa Fluor 488
(ThermoFisher), diluted 1:500 in PBS. Both antibodies
were incubated for 1 h at 21 °C and were each followed
by three washing steps with PBS. The infected cell foci
were counted manually using the Observer.Z1 fluores-
cence microscope (Zeiss, Feldbach, Switzerland) using a
10 X magnification objective, and based on this the virus
titers were calculated as PFU/ml. For SARS-CoV-2 titra-
tion, VeroE6 cells were seeded at 3x 10° cells per 24-well
plate and cultured overnight before infection. The sam-
ples were diluted 1:2 and in a 1l:tenfold serial dilution
and added to the wells. After 1 h of incubation at 37 °C,
5% CO,, the medium was removed and cells were over-
layed with a 1:1 mix of DMEM, 20% FBS, 2X HEPES, 2X
Pen/Strep and 2.4% Avicel. 48-72 h later, the overlay was
removed, cells were washed with PBS, fixed in 4% forma-
lin for 15 min, and stained with crystal violet for another
15 min. Then, wells were washed with tap water and
dried before plaques were counted. Virus titers were cal-
culated as PFU/ml.

Immunohistochemistry

Formalin-fixed PCLS were embedded in paraffin using
a standard protocol by the COMparative PATHology
platform (COMPATH) at the Institute of Pathology
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Table 1 List of gPCR primer and probe sequences and concentrations used

Human/Viral gene Oligo Sequence (5'-3') Final conc. (nM) Reference
18S rRNA FW CGCCGCTAGAGGTGAAATTC 500 [39]
RV GGCAAATGCTTTCGCTCTG 500
P FAM-TGGACCGGCGCAAGACGGA-BHQ 125
B2M FW CTCCGTGGCCTTAGCTGTG 1000 [33]
RV TTTGGAGTACGCTGGATAGCCT 1000
IFN-B FW CGCCGCATTGACCATCTA 300 [38]
RV TTAGCCAGGAGGTTCTCAACAATAGTGTCA 900
p FAM-TCAGACAAGATTCATCTAGCACTGGCTGGA-BHQ1 100
IFN-A1/1L-29 FW GGACGCCTTGGAAGAGTCACT 300 [46]
RV AGAAGCCTCAGGTCCCAATTC 900
P FAM-AGTTGCAGCTCTCCTGTCTTCCCCG-BHQ1 100
IFN-A2/3/IL-28 FW CTGCCACATAGCCCAGTTCA 300 [46]
RV AGAAGCGACTCTTCTAAGGCATCTT 900
p FAM-TCTCCACAGGAGCTGCAGGCCTTTA-BHQ1 100
IP10/CXCL10 FW CCATTCTGATTTGCTGCCTTATC 900 [40]
RV GCAGGTACAGCGTACAGTTCT 900
p FAM-CTGACTCTAAGTGGCATTCAAGGAGTACCTCTCTC-TAMRA 100
IL-6 FW CCAGGAGCCCAGCTATGAAC 300 [41]
% CCCAGGGAGAAGGCAACTG 900
p FAM-CCTTCTCCACAAGCGCCTTCGGT-TAMRA 100
ACE2 FW CATTGGAGCAAGTGTTGGATCTT 1000 [44]
RV GAGCTAATGCATGCCATTCTCA 1000
p FAM-CTTGCAGCTACACCAGTTCCCAGGCA-MGBQ500 125
TMPRSS2 FW Sequence information not given by the manufacturer Applied biosystems,
TagMan gene expression
assay
RV Hs01122322_m1
p
SARS-CoV-2 E Sarbeco FW ACAGGTACGTTAATAGTTAATAGCGT 400 Adapted from [42]
RV ATATTGCAGCAGTACGCACACA 600
P1 FAM-ACACTAGCCATCCTTACTGCGCTTCG-BBQ 125
Flu panAmod FW AGATGAGYCTTCTAACCGA 500 [43]
RV GCAAAGACATCTTCAAGTYTC 250
p FAM-TCAGGCCCCCTCAAAGCCGA-BHQ1 250
Flu M swine RV GCAAAGACACYTTCCAGTCTC 250 [43]
CDK2NA (p16) FW TGAGCTTTGGTTCTGCCATT 1000 [47]
RV AGCTGTCGACTTCATGAC AAG 1000

FW forward, RV reverse, P probe

and Institute of Animal Pathology, University of Bern,
Switzerland. Briefly, PCLS were dehydrated in an etha-
nol series (70%, 96%, 100%, Grogg), cleared with xylol
(Sigma-Aldrich), and embedded in paraffin. Using a Leica
RM2135 microtome (Leica Biosystems), 7 um thick sec-
tions were cut and mounted on glass slides (Fisherbrand
Superfrost Plus, Fisher Scientific). For dewaxing, the
slides were incubated at 60 °C for 1 h, followed by rehy-
dration with three times xylol and a series of descend-
ing concentrations of ethanol (2x100%, 2x95%, 80% to

70%). For immunohistochemistry, endogenous peroxi-
dase activity was inhibited by 3.25% H,O, in 70% metha-
nol for 10 min at room temperature followed by washing
the slides in PBS. For antigen retrieval, the slides were
then boiled using a microwave in 10 mM citrate buffer
(pH 6.0) for two times 5 min. After washing in PBS, sam-
ples were incubated in PBS with 1% BSA (Sigma-Aldrich)
for 30 min at room temperature to block nonspecific
antibody binding. Then, primary antibody targeting the
nucleocapsid (N) protein of SARS-CoV-2 (Rockland,
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1:27500, rabbit polyclonal IgG) in PBS with 1% BSA was
incubated over night at 4 °C in a humidified chamber.
After washing, slides were incubated with biotinylated
goat anti-rabbit (DAKO), followed by HRP-conjugated
streptavidin (DAKO), both for 10 min at room tempera-
ture protected from light, with an interposed washing
step. Next, slides were washed in PBS and AEC-substrate
chromogen was incubated for 10 to 15 min at room
temperature. Then, slides were washed in tap water, fol-
lowed by distilled (d)H,O and hematoxylin staining of the
nuclei for 2 min. Afterwards, slides were again washed in
tap water followed with dH,O. Slides were then covered
with Aquatex mounting media (Merck) and a coverslip.

Immunofluorescence

After 24 h, formalin-fixed PCLS were washed twice with
PBS and stored in 70% ethanol at 4 °C, until further pro-
cessing. For staining, the ethanol was removed by three
10-min washes in PBS at room temperature. Permeabi-
lization was done with PBS-Triton X-100 0.3% supple-
mented with 2% BSA for 15 min at room temperature.
Blocking was then performed with PBS-Triton X-100
0.3% supplemented with 30 mg/ml milk powder and 10%
EBS (blocking solution), for 1 h at room temperature.
Primary antibody against advanced glycosylation end-
product specific receptor (AGER, R&D Systems, 1:250),
pro-surfactant protein C (pro-SFTPC, Novus Biologicals,
1:800), IAV nucleoprotein (NP, 1:50), and SARS-CoV-2
nucleocapsid protein (N, clone E16C, Fisher Scientific,
1:25) were diluted in blocking solution and then added
and incubated overnight at 4 °C. This was followed by
three 10-min washes in PBS-Triton 0.1% at room tem-
perature. Finally, the secondary antibody donkey anti-
goat IgG (1:400, AGER) or goat anti-rabbit IgG (1:400,
pro-SFTPC), both conjugated to Alexa Fluor 546, goat
anti-mouse IgG (1:500, IAV) or goat anti-mouse IgG2b
(1:250, SARS-CoV-2), both conjugated to Alexa Fluor
488, Phalloidin conjugated to Alexa Fluor 546 (1:100,
for IAV staining only), and DAPI staining at 1:1000 dilu-
tion, in blocking solution was added to the PCLS and
incubated for 5 h at 4 °C. The samples were mounted on
glass slides using the EMS Shield Mount with DABCO
(AGER and pro-SFTPC, EMS, USA), ProLong Gold
antifade reagent (IAV, Fisher Scientific), or Mowiol
(SARS-CoV-2, Merck/Calbiochem). All the incubations
and washing steps were performed under soft rock-
ing for better results. The imaging was performed using
the Nikon confocal A1 microscope (IAV NP, Phalloidin)
or by laser scanning confocal microscopy using Olym-
pus FV3000 with FluoView FV3000 system software
(SARS-CoV-2 N, AGER, pro-SFTPC) and Zeiss LSM 710
(AGER, pro-SFTPC). Images were processed and ren-
dered in the Nikon NIS Elements Confocal version 4.30
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software (IAV) and Fiji, or Image] image processing pack-
age v1.54f or v1.53q, respectively (SARS-CoV-2, AGER,
pro-SETPC).

Cytotoxicity assay

Lactate dehydrogenase (LDH) release was assessed in
the supernatants (four technical replicates per sample) of
Mock-, SARS-CoV-2-, and IAV-infected PCLS using the
CytoTox 96 Non-Radioactive Cytotoxicity Assay (Pro-
mega) following manufacturer’s instructions. Absorbance
was measured at 490 nm with the Biotek 800 TS absorb-
ance reader (Agilent technologies). To calculate the per-
centage of cytotoxicity, growth medium background
was subtracted and resulting values were divided by the
maximum LDH release, which was obtained by taking
the supernatant of PCLS, treated with 2% Triton X-100
(Merck) for 4 h at 4 °C.

Immunoassay

In supernatants harvested 48 h p.i., protein levels of
type I (beta) and type III (lambda 1/3) interferons (IFNs)
and interleukin 6 (IL-6), as well as IFN gamma-induced
protein 10 (IP10/CXCL10) were measured with the
DuoSet ELISA kits (R&D Systems) following manufac-
turer’s instructions. Absorbance was measured at 450 nm
with the Biotek 800 TS absorbance reader (Agilent
technologies).

Statistical analysis

Statistical analysis was performed using GraphPad Prism
v9 and v10. The specific statistical tests used are indi-
cated in the figure legends.

Results

PCLS cultures from aged lungs present a senescent
phenotype

To investigate the impact of aging on respiratory virus
infection, lung tissue from donors with ages ranging
from 36 to 81 years old were used to generate PCLS cul-
tures (Fig. 1A and Table 2). PCLS retained the native
microstructure and cellular composition of the alveolar
epithelium, as confirmed by staining for the advanced
glycosylation end-product specific receptor (AGER),
which is expressed at high baseline levels primarily in
alveolar type 1 cells [48], and for pro-surfactant protein
C (SFTPC), a marker for alveolar type 2 cells (Fig. 1B, C).
Further, we observed a significant association between
tissue donor age and mRNA levels of the senescence
marker CDKN2A (pl6), indicating higher frequency
of senescent cells in PCLS obtained from older donors
(Fig. 1D).
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A Cohort of tissue donors

30 40 50 60 70 80 90
Age (years)

Age Diagnosis

m 66.0 NSCL (Squamous) 4
SD 12.0 NSCL (Adeno) 12
Cl 5.0 Lung metastasis of other origin 4
Cl95%up 71.0 Others

Cl95% dw 61.0

Sex Diabetes

male 17 Type Il diabetes

female 5 no 16
% m 773

Smoking Cardiovascular disease

unknown 8 Coronary heart disease

former 5 Valvular heart disease

current 6 no 16
never 3
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Fig. 1 PCLS cultures from aged lungs present a senescent phenotype. A Violin plot representing the age distribution of the individual donors used
for the generation of the PCLS cultures. The dashed vertical line indicates the median value, whereas the dotted lines indicate the interquartile
ranges. Each symbol represents an individual donor. The table summarizes patient’s characteristics: age (mean, m; standard deviation, SD;
confidence interval, Cl; down, dw), sex (% male, m), smoking status (n), diagnosis, and other comorbidities, specifically diabetes and cardiovascular
disease. B, C Representative confocal microscopy evaluation of PCLS stained for (B) AGER, highly expressed in alveolar type 1 cells, or (C)

the alveolar type 2 cell marker pro-SFTPC. Micrographs are projections of 3D captures. Magnification 10X and 30X. AGER and pro-SFTPC, red;

DAPI, light blue. D Correlation of deltaCt CDKN2A (p16) (deltaCt=Ct CDKN2A-Ct B2M) and donor age. Association was tested using the one-tailed
Spearman rank correlation test, whereas the correlation coefficient (r) is given and a p value lower than 0.05 (*), 0.005 (**),0.0005 (***), 0.0001 (****)

is significant. Each symbol represents an individual donor

Human PCLS are productively infected by pandemic

and avian IAV strains

We first studied the effect of age on IAV infection using
pandemic HIN1 and avian H5N1 strains. Specifically,
we infected PCLS from three and four donors (64, 72, 81
and 36, 73, 78, 81 years old, respectively) with 10° PFU
of A/Hamburg/4/2009 (H1IN1) or A/turkey/Turkey/2005
(H5N1), respectively. Two h p.i., PCLS were washed
twice and incubated at 37 °C for 4 to 72 h. To preserve
tissue viability, culture medium was changed every day,
and at selected time points p.i., individual PCLS from the
same donor were harvested for further analysis (Fig. 2A).

Immunofluorescence analysis using the cytoskeleton
component F-actin indicated a preserved alveolar micro-
structure, both in non-infected controls (Mock) and
IAV-infected PCLS at all the time points p.i. analyzed
(Fig. 2B). Furthermore, the frequency of IAV NP-posi-
tive cells increased over time and individual NP-positive
cells, as well as foci of infected cells, spread within the
PCLS, suggesting productive IAV replication (Fig. 2B).
Accordingly, infectious titers in the tissue culture super-
natant were low at 4 h p.i. but increased in the following
time reaching a maximum of about 10° PFU/ml at 24 h
p.i. (Fig. 2C). Notably, HIN1 replicated in human PCLS
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No Age Sex Smoking status Diagnosis Diabetes CVD

1 81 Male Unknown NSCL (Squamous Ca) type ll Coronary heart disease, arrhythmia

2 72 Male Unknown NSCLC (Adeno Ca) No No

3 66 Male 15 py, former smoker NSCLC (Adeno Ca) No No

4 50 Female Most probably never smoker Lung metastasis of Melanoma No No

5 55 Male 50 py, smoker NSCLC (Adeno Ca) No No

6 68 Female  Unknown NSCLC (Adeno Ca) No No

7 70 Male Unknown NSCLC (Adeno Ca) No No

8 55 Male 35 py, smoker Benign (lymphocytic nodule) No No

9 59 Male Undetermined py, current smoker NSCLC (Adeno Ca) No No

10 46 Male 25 py, current smoker Lung metastasis of Ca of testicle  No No

11 69 Male 30py, former smoker NSCLC (Squamous Ca) No No

12 66 Male 30 py NSCLC (Adeno Ca) No No

13 6l Male 22 py, stopped 2018 NSCLC (Adeno Ca) Type Il No

14 73 Male 60 py, stopped 2021, now e-cigarettes  NSCLC (Squamous Ca) Type Il No

15 36 Male Unknown Lung metastasis of colon Ca No No

16 81 Male Never smoker NSCLC (Adeno Ca) No Coronary heart disease, valvular heart
disease

17 72 Female  Unknown Atypical carcinoid Type Il Hypertensive and valvular heart disease

18 64 Female  Unknown NSCLC (Adeno Ca) No No

19 73 Female 20 py, stopped 19 years ago NSCLC (Adeno Ca) No No

20 78 Male Unknown Lung metastasis of Melanoma No Hypertensive and valvular heart disease

21 78 Male Never smoker NSCLC (Adeno Ca) Type ll Coronary heart disease

2280 Male 60 py NSCLS (Squamous Ca) Type ll coronary Heart disease

Ca carcinoma, NSCLC Non-small cell lung cancer, py pack-years, CVD cardiovascular disease

in the absence of exogeneous trypsin, indicating that
cellular proteases were present that cleaved the HIN1
hemagglutinin (HA) at the monobasic cleavage site [49—
51]. While tissue-associated viral RNA levels for HIN1
reached highest levels 24 h p.i. and remained high, viral
RNA levels for H5N1 decreased about 1-2 logs from 24
to 72 h p.i. in PCLS from all the four donors (Fig. 2D).
Of note, RNA levels of HIN1 and H5N1 cannot be com-
pared to each other due to distinct qPCR assays used. For
further correlation analysis, we used tissue-associated
viral RNA levels which, in contrast to live virus release,
can be normalized to the cell number within the tissue
using the housekeeping 18S rRNA. Overall, viral RNA
loads for both, HIN1 and H5N1, were significantly lower
in aged tissue as shown in relation to donor age as well as
to the expression of the senescence marker p16, indicat-
ing that aging lung cells do not provide an optimal repli-
cation environment for IAV (Fig. 2E, F).

Low level of SARS-CoV-2 replication in human PCLS

Next, we investigated if this age-effect towards IAV rep-
lication was also observed with another significant res-
piratory virus, SARS-CoV-2. Entry into target cells is
mediated through binding of the viral trimeric spike

protein to the cell surface receptor angiotensin-con-
verting enzyme 2 (ACE2) after priming by transmem-
brane protease serine subtype 2 (TMPRSS2) [52-54].
Thus, expression of ACE2 and TMPRSS2 mRNAs in
PCLS was confirmed in selected donors. However, ACE2
mRNA levels were found to be lower in PCLS com-
pared to primary human nasal epithelial cells (Fig. 3A).
Next, using an early clinical isolate of SARS-CoV-2
(Miinchen1.1/2020/929, “Early isolate”) and the VOC
SARS-CoV-2 Delta, infection experiments were per-
formed on PCLS generated from a cohort of donors of
various age (36-81 years old). PCLS were exposed to
10° PFU of SARS-CoV-2 and processed as illustrated in
Fig. 3B. Immunohistochemistry and immunofluores-
cence analysis revealed foci of infection at different struc-
tural localizations, suggesting a variable cell tropism of
SARS-CoV-2 (Fig. 3C, D). In contrast to the high titers
measured for IAV-infected PCLS, both SARS-CoV-2
Early and Delta isolates, replicated to lower levels, peak-
ing at around 10° PFU/ml (Fig. 3E). Whole genome
sequencing of both isolates confirmed the absence of
deletions or mutations at the spike polybasic cleavage
site, which might impair viral replication [36]. While
40% of the Early isolate have a 686S, there is a mutation
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Fig. 2 Human PCLS are productively infected by pandemic and avian IAV strains. A PCLS were infected one to seven days after generation with 10°
PFU of IAV HINT A/Hamburg/4/2009 or HSN1 A/turkey/Turkey/2005. After 2 h PCLS were washed twice with PBS. Culture medium was changed
daily. 4, 24, 48, and 72 h p.i. supernatants and PCLS were harvested for further analysis. B Representative confocal microscopy evaluation

of Mock- and H1N1-infected PCLS, 4, 24, 48, and 72 h p.i. a, DAPI; b, IAV nucleoprotein (NP); ¢, F-actin; d, merge: DAPI, blue; IAV NP, green; F-actin, red.
Scale bars, 100 um. C Supernatants of infected PCLS were analyzed with a PFU assay. Each line represents an individual donor. D Tissue-associated
viral RNA loads per 18S rRNA in PCLS over time following IAV infection. Dotted line represents the detection limit. E Correlation of tissue-associated
viral RNA and donor age. F Correlation of tissue-associated viral RNA and deltaCt CDKN2A (p16) (deltaCt=Ct CDKN2A-Ct B2M). Association

was tested using the Spearman rank correlation test. Each symbol represents an individual donor at 24 h (circle), 48 h (square), or 72 h p.i. (triangle).

IAVHINT, n=3 and H5N1, n=4

in 50% leading to a S686G amino acid change. The Delta
isolate has the expected variant defining mutation lead-
ing to P681R [55] (Fig. S1A). Furthermore, we assessed
extracellular viral RNA of 14 PCLS donors infected with
SARS-CoV-2 Early isolate and found notable levels at
different timepoints p.i. (Fig. 3F). Overall, tissue-asso-
ciated viral RNA levels increased during 24 to 48 h p.i.

for SARS-CoV-2 Early isolate-infected PCLS. After 48 to
72 h p.i., we could observe a plateau or slightly decreasing
levels for most donors and of about 1.6 to 2 logs in three
out of 14 donors (Fig. 3G). Interestingly, within 48 h p.i.
Delta isolate-infected PCLS showed an increase in tissue-
associated viral RNA of about one to two logs for most
donors tested. Thereafter, a plateau was reached too
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(Fig. 3G). Furthermore, for SARS-CoV-2 Early isolate-
infected PCLS, significantly lower viral RNA levels with
increasing donor age as well as with increasing CDK2NA
(p16) expression were measured. For Delta-infected
PCLS we could observe a trend towards lower viral
RNA levels with increasing age and senescence marker
CDKN2A (p16). Altogether, our data indicate that aged/
senescent PCLS are less permissive to SARS-CoV-2 rep-
lication (Fig. 3H, I). Furthermore, elevated ACE2 mRNA
levels were correlated with increased p16 expression but
showed no association with older age (Fig. S2A). Finally,
ACE2 gene expression did not change upon SARS-CoV-2
infection, an observation reported as well by others (Fig.
S2B) [18]. In summary, PCLS generated from lungs of
older compared to younger individuals are less suscepti-
ble to SARS-CoV-2 infection, a feature that among other
factors, might be related to CDK2NA (p16) levels but
independent of the ACE2 cell-surface receptor.

IAV induces cytotoxicity and a robust pro-inflammatory
response in human PCLS

To investigate the impact of viral infection on the via-
bility of lung tissue, we evaluated cytotoxicity using a
LDH assay. Avian H5N1 IAV and SARS-CoV-2 Early
isolate infections led to elevated release of LDH after
72 or 48-72 h p.i., respectively. While in comparison
to Mock, avian H5N1 IAV infection led to elevated,
although not significant, release of LDH (p=0.07),
there was little cytotoxicity upon HIN1 pandemic IAV
or SARS-CoV-2 infection (Fig. 4A, Fig. S3A). Of note,
there was no association of cytotoxicity with donor
age (Fig. S4A). Considering the robust inflammatory
responses induced by IAV and SARS-CoV-2 infections
in vivo [56-63], we evaluated the pro-inflammatory and
antiviral responses of PCLS following infection with
both viruses. To do so, we measured the mRNA and
protein levels of type I (beta) and type III (lambda 1/3)

(See figure on next page.)
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IFNs and IL-6, as well as IP10/CXCL10. Up to 72 h p.i.
with SARS-CoV-2 (both Early as well as Delta isolates),
there was limited induction of IFNs, both at the mRNA
and protein levels (Fig. 4B, C Fig. S3B, C), most likely
reflecting the low level of SARS-CoV-2 replication in
PCLS (Fig. 3E, F, G). On the other hand, HIN1-infected
PCLS revealed a tendency towards higher IFN mRNA
levels and avian H5N1 infection induced significant
IEN responses as early as 24 h p.i. Specifically, in com-
parison to Mock-infected PCLS, H5N1 induced about
one log, three logs, and four logs higher mRNA expres-
sion levels of IFN-B, IFN-A1, and IFN-A2/3, respectively
(Fig. 4B, Fig. S3D, E). In line, HIN1 infection led to the
release of IFNs in one out of two donors measured, and
H5N1 infection induced significant release of both,
IEN- B and IFN-A1/3. This is also in line with rapid
virus replication and high viral RNA levels for H5N1
24 h p.i. (Fig. 2C, D). In addition, the early and remark-
able antiviral response might explain the rapid decrease
of H5N1 viral RNA thereafter, 48 to 72 h p.i. (Fig. 2D).
The mRNA level of IFN-A2/3 was notably positively
correlated with donor age in SARS-CoV-2 Early iso-
late-infected PCLS, but not in other conditions. This
suggests that the early, non-human-adapted variant of
SARS-CoV-2 may have had a less efficient mechanism
for evading the IFN system (Fig. S4B-E). Compared
to Mock and SARS-CoV-2 Early isolate, Delta isolate-
infected PCLS showed a trend toward higher mRNA
and protein levels of IL-6 and IP10/CXCL10, although
this difference was not statistically significant. This is
likely due to the small sample size and variability, even
within the Mock condition. A similar tendency in terms
of IL-6 induction was observed for H1NI1-infected
PCLS. In contrast, H5N1 infection induced significant
IL-6 expression on mRNA and protein levels 72 h p.i.
and 48 h p.i, respectively. Notably, both IAV strains led
to significant induction of IP10/CXCL10 expression

Fig. 3 SARS-CoV-2 infection of human PCLS is leading to a low level of replication. A ACE2 and TMPRSS2 mRNA levels per 18S rRNA in PCLS

of selected donors. Boxplots indicate the median value (centerline) and interquartile ranges (box edges), with whiskers extending to the lowest
and the highest values. (ACE2, n=15; TMPRSS2, n=4). Fold difference was calculated by comparing the median ACE2 expression of all the PCLS
(n=15) and WD-NEC (n=3) donors tested. B PCLS were infected one to seven days after generation with 10° PFU of SARS-CoV-2 (SARS-CoV-2/
Munchen1.1/2020/929; Early isolate) and Delta isolate (Delta AY.127, hCoV-19/Switzerland/BE-IFIK-918-4879/2021). After 2 h PCLS were washed

twice with PBS. Growth medium was changed daily. 4, 24,48, and 72 h p.i. supernatants and PCLS were harvested for further analysis. C Histological
section of a representative Mock- and SARS-CoV-2 Delta isolate-infected PCLS 48 h p.i, stained for the nucleocapsid (N) protein and counterstained
for hematoxylin. D Representative confocal microscopy evaluation of Mock- and SARS-CoV-2 Early isolate-infected PCLS 48 h p.i,, stained for DAPI
(grey) and SARS-CoV-2 N protein (green). a, Mock; b-e, SARS-CoV-2 Early isolate-infected PCLS. a-c, micrographs are projections of 3D captures. a-e,
magnification 10X. E Supernatants of infected PCLS were analyzed with a PFU assay. Early isolate, n=18; Delta isolate, n=7. F Extracellular viral RNA
in the supernatant of SARS-CoV-2 Early isolate-infected PCLS over time expressed as viral RNA copies per ml (n=14). G Tissue-associated viral RNA
loads per 18S rRNA in PCLS over time following SARS-CoV-2 infection. Dotted line represents the detection limit. Early isolate, n=15; Delta isolate,
n="7 H Correlation of tissue-associated viral RNA and donor age. I Correlation of tissue-associated viral RNA and deltaCt CDKN2A (p16) (deltaCt=Ct
CDKN2A-Ct B2M). Association was tested using the Spearman rank correlation test. Each symbol represents one individual donor at 24 h (circle),

48 h (square), or 72 h p.. (triangle)
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Fig. 3 (Seelegend on previous page.)

as early as 24 h p.i. (Fig. 4D, E, Fig. S3B-E). With the
exception of HIN1-infected PCLS, where higher IP10/
CXCL10 mRNA levels were associated with older
donor age, no correlation was observed between donor

age and mRNA levels of IL-6 or IP10/CXCL10 in other
conditions (Fig. S4B-E). Altogether, SARS-CoV-2 is less
cytotoxic and a weaker inducer of pro-inflammatory
mediators compared to IAV H5N1.
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Fig. 4 |AVis cytotoxic and induces a robust pro-inflammatory response in human PCLS. A Cell death (%), calculated from lactate dehydrogenase
(LDH) release in PCLS, exposed to 10° PFU of SARS-CoV-2 Early or Delta isolate, and IAV HINT or H5N1 over time. A two-way ANOVA and Tukey’s
multiple comparisons test was applied to compare the different groups to Mock (not significant) and the different timepoints of a group to its 4 h
p.i. timepoint. Each symbol represents an individual donor. B IFN-B, IFN-A1, IFN-A2/3 and (D) IL-6, IP10/CXCL10 mRNA expression levels per 185
rRNA over time. A two-way ANOVA and Tukey's multiple comparisons test was applied to compare the different groups. C IFN-3 and IFN-A1/3,

and E IL.-6 and IP10/CXCL10 protein levels in supernatants harvested 48 h p.i. in pg/ml. A Kruskal-Wallis test with Dunn’s multiple comparisons

test was applied to compare infection groups to Mock. The dotted line represents the detection limit of the assays. Mock, black; SARS-CoV-2 Early
isolate, green; SARS-CoV-2 Delta isolate, blue; IAV HINT, orange; IAV H5N1, yellow. Boxplots indicate the median value (centerline) and interquartile
ranges (box edges), with whiskers extending to the lowest and the highest values

Discussion

In this study, we explored the impact of donor age on
the susceptibility of the human distal lung epithelium to
respiratory virus infection. To do so, we used an ex vivo
model based on PCLS cultures prepared from lung tissue
of individuals spanning from 36 to 81 years of age. Our
data demonstrate that tissue donor age is associated with
distinct susceptibility of PCLS to IAV and SARS-CoV-2
infection, with PCLS from older versus younger donors
being less permissive to both viruses. Furthermore, while

SARS-CoV-2 infection was leading to little cell death
and triggered only limited host responses, IAV infection,
especially H5N1, caused more cytotoxicity and robust
pro-inflammatory responses.

The differential replication potentials in the distal lung,
high for several IAV strains and low for SARS-CoV-2
variants, have been previously documented using unpro-
cessed lung explants and PCLS [16-18, 21]. In contrast,
when comparing donors of different ages, PCLS offer
greater homogeneity and reproducibility compared to
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unprocessed lung explants. This is due to the precision in
cutting and the ability to generate consecutive slices from
the same lung biopsy, which reduces variability between
sample replicates. However, the availability of human
lung tissue is limited, which in turn restricts the number
of experimental conditions that can be tested. Regard-
ing the experimental size, due to recruitment limitations,
less lung tissue from patients with young age could be
obtained. While SARS-CoV-2 Early and Delta isolates
replicated at low levels in PCLS, IAV HIN1 and H5N1
replication resulted in the release of significant amounts
of infectious viral particles into the culture supernatant.
The disparate susceptibility of PCLS to SARS-CoV-2 and
IAV infection is possibly due to differences in the alveo-
lar cell surface expression of cognate virus receptors. For
instance, ACE2 expression was lower in PCLS compared
to WD-NEC cultures and has been shown to gradually
decrease from the upper to the lower human respiratory
tract and thereby relating to virus infectivity [64]. A simi-
lar coherence of receptor expression levels and suscep-
tibility to SARS-CoV-2 infection was recently reported
for human placenta explants [65]. Furthermore, using a
high-sensitivity RNA in situ mapping approach, ACE2
was revealed to be expressed in less than 1% of alveolar
type 2 cells [64, 66, 67]. In alveolar organoids, Honzke
et al. showed limited permissiveness of the human distal
lung for SARS-CoV-2 infection due to sparse ACE2 lev-
els and that viral replication can be increased by ACE2
overexpression [18]. Nevertheless, SARS-CoV-2 infec-
tion of the lower respiratory tract was shown in patho-
logical samples of COVID-19 patients [68, 69]. The virus
likely reaches the distal lung via droplets aspiration from
the naso- and oro-pharynx, although the exact mecha-
nisms are unknown. In contrast, the HA of IAV primar-
ily binds to sialic acid residues (SA, N-acetylneuraminic
acid), that are part of cell surface glycoconjugates which
mediate virus attachment to the host cell [70]. The bind-
ing of human and avian IAV to SA in a2,6- and «2,3-
glycosidic linkage, respectively, is believed to be an
important species barrier [71-73]. While SAa2,6 resi-
dues are abundantly expressed on airway cells through-
out the conducting airways [74, 75], SAa2,3 residues are
predominantly expressed by alveolar type 2 cells and resi-
dent macrophages of the distal lung and less abundantly
expressed in the human upper respiratory tract. Accord-
ingly, avian IAV was shown to replicate efficiently in the
lower respiratory tract while replication in the upper
respiratory tract is very limited [71-73]. Consequently,
human-to-human transmission of avian IAV such as the
highly pathogenic H5N1 is rare [76]. Still, H5N1 IAV is
a prevailing pandemic threat and led to 882 confirmed
cases between 2003 and 2023, with a case fatality rate as
high as 52% [77].
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Interestingly, for all viruses tested, we found an associa-
tion of lower viral RNA levels with older age of the tissue
donor and with higher CDK2NA (p16) expression levels.
Generally, association of viral load dynamics with age is
highly debated in literature. Whereas in some studies no
differences in SARS-CoV-2 RNA loads between children
and adults were found [78, 79], others reported slightly
lower viral RNA loads in children [80, 81]. Further-
more, ACE2 expression was shown to be age-dependent
in the nasal epithelium [82] as well as in alveolar type 2
cells [83], with lower expression in children compared to
adults. However, our study focused on lung tissue from
adult donors and didn’t include younger adults and chil-
dren. Nevertheless, no correlation of ACE2 expression
and donor age was found. This is in line with another
study, where no differences in ACE2 transcript lev-
els in lung samples from deceased humans of different
age were found [84]. Furthermore, senescence has been
reported to lead to enhanced expression of ACE2 in pri-
mary human small airway epithelial cells, when treated
with condition media of senescent cells [13]. In line,
we found that higher ACE2 expression correlated with
higher CDK2NA (p16) expression levels. Since senes-
cent cells accumulate with age and have other potentially
adverse functions, this phenomenon might explain why
the elderly are more susceptible to severe COVID-19
[85]. However, the interplay between viruses and cel-
lular senescence is complex. In some cases, virus infec-
tion can induce cellular senescence and subsequently
restrict or improve virus propagation, while in others,
certain viruses evolved strategies to subvert senescence
[86]. Moreover, it should be pointed out that most of
the recruited donors presented tobacco use history.
While only six were current smokers at the time of tis-
sue gathering, the smoke exposure could have influenced
the ACE2 expression [87-89]. However, due to limited
sample size considering the number of variables related
to donors’ tobacco use history (packs per year, for how
long former smokers stopped smoking, unknown status),
no further analysis could be made in line with the current
study. In contrast to a previous study on IAV-induced
senescence [12], we observed lower viral loads in the
aged pulmonary tissue for all the IAV strains and SARS-
CoV-2 isolates tested. Nevertheless, using comprehensive
approaches to analyze autopsy-derived lung specimens of
patients with COVID-19 in comparison to age-matched
control individuals, Wang et al. identified parenchymal
lung senescence as a contributor to COVID-19 pathol-
ogy [90]. Thus, illustrating the limitations of ex vivo mod-
els, acute infection of PCLS might not reflect the effect
of virus infection on senescence and vice versa. How-
ever, specific characteristics of senescence are cell type
specific and thus would require in-depth analysis using
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for example single-cell RNA sequencing, proteomics, or
related approaches [91, 92], whereas many of those are
already established for the PCLS model [93].

Several studies have demonstrated that H5N1 infec-
tion leads to a more robust induction of cytokines and
chemokines compared to HIN1 [94-98]. Furthermore,
H5N1 infected humans present unusually high serum
concentrations of pro-inflammatory cytokines and
chemokines, which are believed to contribute to disease
severity [60—62, 99]. Similarly, characteristic features
of severe COVID-19 are the excessive release of pro-
inflammatory cytokines, a so-called “cytokine storm’,
and an immune dysregulation, specifically, a massive
immune stimulation resulting in a macrophage activa-
tion syndrome, aberrant neutrophil activation, or T cell
hyperreactivity. Notably, the most destructive phase
of immune-driven pathogenesis often happened when
the viral RNA was no longer detectable [56, 100-103].
However, our experimental set up only reflects the acute
phase of infection and not what happens in vivo one to
two weeks post infection. Nevertheless, a previous study
using PCLS, revealed down-regulation of type I IFN-
related genes at various timepoints post-SARS-CoV-
2-infection, indicating a potential role of this pathway in
disease progression [21]. In line, we observed very limited
IFN-f mRNA and no protein response following SARS-
CoV-2 infection. SARS-CoV-2 infection of PCLS did not
lead to significant induction of IL-6 or IP10/CXCL10
expression, indicating that the local cellular environ-
ment alone, independent of circulating immune cells,
cannot cause the massive local cytokine production seen
in severe COVID-19 cases. Nevertheless, Delta isolate-
infected PCLS revealed a trend towards increased IL-6
and IP10/CXCL10 mRNA and protein levels, although
no statistical significance is reached, most likely due
to the limited number of donors. In contrast, following
SARS-CoV-2 infection of PCLS originating from anony-
mous tissue donors, Pechous et al. found significant
induction of IP10/CXCL10 at protein level, whereas no
details about tissue condition and donor comorbidities
are known. Although edges of tumor resections are com-
monly used as a control, some genes in these areas could
be affected by the tumor milieu and might influence our
results [104—106]. Furthermore, culture conditions influ-
ence the innate immune response of PCLS. Thereby,
supplementation of culture medium with FBS induces a
higher cytokine response in comparison to serum free
medium, possibly due to higher fibroblast proliferation
under FBS high conditions [107]. Therefore, we used low
FBS levels and it’s important to mention that our PCLS
were incubated in culture medium for one to seven
days before infection, to minimize procedural stress and
prevent the potential activation of pro-inflammatory
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mechanism. In the same study, IL-6 was shown to be
constitutively released from non-infected PCLS, which
is in line with our results from Mock-treated PCLS, indi-
cating no pre-activation of our PCLS [21]. On the other
hand, H5N1 and to lesser extent HIN1 induced signifi-
cant IL-6 and IP10/CXCL10 expression and higher cyto-
toxicity levels, suggesting a contribution of the alveolar
epithelium in the overexuberant inflammatory responses
observed in severe IAV cases. The differences in host
response observed between SARS-CoV-2- and IAV-
infected PCLS likely also reflect the distinct viral repli-
cation profiles. Additionally, our results suggest that the
pulmonary environment remains immunocompetent
throughout all ages tested. Even though there are some
limitations, the PCLS model is obviously purposeful to
analyze certain questions independent of circulating
immune cells. Furthermore, PCLS offer an ex vivo plat-
form for antiviral drug testing or screening for seno-
lytic drugs, either during acute infectious lung diseases
or independently of infection, using tissue from donors
across various age groups. The advantages of this model
for testing drug efficacy, were nicely shown before, for
an antiviral agent inhibiting not only viral replication but
also production of pro-inflammatory cytokines [21].

In summary, our data show that pulmonary tissues
from older donors are generally less susceptible to IAV
and SARS-CoV-2 replication compared to those from
younger donors. Unlike SARS-CoV-2, IAV replicated
more efficiently in the human alveolar epithelium, trig-
gering stronger innate immune responses. Our findings
suggest that the increased risk of severe disease in the
elderly is not solely due to greater local viral replication
but may involve other mechanisms, such as immune-
mediated pathogenesis.
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Additional file 1: Fig. S1: Whole genome sequencing of SARS-CoV-2 Early
and Delta isolates. A graphical overview of the SARS-CoV-2 whole genome
with particular focus on the sequence of the polybasic cleavage site of
the spike protein. Whole-genome sequencing analysis was done using
Nanopore sequencing technology. Consensus sequences of Wuhan-Hu-1
and the virus stocks of the Early and Delta isolates were aligned, whereas
the Wuhan sequence was used as a reference sequence. The amino acid
change of Spike S6865/G in the Early isolate is due to a polymorphism of A
to G, whereas 50% of the nucleotides at the genome position 23618 were
G.The amino acid change in Spike P681R of the Delta isolate is a variant
defining mutation of Delta. Fig. S2: Association of higher ACE2 expres-
sion with elevated CDK2NAlevels. (A) Correlation of ACE2 mRNA levels

per 18S rRNA in non-infected PCLS, 24 h p.i. and donor age or deltaCt
CDKN2A (p16) (deltaCt=Ct CDKN2A-Ct B2M). (B) Correlation of ACE2
mRNA and viral RNA per 18S rRNA in SARS-CoV-2 Early isolate-infected
PCLS 24 h p.i. Association was tested using the Spearman rank correlation
test. Each symbol represents an individual donor. Fig. S3: Representation
of cell death and host response per donor. (A) Cell death (%), calculated
from lactate dehydrogenase (LDH) release in PCLS, exposed to 10° PFU
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of SARS-CoV-2 Early or Delta isolate, and IAV HIN1 or H5N1 48 h p.i. Each
symbol represents an individual donor, whereas lines connect Mock

and virus conditions of the same donor. (B, C, D, and E) IFN-3, IFN-AT,
IFN-N2/3, IL-6, and IP10/CXCL10 mRNA expression levels per 18S rRNA 24
h p.i. Each symbol represents an individual donor, whereas lines connect
Mock and virus conditions of the same donor for (B) SARS-CoV-2 Early
isolate-, (C) Delta isolate-, (D) IAV HIN1-, and (E) H5N1-infected PCLS.
Mock, black; SARS-CoV-2 early isolate, green; SARS-CoV-2 Delta isolate,
blue; IAV HIN1, orange; IAV H5NT, yellow. Fig. S4: Correlation analysis of
cell death and host response with tissue donor age. (A) Correlation of

cell death and donor age for non-infected, SARS-CoV-2 Early isolate-, or
Delta isolate-, and IAV HIN1-, or H5N1-infected PCLS. Association was
tested using the Spearman rank correlation test. Each symbol represents
an individual donor at 24 h (circle), 48 h (square), or 72 h p.i. (triangle). (B,
C, D, and E) Correlation of IFN-@3, IFN-AT, IFN-A2/3, IL-6, and IP10/CXCL10
mMRNA expression levels per 185 rRNA and donor age. Each symbol
represents an individual donor at 24 h, (circle) 48 h (square), or 72 h p.i. (tri-
angle) of (B) SARS-CoV-2 Early isolate-, (C) Delta isolate-, (D) IAV HIN1-,
and (E) H5N1-infected PCLS. Non-infected, black; SARS-CoV-2 early isolate,
green; SARS-CoV-2 Delta isolate, blue; IAV HINT, orange; IAV H5N1, yellow.
Association was tested using the Spearman rank correlation test.
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