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1. Introduction

Lung microanatomy and physiology

Pulmonary physiology and development

The main challenge aerobic life is faced with is to@atinuous supply of tissues with oxygen.
Unlike fuels, carbohydrates, or fat, which can be stored in the liver, in the fatty Gssuthin the
cytoplasm itself, oxygen has to be continuously supplied to the mitochondria, proportionally to the
needs othe cells at any given momedj. In higher organisms, including humans, this procedure
involves taking in oxygen from environmental air through the alveoli, bindinghtteemoglobin

of circulating erythrocytes, and finally transporting it to all cells of the organism via the
cardiovascular systeli]. At the same time, CQa byproduct of the energgenerating Krebs

cycle, gets ethinated from the body, following the opposite rojitp

The coordination of such a complex procedure requires a large exchange surface, where air and
blood can come in cloge-immediate contad®]. In mammals, ngtiles and amphibians, this task

is undertaken by the alveolar lung structure, where air moves in a large area of parenchyma, driven
by the movement of the chest and the diaphrfimThe alveddr lung can thus be divided into

two categories: the proximal, or conducting zone, and the distal, or respiratory zone. While the first
one involves bronchi, arteries and veins, the latter consists of tHie-satshaped gas exchange

units, the alveoliwhere air can be directly exposed to bldadfl A versatile connective tissue
scaffold provides mechanical support and connectivity throughout the continuum of the respiratory
tree[1, 2].

Alveolar structure

Two continuous cell layers, the alveolar epithelium and the capillary endothelium, comprise the
air-blood barrier, being supported by an interstitial space of varying composition. Around 95% of
the total 220,000u/of alveolar surface in humans is covered by the thin cytoplasmic leaflets of
type | epithelial cells. These cells are responsible for oxygen uptake and diffusion to capillary
endothelial celld3, 4]. A shared basal lamina separates type | epithelial cells from endothelial
cells, creating the bloedir barrier[5]. Approximately twice as many type Il epithelial cells
complete the mosaic of the alveolar epitheliumedéh cuboidal cells are filled with secretory

granules of the phospholipid surfactant component (known as lamellar bodies) and an endoplasmic
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reticulum, where surfactant apoproteins are produy8gdSurfactant production is pivotal to
homeostasis maintenance. Not only does surfactant reduce surface tension during respiratory
movementshut surfactantissociated proteins such as surfactant prefe((sP-A) and SPD are
alsoknown to possess antimicrobial properties. Various soluble factors which are found in the
airway fluid further contribute to the establishment of this primary lingeéénse. These factors
involve mucins, lysozyme, lactoferrin, the immunoglobulins A and G, and def¢6s®s

Stromal cells migrate within the interstitium of the alveolar septum, where they differentiate into
lipofibroblasts, nyofibroblasts, pericytes, or commit to other lineaf@@sThrough the production

of collagen and elastic fibers they remain in close contact both with the alveolar epithelium and
with the capillaries, providing mechanical support and nutritional fa¢BrS]. Tissueresident
alveolar macrophages (TRM) complete the cellular composition of the gas exchange unit,

serving as an intermediate sentinel between the owtsidd and the distal lung parenchyma.

Development of the lungresident macrophage pool

Concepts of macrophage ontogeny

Several studies over the last years have focused on the development of the mononuclear phagocyte
system. This is a gradual, mufiiage process, which starts during embryonic life and continues
over adulthood. It is currently understood that mammalian yoniir hematopoiesis occurs in
successive waves, which lead to the acquisition of erythmigloid and lymphoid lineage
progenitors in a sequential manf@rl1].

In mice, the first wave of hematopoiegwititive hematopoiesjdegins at embryonic day E7.25
within the blood islands of the exteambryonic yolk sac (YS). This leads to the production of
primitive erythroblasts, megakaryocytes, and macrophfge$2]. Erythremyeloid precursors
(EMPs) develop within the YS during the second wave of hematopoiesis (E8.0 tor&8Ent
definitive hematopoiegisThese EMPs give rise to YS macrophages locally or migrate to the fetal
liver upon establishment of blood circulation (E9[8) 13]. Almost concomitantly with their
emergence, immature progenitors arise in the-parac splachnopleura {8p) region, which
eventually give rise to mature fetal hemat@pici stem cells (HSC) in the aorta, gonads, and
mesonephros regiora E10.5[9, 12, 1416]. During the third wave of hematopoiesikefinitive
hematopoiesjs these progenitors colonize the fetal liver, which becomes the main hematopoietic

organ during embryonic lifedm E12.5 onward, 17]. Progenitors from the-Bp region seed the
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bone marrow from E17.5 onward and evaitijugive rise to adult HSC, which will continue to
seed the blood stream with monocytes/macrophages throughout ad#liglifes(1) [13].

Depending on their emergence during the time course of organ developmentyressdert
macrophages differ regarding their embryonic origin. Microglia, for instance, derives from YS
macrophages, whereas Langerhans cells present a mixed contribution arfidyfetal liver
macrophagegl3]. Alveolar macrophages and Kupffer cells, in contrast, arise mostly from fetal
liver monocyteg9, 13]. Tissues that display a constant accessibility of the local macrophage niche
from the blood stream such as the heart, pancreas, dermis, and gut, are seeded with bone marrow
derived monocytef®, 13]. Although macrophage precursors share an almost identical potential of
giving rise to resident macrophages, precursor timing, niche availability and accessibility, as well
as tissuespecific signals, determine the origin of distinct macrophage popul{1i8n$8, 19]

In contrast to murine findings, the specific progenitors of human alveolar macrophages still remain
largely unknown. Postatal alveolar niche establishnieand the presence of the granuloeyte
macrophage colongtimulating factor (GMCSF or CSF2) have, however, been shown to be the
prerequisites for TRAM developmen{16]. Alveolar macrophages can be detected in the alveoli
approximately 48h after birth, thus implying that oxygen intake is required for their maturation
[16].

Yolk sac (YS) Fetal hematopoiesis

Embryo _ Primitive

B Figure 1. Depiction of the successive waves of fetal

hematopoiesis Primitive hematopoiesis beginat
—— & | E7.25 in the extr@mbryonic yolk sac (YS). Erythro

myeloid precursors give rise to YS macrophages
during the second wave of hematopoiesis (E8.0 to

E8.5) or migrate to the fetal liver (E9.5). During the

E8.5

third wave (E8.8E10.5) immature hematopoietic
stemcells colonize the fetal liver and bone marrow.

Embryonic progenitors from the fetal liver migrate to

N\ \ the lung and give rise to tisswesident alveolar
NN Aorta-gonad-
\\‘ "\ mesonephros

E10.5

macrophages pogiartum. Ginhoux and Guilliams,

2016, reproduced with permission of Else\J20].




Alveolar macrophage development

Fetal liverderivedmonocytes that seed the mouse lung around the time oflal\d=yelopment
(E18.5) differentiate after birth into TFAM within the course of one week. A walkefined
transcriptional program involving transcription factors such as PUrhaVmusculoaponeurotic
fiborosarcoma oncogene homolog-N@&f), myeloblastosisproto-oncogene (Myb), and proto
oncogene tyrosinprotein kinase MER (Mertk), orchestrates the commitment of these monocytes
to the macrophage lineaff#l].

GM-CSF is the driving force behind TRM differentiation and development. Its production has
been traditionally linked to alveolar type Il epithelial cellsc&# studies havedtilightedthe role

of innate lymphoid cells (ILC) and badufs as additionaGM-CSFsourceg16, 17, 22, 23]GM-

CSF instructs monocyte differentiation into macrophages through activation of peroxisome
proliferatoractivated receptoo (PPAR9), a nuclear receptor involved in the regulation of
chol esterol me t-axidatidn,iaswel] as fipal trangportastoiage, abd degradation
[16, 21, 24] Mice lacking GMCSF (Csf2") or the GMCSF receptor Gsf2rb”) fail to drive
monocyte commitment towards T/&RM differentiation. Their alveolar niche consists of only a few
dysfunctional alveolar macrophadé$, 25] Ppar-9-mice present a similar phenotype, with-TR

AM differentiation being aested at an immature stage or completely abrodga&dAlveoli of

these mice present abnormally enlarged ANR containing a plead of lipids, pointing out the
deficit of these cells in surfactant catabolifzd]. In humans, mutations in the gerergcoding
GM-CSF receptor chainsr the presence foautoantibodies against GKISF cause severe
pulmonary alveolar proteinosis (PAP)3]. This condition is characterized by abundance of
surfactant within the alveoli, leading to impaired gas exchange and increased susceptibility to
infection[27].

Other factors that regulate /M development and differentiation involve the Brighoid tran
scriptional repressor broad compleamtrackbric-abrac and Cap'n'collar homology 2 (BACH?2),
which controls lipid and cholestol metabolism in mature FRM [24, 28] and the trarferming
growth factorb (TGFb), which supports TRAM development and homeostasis in an autocrine
mannel[16]. Furthermore, low levels of colorstimulating factor 1 (MCSF or Csfl) are required

for TR-AM survival, whereas higher levels support their feoation[19]. Recent findings further

support the role of the zinc finger E box binding homeobox 2 transcription factor (ZEB2) in the
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establishrent of tissuespecific macrophage identity and continued macrophage presence over
time [29].

Alveolar macrophage characterization

TR-AM constitute the major leukocyte population in the lung during homeostatic cond&@ns

In contrast to interstitial macrophages, which are located in the interstitium connecting the alveolar
epithelium with blood vessels, or the recently described nearel airwayassociated
macrophages, which reside in close proximity to the sympatheti@s of the bronchovascular
bundle, TRAM are strategically placed within the alveolar spdd&e 24, 3134]. Though detected
apprximately once every three alveoli, they can migrate between adjacent alveoli through the
pores of Kohn[24, 35] Their unique pason establishes TRAM as sentinels for tissue
homeostasis, constantly responding to physiological and environmental fluctia@pns
Morphologically, TRAM are large, vacuolar cells, with an increased cytoplasm/nucleus ratio, and
prominent pseudopodiagdapted to the phagocytosis of cellular debris, senescent cells, and
pathogen$10, 37, 38] Their secretory profile involves lysozymes, proteinases, chemokines, pro
and antiinflammatory cytokines, arachidonate, growth factors, oxygen, and nitric oxide (NO)
derivateg[7, 39]. They express a variety of membrane and cytosolic receptors, suchlée toll
receptors, pathogesssociated molecular pattern (PAMP) and daagsociated molecular pattern
(DAMP) receptors, nucleotideinding oligomerization domainontaining protein (NOD)ike
receptors, and retinoic acid inducible gan@RIG-1)-like helicases at relatively high levels, which
enables them to initiate a strong immune response, if necg’3%afy, 40] Inhaled particles and
potential pathogens are recognized by the mannose receptor cluster of differentiation 206 (CD206)
and theb-glucan specific receptalectin1, leading toheir removal from the alveolar spa&7].

TR-AM are further characterized by high expression levels of scavenger macrophage receptor with
collagenous structure (MARCO), integrin CD11c, and siatitl binding lectin SiglecF, as
opposed to low expression levels of the phagocytic receptor CDId lpattern recognition
receptor CD14. This characteristic phenotype not only separatdd/MRom other tissugesident
macrophage populations, but also enables the identification-8fMRmong other lung leukocyte

cell populationg16, 25, 30, 37]

Like most resident macrophages, -ARI are equipped with a mild stem cdike proliferation

capacity, which enables their setiaintenance without the contribution of bone marcdexived
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macrophages (BMDMYuring homestasis[16, 19, 30, 41] However, profieration rates are
normally rather low, as TRRM are longlived cells (40% turnover rate over one ydad)]. This
pattern can be abrogated upon injury and depletion of th&NIRool, which is subsequently
replenished through the combination of local proliferation and input of circul&vpM,
depending on the nature and degree of inj{t$, 30] BMDM, which present a more pro
inflammatory phenotype, progressively outcompete-ANR with every new injurious event
(Figure 2) [42]. Parallel to that, a gradual decrease in totalANRnumbers can be observed with
aging[16]. This has a significant impact on host defemg@ch may partially explain the higher
severityof lung infection or injuryobserved in the elderly populatip43, 44]

Figure 2. Composition of the TRAM

Viruses Pollution Smoke

i P 600 ele & qle 2 ale pool during life. Fetalderived monocytes
- @ @ % e .8 @ @ @ ) ) .
vesY, T % @ @ g @& ¢ Tg® @ qgiverise to TRAM over the first days of
3%/ e ed 5 e e e L X 09 0" 9‘
~ life. During steady state, FTRM are
5 preserved due to their long hidife and
@@ LA self-renewal capaty but decrease over

time following different types of injury.
BMDM are then recruited, catng an

- - alveolar macrophage mosaic through an

Fetal monocyte

» individual's lifespan. MoraleBlebreda et

V. N
- o\ . . .

Ue .

jgy ) | 8o & o0 & ‘ al., 2015, reproduced with permission of
s’ . the European Respiratory Society 2022

[33].

Acute Respiratory Distress Syndrome (ARDS)

Originally defined in 1967, Acute Respiratory Distress Syndrome (ARDS) describes respiratory
failure within one week of a known insult, or new and/or worsening respiratory symptoms,

accordirg to the current, "Berlin” definition (established in 1992, revised in 2d5246] This

failure cannot be fully explained by cardiac function or volume overload, and it involves bilateral

opacities on chest radiograph or computer tomography, which cannot be fully explained by
effusion, collapse, or nodules linked to cadfailure[45, 46]

ARDS is characterized by the acute onset of arterial hypoxemia, which is the joint result of

ventilationto-perfusion mismatch and righd-left intrapulmonary shuntingt5, 47} The severity
12



of hypoxemia can be estimated using the ratio of arterial oxygen concentration in the blood divided
by the inspired oxygen fraction (PgBiO2), which in ARDS patients isolver than 300 on a
minimum of 5cm HO positive enekxpiratory pressure (PEERB-47]. Based on the value of this
fraction, ARDS can be further divided into mild (PaO2/FiO2-200), moderate (PafF-iO, 101-

200), and severe (PatBiO2 <100) [45, 46] Following a different classification, ARDS can be
divided into a hyperinflammatory (30%) and gpbinflammatory (70%) subphenotype. This
classification depends on the levels of inflammatory biomarkers and protein C in the plasma,
metabolic acidosis prevalence, as well as the need for vasopressoff4&ug8] Increased
mortality has beershown to positiviy correlate with the presence of thgperinflammatory
subphenotype in a series of clinical trigds].

ARDS is primarily a clinical diagnosis and the potential outcome of a variety of dis¢4@érs
Clinical manifestations involve cyanosis, increased respiratory rate and work of breathing,
tachycardia, and profound respiratory distress with decreased oxygen saturation in room air. In
case of irreparable injury, paties develop respiratory failure, which may further progress to
multiorgan failure and eventually ded#9].

The majority of patients with ARDS presdhemselvesvith an underlying pulmonary or extra
pulmonary infection, with primary bgarial or viral pneumonia being the most frequent cajddes

47]. Influenza virus (V) and respiratory syncytial virus (RSV) are considered majorarslof
virus-induced ARDY45]. The importance of viral pathogens as causaten® for severe lung
injury has been recently highlightbglthe SARSCoV-2 pandemic, which has placed an enormous
toll on public health over the last two years. Sepsis due to severe pneumoniapotmonary
infection is the second most common caus@&RDS, while other causes include aspiration of
gastric or esophageal contents, postimatic hemorrhage and shock, as well as less common
disorders, such as pancreatitis, transfusissociated lung injury, smoke inhalation, Rear
drowning, andseveradrugreactiond45-47].

Accumulation of edema fluid in the alveoli and disruption of theblod barrier leading to
impaired gas exchange are the underlying mechanisms behind the development oFAREES (

3) [47, 49] Transepithelial ion transport is impaired during severe lungyiciue to the decreased
activity, expressionor mislocalization of themathelial N& or CI channels or of the Na;RTPase,
leading to reduced fluid clearanf&®]. During theacutephase (days-86), inflammatory cells and

erythrocytes infiltrate the inflamed alveoli due to the increased permeability of the endothelial
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barrier[45, 47] Although endothelial jjury is a prerequisite for ARDS development, it is not
sufficient to upset the gas exchange equilibrium, unless epithelial injury is also g&ent
Extensive inflammatory cell influxhbugh necessary for pathogen clearance, can eventually lead
to the creation of paracellular gaps by destroying tight juncf#®fis Another important aspect of
leukocyte influx is their role as sources of soluble, de@adlicing ligands, such as tumor necrosis
factor alpha (TNFRJ) and TNF-related apoptosisiducing ligand (TRAIL). Though these ligands
will be addressed in more detail in allbwing chapter, we need to brieflgddresssheir
contribution to epithelial injuryn this part In short, ligation to the respective receptors on the
surface of epithelial cells triggers intracellular pathways which culminate in epithelial cell death
and barrier damaggl7]. Toxin release by specific pathogens sucBtaphylococcus aure(45]

and releasef cell-free hemoglobin from destroyed erythrocytes further contribute to the increased
barrier permeability45]. Gas exchange is additionally impaired by fibrin formation and formation

of hyaline membranes above the denuded basaibmand47].
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Resolution phase begins with the active transport of sodium and chloride through the apical and
basolateral membrane of alveolar epithelial dellig. This transport creates a gradient for water

reabsorption, leading to the clearance of Halkeeolar edemg47]. Cell debris and dead
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inflammatory cells are cleared away through phagocytosis mechanisms, while resiivriiog

lipid mediatorsantrinflammatory cytokines, and regulatory T lymphocytes mitigate tissue injury
and restore homeostafid]. During thesubacutehase days 714), repair mechanisms involving
proliferation of alveolar epithelial cells and infiltration of the alveoli by fibroblasts are intensified
[47]. Complete resolution and return to homeostasis is achieved duriclgrtmec phase ljeyond

day 14)47]. In case o&persiging chronic phase, aberrant fibrosis formation and loss of functional
lung tissue create a restrictive disorder pattern, which is translated dirtanished respiratory
capacity{51]. This pattern can be often observed in severe coronavirus diseas€2DAD{19)

cases, which, in their most extremenfp leave lung transplantation as the only therapeutic option
[52, 53]

Despite decades of research, there is currently no targeted pharmacological treatment of ARDS
[49]. Clinical trials applying a variety of potential treatment agents involving glucocortidd@ls,
antioxidants, or protease inhibitors, have failed to show an improvement in morbidity and mortality
[47]. Current approaches to ARDS management involve the treatment of any underlying infections
and mainly supportive treatment such ag#protective ventilation, nutritional supplementation,

and fluidconservative theragy5, 46] Over the years, additional emphasis has been given+o cell
based approaches, including mesenchymal stem cell administration, manipulation of host defense
towards a less injurious phenotype, and restoration of the damaged dptreiea[45, 54]

Though ARDSrelated studies have intensified in the backdrop of Gia/ID-19 pandemic,
efficient therapeutic approaches are still lacking, and disease burden remaifsbhig@hver the

last 50 years, mortality has remained unchanged (ranging between 35% and 46%, depending on
disease sevayi) [49], while patients present a higher need for discharge to rehabilitation and/or
long-term carg56]. This signifies an unmet need to better understand the mechanisms driving this

complex syndrome, of whidlV infection is a prominent inducer.

Influenza A virus

Pneumonia caused Y is the leading cause of infectious diseaa&sociated mortality in Europe,
according to the European Center for Disease Control (ECRXT)Even in the era of emerging

viral pathogens such as SAR®V-2, IV remain one of the topmost causesA®RDS [45].
Historically, influenza has placed a significant burden on public health over time. The 1918 H1N1

pandemic ("Spanish flu”)oses the bedtnown example, leading to the death of millions of people
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during and at the aftermath of World Wg68, 59] Over the course of the 2@entury, smaller

scale pandemics, such as the H2N2 pandemic of 1957 ("Asian flu”), the H3N2 pandemic of 1968
("Hong Kong flu’), the HIN1 pandemic of 1977 ("Russian flu"), andre recentlythe HIN1
pandemic of 2009 ("swine flu", since then renamed riafleenza A (H1N1) flu") followed58-

60]. The toll of IV infection upon public health is, however, not limited to pandemics. Every year,
up to 10% of the world’s adult and 20% of the children population is affected by inflix&jza

This reoccurrencéighlights the continuous importance of IV as human pathogens even after

decades ofesearch

Taxonomy and structure

IV belong to the family ofOrthomyxoviridae which are characterized by a midggmented,
negative sense RNA genome. There are four genera of influenza viruses, influenza A, B, C, and D
[58]. IV type A (IAV) are divided into subtypes {Nx), according to theisurface glycoprotein
antigens, hemagglutinin (HA) and neuraminidase (MA). Until now 18 H antigens and 11 N
antigens have been describedth subtypes H17N10 and H18N11urag so far only been found

in Peruvian batfs2, 63] Seasonal influenza waves are usually attributed to HIN1 and H3N2 1AV
[58]. Although aquatic birds are the natural reservoir of IAV, these viruses can also infect domestic
poultry and several members of the mammalian kingdom, including hygtHns

IAV genome consists of eight RNA segments ofateg polarity which are numbered according

to size Figure 4) [64, 65] They encode 11 different proteins: surface proteins HA and NA, matrix
proteins 1 and 2 (M1, M2), polymerase proteins PB1, PB2 and PA, nucleocapsid protein (NP) and
nonstructural proteins 1 and 2 (NIS NS2) [61, 65] Alternative splicing or reading frames may
result inslightly different products (e.g. NS, M4, PAN155, PB1F2) [66]. While some of these
proteins have been well characterized, our knowledge of their potential functions remains rather
limited for most[67]. Viral proteins are involved in different replication steps, from anchoring of
the virus particle to the cell membrane and uncoating (HA,M2), to genome transport into and

out of the nucleus (NB), RNA replication (polymerases), and immune evasionIN$SO0, 68]

The viral genome and eight viral proteins comprise the ribonucleapr@RNP) core, which is
surrounded by a lipid envelope. This envelope is derived from the cellular membrane of the host.
Within its lipid bilayer, it contains the ion channel protein M2 as well as HA and NA, which serve

as antigenic determinants of thieus [61].
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Figure 4. Influenza A virion structure. Depiction of a maturéAVvV

vy Particle containing eight negathsense RNA segments, encoding

i for a total of eleven viral proteins. Eight viral proteins comprise the

ua RNP coretogether with the RNA strand# lipid, celrmembrane

{—NP  derived envelope containing HA, NA, and the ion channel protein
M2, surrounds the RNP core. Subbarao and Joseph, 2007,

reproduced with permissiasf Springer Naturg¢61].
NA

Antigen drift and antigen shift

Since viral polymerase lacks a proofreading function, punctual mutations arise in the HA and NA
genes withevery viral replication gntigen drif), creating new strains and making {gpasting
immunity towards previous strains ineffective agaasy new ones. Due to this phenomenon,
vaccination must be repeated anew with every influenza sga8080]

Another important aspect in the studyA&Y infection is the genetic reassortment of different gene
segments in cells simultaneously infected by twalstrains. Thiprocesdeads to the creation of

new viral strains, towards which there is no-pxésting immunity éntigen shiff [58]. This
reassortment often takes place in the porcine host, which works as ldaegeecine, avianand
human viruses, and can lead to pandemic outbreaks, as last observed during the novel influenza A
(HIN1) flu pandemic of 20088, 60] This lack of preexisting immunity maexplainthe higher

virus transmissibility and disease severity which is obsdrnvgdunger patientsompared to older

individualsduring pandemics, as opposed to seasonal Waogs

Transmission and viral replication

Similar to most respiratory pathogens, 1V are transmitted through respiratory droplets of a medium
size of 5um which are created during coughing, sneezing, and occasionally even during normal
speech in close contawith an infected persofb8].

Once in the respiratory tract, IV target the epithelial cells of the upper airways. TheréjAviral
binds to sialic acid residues, which function as glycan receptors of the cell merféhna

human viruses this interaction is performed2,6-linkage, whereas avian viruses usd_k?)3-
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linkage[58, 60, 61, 69] This interaction leads to binding and fusion of the viral par{jeirion)

with the cell membrane. Viral entry is then performed via endocytosis or micropinocytosis,
followed by transport to the lysosomg8, 60] The acidic environment there activates the viral
M2 protein, leading to membrane fusion and release of the viral RNP core, followed bypdNP
PBZ2- assisted transport to the cell nuclga, 60] Once in the nucleuthenegativeoriented viral

RNA is transcribed into messenger RNA with the help of viral polymerases. Translation into new
viral proteins finally takes place in the ribosomes of the[68ll 60}

Parallel to protein translation, positive RNA copies function as matrix for the synthesis of new
negativeoriented RNA strand®8]. After leaving the nucleus, RNA straraisd newly synthesized

viral proteins formrnew RNP cores in the cytosol, which then assembly wify NA, and other

viral proteinsin lipid drafts of the plasma membrane. Budding of these regions is the last step in
viral replication. HAsialic acid residu®onds are cleaved by NA, leading to the release of viral
progeny, which is now capable of infecting new ceffliggre 5) [58, 60] In recent years, direct
cell-to-cell transmission of viral particlesiav tunneling nanotubes has been describe@ras
additional mechanism of viral spreaff0]. The latter mechanism could provide a potential
explanationfor the successfuliral propagationin the presencef hemagglutinatiofinhibiting
antibodies, which can be observed duringnfection of influenzammune individualg70].
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Figure 5. Replication cycle of influenza virus in thelung epithelium. Influenza viruses use the interaction between

HA and sialic acid residues on the cell membrane as an anchoring mechanism, leading to endocytosis of the virion.
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After being transferred to the lysosomes, activation of the viral M2 prot&ds [® uncoating of the viral RNP core

and its transport to the nucleus. New RNP cores are synthetized and concentrated in lipid rafts of the cell membrane
together with viral surface proteins. Newly synthetized virions are released with the help of A, clelaves the

sialic acid residues, breaking their interaction with viral HA. Herold et al., 2015, reproduced with permission of the

European Respiratory Society 2082)].

Initiation of intracellular antiviral mechanisms

Viral presence in the cytoplasm initiates an immediate intracellular response, which mainly relies
on three signaling pathways: Retinoic acid indlecdeene | (RIGI) proteins, Tollike receptors
(TLR), and the inflammasoni&1]. More specifically, vi a | 5Nj tri phosirantledr y| at
R N A -FPP NSRNA) leads to a conformational change of-RMghich enables its interaction

with mitochondrial antiviral signaling proteins (MAVS) and the activation of NOD38-60, 72,

73]. This eventually leads to enhanced transcription of type | and type Il interferons via activation
of the interferon regulatory factor (IRBp well as transcription of a variety of prdlammatory
cytokines through the activation of nuclear factor kappa betas(§f58, 73] TLR activation

leads tahe activation of IRF3 or IRF7, culminating in increased transcription of type | intesferon
(IFN-U/ b )-o adindiliced transcription of primflammatory cytokines can also be activated via
this pathwayf59, 60] Finally, the presence of viral RNA leads to activation of the inflammasome
and increased production of interleukiris(IL-1b) and 18 (IL:18) via cleavage and activation of
cysteineaspartic protease (caspadgp8, 60, 71, 74, 75]This intracellular antiviral response aims

at limiting viral propagation, whileat the same timénitiating a systemic inflammatory host

response tdV infection.

Inflammatory respase tolV infection

TRAM
The first line of innate immune defense against influenza virus is formed BAM Rhat
phagocytose viral particles and apoptotic cells. AlthoughAMRcan get infected, they do not
support viral replication in the same way alveolar epithelial cellsr@8p77] Despite previous
contradictory results, it is now considered that-AIR infection with mostlV strains remains
abortive both in the commonly used mouse model and in humans, with the exception of highly
pathogenic H5N1 and WSN H1N1 virugg$-84]. TR-AM antiviral response heavily relies on

type IIFN and IFNstimulated genes. It involves upregulation of antiviral molecules and PAMP
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receptors, alteration of endosome pH, as well as blocking of nuclear gxfd@®, 8486]. Despite

their inert antinflammatory phenotypg87], TR-AM can be major producers of pinoflammatory
cytokines and chemokines such as TMIF_-6, monocyte chemoattractant protdifMCP-1) and

C-X-C motif chemokine ligand 10 (CXCL10) upd¥ infection[76, 78, 88] Additiondly, TR-

AM offer infection resistance to alveolar epithelial type | cells via regulation of-lipe%ygenase
cysteinyl leukotriene pathway and suppression of leukotriene D4 prody88pnOne of the
hallmarks of IMMinduced pneumonia is, therefotee depletion of the T'RM pool, which takes

place early upon infection and has been linked to disease severity and increased mortality in various
animal model$77, 83-94].

Immune cell recruitment

The abundant release of grdlammatory cytokines and chemokines leads to the recruitment of
neutrophilg95], natural killer (NK)[59, 96] and natural killer T cells (NKT cellg)97] as well as
BMDM, shortly after infectio{59, 98] The latter leave circulation mainly under theCGnotif
chemokine ligand/receptor 2 (CCL2/C2Raxis and enter the inflamed alveoli, where they adopt

a praeinflammatory phenotype. This phenotype is characterizethégbundant release of pro
inflammatory agents, such as TNIFIL-6 and NO derivates, which contribute to viral clearance
during theearly infection phas¢95, 98, 99] Aberrant cytokine release, dedipandinduced
epithelial damage, and tissue flooding with matrix degrading proteases, however, may aggravate
lung injury, rendering the antiviral response of BMDM into a downlged sword42, 58, 77, 80,

98, 100, 101]

Neutrophils utilize a variety of different functions, including phagocytosis, cytokine production,
and release of granular contents such as defensins and cathelicidins in order to prevent viral
dissemination95]. They further srve as antigepresenting cells guiding the recruitment and
activation of CD8 T lymphocytes in the lunf®5]. Neutrophil influx, however, is often associated

with excessive inflammation and increased disease morfa0btdy, 102] Amplification of self
recruitment through the release of chemokines, vascular dysregulation, and extensive neutrophil
extracelular trap (NET) formation, are considered as some of the main mechanisms through which
neutrophils exert their controversial role upon IV infec{i@b, 103, 104]

Cytolysis by degranulation and release of granzyme atidrpeare initiated upon binding of viral

HA to cytotoxic receptors on the surface of NK cfs]. Despite the fact that NK cells have been
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associated with augmented pulmonary inflammgtl®5], they can mitigate IMhduced epithelial
cytopathology through the production of-B2, which supports epithelial integrity and return to
homeostasi§d5]. NKT cells are an intermediateetween innate and adaptive immunity, as they
share features of both NK cells and T lymphocji€8§]. Their antiviral capacity relies on cytokine
release, upregulation of the prdlammatory recepto€D40, and activation of antiggresenting
dendritic cell106].

Resident dendritic cells are additional important players in antiviral host response. Upon
encountering viral particles, infected cells, or -prilammatory cytokines from epithelial and
immune cells, they migrate to the draining lymph nofie} 95] where they employ their
remarkable antigepresenting capacity into activating naive helper C@dd cytotoxic CD8 T
lymphocyted58-60, 107110].

As infection progresses, the adaptive immune response is initidigdpfocytesnter the alveoli

as a response to antigen presentation by dendritic|6@]lsFollowing an initial expansion phase,
activated Tlymphocytesturn into master coordinators of the kulease inflammatory process.
Cytotoxic granules released by antigen specific CDB/mphocytescause lysis of infected cells,
while helper CD4 T lymphocytesnaintain a central role in the establishment of infgcthemory
[60]. Innatelike T lymphocytesexpressingo and U chains as receptor® (B lymphocyte$
constitute anothelymphocyte population which can traffic to the lung upon IV infection and
contribute to the antiviral response by direct cytotoxicity or release ebIPN, 106] Activation

of all these leukocyte populations culminates into a-ealhestrated inflammatory response,
which aims at the inhibition ofiral replication within infected cells and at the prevention of further
viral spread through targeted cell death, partially actdse of tissue integrit{fFigure 6). Return

to homeostasiaind disease outcome are therefore dictated by the thin balance between viral

clearance and repair mechanisms within the inflamed lung.
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Figure 6. IV-induced pneumonia is characterized by a complex intralveolar inflammatory response.Viral
presence within alveolar epithelial cells initiates a broad inflammatory process which inVBhEE, neutrophils,
inflammatory monocytes, ardK(T) cells. Duing the later stages of infection, T lymphocytes are recruited via their
interaction with antigeqpresenting dendritic cells, leading to the establishment of infection memory and inflammation
resolution. Adapted from Peteranderl et al. 2016, createdBiofRender.conf58].

Viral clearance and return to homeostasis

As viral clearance is achieved, acute inflammation subsides in faube akestablishment of
homeostasisT lymphocytes play a pivotal role in dampenihg inflammatory response. Activated
CD4* and CD8 T lymphocytesinhibit the expression of MARCO on FTRM via IFN-2, while
CD8" T lymphocytesadditionally release the arsitiflammatory cytokine IE10 and regulatory
CD4" T lymphocytessuppress neutropkiélssociated cytokine productif#0]. Parallel to that, pro
repair mechanisms are initiated, whaim at the restoration of the denuded airways. T/pmate
lymphoid cells (ILC2s) are here of paramount importance, as they release theteatve and
pro-regenerative interleukins 12, 1L-33, and amphiregulif60, 95, 111, 112]

BMDM adopt a different polarization profile as a result of a complex crosstalk with the injured
epithelium, helper Tlymphocytes and ILC2s[113, 14]. In contrast to pranflammatory
macrofhages, this phenotype is characterized by the release of immmohdatory cytokines such

as 1-10, CCL17, and CCL22, angro-regenerative growth factors, including T®Fvascular
endothelial growth factor (VEGF), platelderived growth factor (PDGF), drplacenta expressed
transcript 1 (PLET1)60, 113] Development of new blood vessels and enhanced cell proliferation

support repair of the denuded epithelial layer and contribute to the restooatthe damaged
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alveolar architecturgl15]. These preegenerative macrophages eventually integrate themselves
into the depleted TRRAM pool, following a series of transcriptional, functional, and phenotypical
change$116]. The new resident macrophage population whitéesat the aftermath of infection

is an amalgam of surviving TRM and recruited BMDM, thus preserving infection memory over
time.

Humoral immunity is finally established through the expansion of certaityniphocyte
subpopulations and the production of antibodies against various virainah particular against

the surface glycoproteintdA andNA, additionally contributing to the establishment of infection

memory[59].

IV infection clinical course, treatmeragnd vaccination

IV can cause a variety of disease, ranging from mild upper airway infection to severe pneumonia
eventually leading t&ARDS and death due to respiratory faily®]. Symptoms usually begin

after 12 days of incubation and typically involve hifgver and shivering. Dry cough, headache,
sore throat, loss of appetite, myalgia, arthralgia, belong to the typical symptoms of inlikenza
illness (ILI), which may persist for up to one wgéB]. Dyspnea with lowoxygen saturation and
excessive fatigue indicate the transition to pneumonia, which may be aggravated by a secondary
bacterial infection, the latter being the sh@ommon complication ofV infection [58]. Other,
rarercomplications, include meningitis or encephalitis, myositis, rhabdomyolysis, pericarditis, or
myocarditis, and-in the case of intubated patienisivasive pulmonary aspergillosis. These
complications are usually observed in patients belonging tertsiglgroups, such as patients aged

>65 or <2 years, immunocompromised, patients having undergone transplantation or with
underlying cardiovascular, respiratory, hepatic or renal conditions, as well as pregnant women or
nursing home residenfs8, 59]

Mild influenza cases do not require any specific treatment but rather suppoetheeires. In more
severe casegsr in the case of highisk or hospitalized patienttreatment should be initiated as
early as positive, based on the clinical characteristics of the dig&js€urrently, treatment of

IV infection involves NA inhibitors, such as oseltamivir, zanamivir, and peraniirg@atment with

NA inhibitors should be initiated within 48h of symptom or&&, 60] The previously used M2
channel inhibitors (rimantadine, amtadine) are no longer recommended as antiviral drugs due to

worldwide-spread resistance as well as lack of efficacy against IV type B. Polymerase A inhibitors
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(baloxavir) have been recently approved for uncomplicated influenza cases in patients older tha
12 yeard57].

Vaccination remains the cornerstone of worldwide efforts in limiting 1V disease burden. Influenza
vaccines contain 4 (tetravalent) antigens of 2 inactivated subtypes of IV A and (either one or both)
IV B subtypes and can be applied intramusculf8]. Vaccines containing live, attenuatid

can be administered intranasally and are approved for children vaccination in Europe and in the
USA [59]. The Center for Disease Control (CDC) recommends yearly vaccination of all persons
older than 6 months, in particular higsk individuals, pregnant women, residents of nursing
homes, and healthcare professiorjélg. The establishment of herd immunity is paramount in
order to minimize the number of severe cases, the nedub$pitalization, and overall morbidity

and mortality, which can be attributed both to the infection itself and its complications.

Postinfluenza bacterial infection

Bacterial pneumonia following primary infection is one of the most common complications of
influenza and can have a significant impact on disease out@rh&7, 118] The presence of a
bacterial superinfection, most commonly w&treptococcus pneumoniamuld be demonstrated

in the vast majority of all severe cases and deaths during the 1918, 1957, and 1968 influenza
pandemic$118-120]. In recent yars,Staphylococcus auretrss additionally gained significance

as a bacterial pathogen leading to secondary pneumonia, as shown in various studies in the
aftermath of the 2009 H1N1 pandenpicd9]. Other, less frequent, bierial pathogens causing
postinfluenza pneumonia involveHaemophilus influenzae, Moraxella catarrhaliand
occasionally atypical bacteria suchMgcoplasma pneumonig8, 121]

Virulence factors associated with the virus as well as host immune mechanisms are interlinked and
establish susceptibility to secondary bacterial pneumdrdi@, 122] IV-induced epithelial cell

death disrupts the first line of defense against invading pathogens, while excessive cytokine release
and uncontrolled influx of inflammatory cells may impair host defense mechaf8$nist the

same time, exploitation of host glycoconjugates provides anttient source for bacter[a19,

123]. Fibrin deposition leads to obstruction of small airways and impaired gas exchange, creating
an environment which supports bacterial growth. Mechanical clearance is further impaired due to
a decrease in ciliary beat frequeri@y9, 124] Virulence factors such as the expression of the

accessory protein PBA2 and manipulation of the host immune response towards the establishment
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of an antiinflammatory state further facilitatesondary bacterial pneumonidl9, 121, 122, 125,

126]. Recently,new data has come to light regarding the rolethef gut microbiome as
determinant of disease progress. IV infection has been shown to actively alter the metabolism of
fatty acids in the gUtL18]. These changes can, in turn, shape immune responses against invading
pathogens in the lung, including interferon respomggewth factor production, macrophage
phagocytosis capacity, dendritic cell migration, and antibody respbb8p

Virus-induceddepletion of the TRAM pool needs to baighlightedas an importantieterminant

of susceptibility tevards secondary bacterial infectiofl19, 127] Animal and mathematical
experimental models have demonstrated that the period of maximum susceptibility coincides with
the depletion phase of TRM [127, 128] Defective phagocytosis capacity has been shown in a
series of different studs to further aggravate the effect of -A loss [129]. IFN-9, which is
abundantly released indtalveoli as part of the antiviral responiseavily impairsghe phagocytic
functions of alveolar macrophages, partially through downregulatidey scavenger receptor
MARCO [122, 130, 131]

All these mechanisms lead to enhanced permissiveness for the expansion of bacterial populations
which colonize the upper airwaj, 132] In fact, pneumococcal density in the upper airways has
beenrevealed to be an important parametethe pathophysiology of postfluenza pneumonia

[8]. Alternatively, bacterial pulmonary infection can bedfiermath of inhalation and shdagrm
colonization by a new, more invasive bacterial straigyre 7) [119, 133] In either case, béerial
dissemination is rendered possible through the deleterious effect of IV infection on alveolar barrier
integrity, which can be heavily attributed to extensive and, in case of severe disease, uncontrolled

cell death.
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Figure 7. Postinfluenza TR-AM depletion enables the establishment of secondary bacterial pneumonlaeft

panel: Exploiting the locally compromised immune defense following viral infection, bacteria disseminate within the
distal lung either as expansion of local biofilm colonizing the upper airways or per direct inhalation of a new, more
invasive bacteal strain[119]. Right panel: Viral titers increase rapidly during the acute phase of infection leading to
depletion of the alveolar macrophage pool. As time progresses, virus titers start declining, however, witlirlee firs

of defense heavilpow impaired, uncontrolled bacterial growth is established. McCullers JA, 2014, reproduced with

permission of Springer Natuf219].

Cell death and deathinducing ligands

Initiation of cell deat pathways is one of the best conserved mechanisms observed in different
development, carcinogenesis, infection, and regid@r-injury processefg5]. In case of infection
epithelial cells and leukocytes regulate cell death programs in a tight manner, in order to restrict
infection spread, while preserving the functions of healthy cells. At the same time, pathogens try
to manipulate cell death mechanisms of the host iorfa/further disseminatiofi34].

Apoptosis has been traditionally associated with programmed cell death and therefore plays an
important role in maintaining tissue homeostasis, though it can also be involved in inflammatory
processefl35]. Main apoptosis pathwayswolve the intrinsic, extrinsic, and granzyimediated
pathway. The intrinsic apoptosis pathwayrigiated byintracellular stimuli culminating in the
activation of the B cell lymphoma (BG2) protein family and transport of the papoptotic BH3
interad¢ing domain death agonist (BID) into the mitochondria, where it increases permeability of
the outer mitochondrial membrari@3, 136] This series of events enables the release of
cytochrome c¢ and second mitochonetexived activator of caspases (SMAGternatively

named “directlAP binding protein with low pl (DIABLO)- into the cytoplasm135, 137]
26


https://en.wikipedia.org/wiki/Inhibitor_of_apoptosis

Cytochrome c release contributeshieactivation of the apoptosome and thus directiyates cell

death, whereas SMAC binds to the appptotic Xlinked inhibitor of apoptosis protein (XIAP),
therefore allowing the recruitment and activation of effector casph38s136] Recent findings

have challenged the traditional association of the intrinsic pathway exclusively with intracellular
stimuli, proving that it may also be activated upon crosslinking of dadtiting ligands to their
respective death receptqis86, 137]

The extrinsic apoptosis pathway is the pathway traditiomeibpciated with members of the TNF
superfamily (TNFSF). This family involves a variety of structurally homologous ligands which,
upon interaction with their respective receptors, orchestrate a complexanttantercellular
communication network. The tml ligation step may lead to different outcomes regarding cell
fate, depending on cell identity and the specific (patho)physiological circumstadfnigase(8)

[138].

TNFSF receptors are characterized by a cysteaieectodomain and are subdivided according to
their cytosolic signaling into those which utilize a death domain, those which exert their signaling
potential through the TNF receptassociated factors (TRAF) family of ubiquitin E3 ligases, and,
finally, those which act as decoy receptors by lacking agsolic domainf138, 139] Cross

linking of a ligand to a cellmnembraneexpressed death receptor leads to the assembly of death
inducing signaling complex (DISC) through the recruitment of7FfSsociated surface antigen
(Fas}associated protein with death domain (FADD) and caspaB¢SC formation leaslto the
activation ofcaspase through proteolytic cleavage, which in turn activates effector caspases such
as caspas8 and-7 [135-137, 140] Granzymemediated apoptosis is a specific form of apoptosis
employed by cytotoxic NK cells and T lymphocytes, which lage BID activation by
endocyto®d granzyme B within the cytosol of target cells, leading to their apoptotic[d8&ih
Necroptosis emerges as an alternative pathway to apoptosis upon lack of sufficient amounts of
FADD or procaspaseé. Receptointeracting serine/threonif@otein kinase 1 (RH) is then
recruited to DISC, where it further recruits and activétesRIP-3 kinase[135]. In this case, cell
death is initiated through activation of mixed lineage kinase dehkar{MLKL) and/or poly
ADP-ribose (PAR) polymerase 1 (PARP [136]. Anti-apoptoticproteinssuch as BC{2 and
CASP8 andFADD-like apoptosis regulator (CFLAR) are upregulatedajalr to their pre

apoptotic counterparts upon ligand crosslining]. In the seing of acute infectiontheseantk

27


https://en.wikipedia.org/wiki/CASP8
https://en.wikipedia.org/wiki/FADD

apoptoticproteinsserve as balanaegulatorsand protect the cells from pathological, untimely

activation of cell death due to the pathogen itself or circulating dedtfting ligandg141].
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depicted igFas ligandas a typical examp)do its receptor characterizes the extrinsic apoptotic pathway. Ce&pase
orchestrated translocation of thempoptotic factor Bid into the mitochondria as a result of starvation or growth factor
deprivation culminates in the activation of the apoptosome and/or activation of caspabeharacterizes the intrinsic
apoptotic pathway. Endocytosis of cytotoxidl eeleased granzyme B can also lead to BID activation and result in
apoptotic death. If cell death is induced by ligand crosslinking but apoptosis cannot be executed due to lack of
procaspases, the necroptotic pathway is initiated, involving kinase$ &1& RIR3 (not depicted)Kist M and Vucic

D, 2021, reproduced with permission of John Wiley and $81s, 137]

Pyroptosis emerges as important type of cell death in the context of infection/inflammation. As
previously mentioned, PAMP recognition by TLRs leads to inflammasome formation, cdspase
activation, and release of1b and I1.-18[58, 135] Parallel to that, caspadecleaves gasdermin
D, separating the auiahibitory C-domain from the lytic Ndomain[135, 139] This enables the

latter to translocate to the cell membrane, where it initiates cell[h&ks 142]
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Autophagy processes are initiated upon cell stress and involve lysaosiwee organelle
degradation. The resulting components can then be used to form new subcellular structures or as a
source of energyl39]. In case of excessive degradation, however, autophagy results in cell
destruction, as often observed during elimination of aged @elsthin neoplastic lesiond.39].

In recent years,therforms of programmed cell déh have been described, includmgdative

stress or Ca accumulatioamediated mitochondrial permeability transition pore (MPTP) necrosis,
DNA damageinduced parthanatos, and reactive oxygen species (Rex¢d ferroptosi§l35,

139, 143]

Though previously beliewkto function without any significant overlap, cell death pathways are
now considered to be tightly linked and capable of eregslation[142]. This sets TNFSF ligands

with their ability to initiate different death pathways in the epieemf cell death studies, in
particular in the context of infection, which involves a plethora of cell populations, pathogens of

varying virulence, and a complex network of host defense mechanisms.

TNFSF and IV infection

Deathinducing ligands in IV infetion hare beena continuous research jebt over the years,
emphasizinghe complicated role ahis family in this contexjt44-146) TNFU ( TNFSF1) r el
by the injured epithelium and by immune cétigarticularcontributes to viral clearance but may
also aggravate disease outcome in terms of an exuberant inflammatory r¢Spp8s8¢ TRAIL

(or TNFSF10), one of the most exteredy studied members of the TNFSE released by directly
infected cell§147, 148]or by primed innate and adaptive immune cfi, 109, 110] and has
been associated with alveolar fluid clearance impairment, increased morbiditgnlaaiced
susceptibility to secondary pneumococcal infection in {88 146]as well as higher morbidity
in patients with IVinduced ARDS[144]. Ligation of Fas ligand (FasL, TNFSF6) to the Fas
receptor leads to the apoptotic death of recrumtadrophages updN infection and furtheaffects
disease severity in a typanterferondependent manngt45, 149. These examples demonstrate
but by no means exhaust the various functions of TNFSF members and highlight tteefabdr

understandheir controversial functionduringlV infection.
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TNFSF14LIGHT

LIGHT (homologous td_ymphotoxin exhibitsinducible expression and competes with Herpes
Simplex Virusglycoprotein D forHVEM, a receptor expressed byjlymphocytes), also known as
CD258 or TNFSH4, is a relatively understudied member of the SNFcomparedo the better
known TRAIL or FasL. Typically found as a transmembrane type Il protein of 29kDa in a
homotrimer form with an internalf&rminus, TNFSF14/LIGHT may also exist in a soluble form,
which retains its receptdrinding and signainducing capacity upon proteolytic cleavad®0-

152]. An alternatively spliced form deletes the transmembrane domain, thus ending up in the
cytoplasm, where its function remains unknogdh1]. TNFSF14/LIGHT bind to three different
receptorstype | transmembrane lymphotoxin beta receptorb®)l herpesvirus entry mediator
(HVEM, alsoknown asTNF receptor superfamily 1A/NFRSF14)andsoluble inhibitory decoy
receptor 3 (DcR3), which is found most animals of th€hordataphylum, but not in mice and
rats(Figure 9) [138, 150, 153155].

TNFRSF14HVEM (CD270) is a common receptor for TNFSF14/LIGHT, lymphotdxigi TU),

the two members of the immunoglobulin family B and T lymphocyte attenuator (BTLA) and
CD160, as well as the virion glycoprotein D of herpes simplex {88, 154] It is constitutively
found on the surface ofldematopoietic lineages but can also by esged by nohematopoietic

cell populations such as the mucosal epitheliufh56]. The main functional activity of
TNFSF14/LIGHT TNFRSF14HVEM crosslinkingis consideredo bea cesignaling pathway in

T lymphocyteg§154]. TNFRSF14HVEM expression is, therefore, observed in a variety of tissues,
including spleen, thymus, bone marrow, but also lung and inte§lifés157] When acting as a
canonical TNF receptoreceptorligandcrosslinking leads to the activation of MFcb t hr ou g h
involvement of the TRAF2/3 pathway, thus promoting cell survival and differentjdi8a 157]
Interestingly, BTLA crosslinking may restrict B andlyimphocyteproliferation and it can be
assisted or inhibited by TNFSF14/LIGHT in this functigh38]. While binding of the
transmembrane form of TNFSF14/LIGHT TNFRSF14HVEM serves as a counteggulatorto
BTLA, interaction of the receptor with soluble TNFSF14/LIGHT enhances the inhibitory role of
the BTLA checkpoinf138]. The variety of potential ligands and interactiricomes proves that
TNFRSF14HVEM can promote both proand antiinflammatory pathways, depending on the

interaction in question.
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Unlike TNFRSF1I4HVEM, LTbR i s absent f ritosiwiddydiatmbdtedB | y mg
on stromal and parenchymal sgldendritic cells, and macrophages of most or§abg8, 154]

LTbR seraveseptor for t wo potential | dbog ands,
heterotrimedbRThaet eTf@btion is required for tt
tissue, including lymph nodes, Peyer’s patches, and germinal centers inehe lspi@lso for the
development of NK cells and the afferent lymphatic migration lyiniphocyted150, 158, 159]

Recent |[-INFSFLAILESRT ligation has beemked to increased survival and proliferation

of human bone marrow mesenchymal stem delligitro, making this interaction an interesting

research topic for stewell based therapig¢&60]. Ligand binding to LTBbR i
nontcanonical NFe B p a t[159yang, 81 contrast to HVEM, which lacks a death domain, may
additionally lead to cell death via apoptddiS8, 161]

Figure 9. Depiction of TNFSF14/LIGHT and
TNFSF14/LIGHT receptor signaling in lymphoid cells.

LIGHT

TNFSF14/LIGHT is a homotrimer type Il transmembrane

protein with three potential receptolBNFRSF14HVEM,

which is found on allhematopoietic and various non
hematopoietic cell s; LTbhR, w h
lymphocytes but is expressed on most members of the

cp160 myeloid compartment; and DcR3, which serves as an
antagonist for the other two receptov8ard-Kavanagh et

al., 2016, reprodwed with permission of Elsevi¢t38].

TNFSF14/LIGHT expression is observed in a variety of tissues, where it emerges as an
inflammation and homeostasis medidt®4]. It is widely expressed on cells of the hematopoietic
compartment, including T and B lymptyes, dendriticells, NK cells, andplatelets[152, 162,

163]. TNFSF14/LIGHT plays a significant role in [§mphocyteco-stimulation, activation, and
proliferation [154]. Blockade of its signaling pathway therefore impairs allogendyeriphocyte
responses,highlighting a role in grafiversushostdisease[151, 154, 164] Furthermore,
TNFSF14/LIGHT has ben linked to several autoimmune inflammatory diseases, including, but

not limited to, inflammatory bowel diseagb1, 165] atherosclerosis and corondrgartdisease
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[166, 167] diabetes mellitus type[268], nonalcoholic fatty liver disea$®69], systemic sclerosis
[170], atopic dermatiti$171], hepatitis[172], preeclampsi§l73] and rheumatoid arthritigl 74,

175]. The role of TNFSF14/LIGHnitiated inflammatory responséas beemdditionallystudied

in the contexof viral [176, 177] bacteria[153, 178]and parasiti§154, 179]infection. Depending

on the pathogen and cell population of interest, TNFSF14/LIGHT has been shown to exert different
functions regarding Tymphocyteactivation, adaptive immune responsand establishment of
infection memory. Studies addressing the role of the ligand upon early infectiamapdtential
impact on innate immunity are, however, still lacking.

In the lung, TNFSF14/LIGHT has been associated with the promotion of airwageényg and
hyperresponsiveness in asthma mod&&, 180]as well as enhanced fibrosis formation and
smooth muscle hyperplasia through increased production ofiT GF1 Ipbdnd IL-13 by structural

and immune cells in idiopathic pulmonary fibrosis, dermatomyositis, and systemic sqlErésis
181-183]. High TNFSF14/LIGHTserum levels have been further linked to the development of
interstitial pneumonia in patients with dermatomyositis, presumably as a result of
TNFSF14/LIGHTFactivated CD8T lymphocyteinfiltration of the lung and elevated Th1 cytokine
production[184]. Recently, TNFSF14/LIGHT haseen attributed a potential role GOVID-19,

with high plasma level§l85, 186]and increased expression of TNFSF14/LIGHT in peripheral
blood mononuclear cells (PBMOsaving been describedpatients with sever@OVID-19[185].
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2. Aims of this work

Influenza A virus (IAV}induced pneumonia remains a significant threat in the era of emerging
viral infections. One of themmunological hallmarks of the disease is the depletion of the fissue
resident alveolar macrophage (PR) pool. This compromises host defepgereby enabling the
establishment of secondary bacterial pneumonia, which is one of the most common and severe
complications of 1AV infection. Despite years of research, the pathophysiological mechanisms
driving TR-AM depletion remain largely unknown.

The primary aim of the presented work was to investigate the underlying mechanisms leading to
TR-AM loss during 1A/ infection and to therapeutically addreéssaforementioned mechanisms.

The next aim of this work was to address the clinical outcome ofipiie¢nza pneumococcal
pneumonia following successful prevention of -ARl death through direct targeting of any
involved pathways.

Together, the ultimate aim of this study was to better understand host defense, design novel
therapeutics, and improve disease outcome in the light not only of primary viral but, more

importantly, viral and secondary bacterial infection.
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3. Methods

Mouse strains

Wild-type C57BL/6 mice were purchasewrh Charles River Laboratorie3nfsfi4- [187],

tnfrsf14- [188], andItbr” [189] mice were provided as a gift by the group of Prof. Klaus Pfeffer

from the University Clinic of Disseldorf. Mice webbeed under specific pathogéree conditions

(SPF) usedbetween 10 and 12 weeks of agadtransferred to IVC conditions upon treatment.

Monitoring was performediaily depending on experimental severi#y.scoring system was

developed based on weight reduction, general physical appearance, spontanecus bsheell

as specific experimesmelevant criteria (tachypnedyspneavisible breathing with reduced breath

frequency, apathymmobility, severe exsiccosigyanotic mucosae, and gasping). Depending on

the scoring, specific measures were undertakéine with local animal welfare lawg¢Table 1):

Table 1. Experimental scoring forin vivo experiments.

0

Scoring once daily, no measurgzertaken

5-9 Scoring twice daily, 5% glucose added to the drink
water, softened food pellets placed within the cg
reduced handling

1019 Scoring three times a day, 5% glucose added to

drinking water, softened food pellets placed within
cage, reduced handlingand consultationwith a

veterinarian

20 orhigher, based on-3 different parameters

Scoring every 4% hours, 5% glucose added to t
drinking water high-calory wet food (e.g. Clear HO
boost or liquid altromin), reduced handlingnd

consultationwith the animal welfare officer

20 or higher, bsed on one parameter, or seve

parameters persisting over 24h

Euthanasia andotification of the project leader

Animals were euthanized when a scoring of 20 (single parameter or several parameters persisting
over 24h) was achieved, when a control animal had to be sacrificed due to high scoring and an
analysis was possible at the given time point,

10-15 for over 5 daysAnimal experiments were performed at the Biomedical Research Center

or when an areg®Ved an unchanged scoring of

Seltersberg (Biomedizinisches Forschungszentrum Selterskaard) the Central Animal

Laboratory (Zentrales Tierlabor, Room 1@B)heJustus Liebig University of Giessas well as

the Max Planck Heart and Lung Laboratory of the Institute of Biomedicine Investigation of Buenos
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Aires (Instituto de Investigacion en Biomedicina de Buenos Aires, IBiIGBNICET-Partner

Institute of the Max Rinck Society).

Cell culture

Cell lines

Madin-Darby canine kidney (MDCKI)I cellswere cultured in cell culture flasks fall medium
(DMEM, 10% FCS, 1% penicillin/streptomycin, 1% glutamine, 2.5% HEPES} 37°C and 5%
CQ,. Cells were detached anchgilarized with trypsi’EDTA after washing with PBS for
passaging. For experimental purposes, cells were passagedl@n é6r 96well plates 24h prior

to further treatmenDMEM was purchased from Gibco/Life Technologies, Carlsbad (USA).

Primary alveolar macrophages

Primary tissuaesident alveolar macrophages (AM) were isolated from the bronchoalveolar
lavage fluid (BALF) of noranfected mice. Nte were sacrificed by cervical dislocation. After
exposure of the trachea, a small incision was performed and a shortegadg2lcannula was
inserted for BALF acquisition. Mice were lavageden instillation stepsiith 0.5ml PBS"/2mM
EDTA. BALF sampes were stored on ice until further process. Samples were centrifuged at
1600rpm for 8min at 4°C, after which pellets were resuspended-‘AMR1edium (RPMI, 2%

FCS, 2.5% HEPES, 1% penicillin/streptomycin, 1%glutamine). TRAM were seeded at a
density ¢ 100,000125,000 cells/ciand left to adhere for 2h before further treatment.

Influenza A virus propagation and titration

Influenza virus A/Puerto Rico/8/34 (HINIAYV PR8) was propagated on canine epithelial MDCK

Il cells. Seasonal wildype mouseadapted influenza A virus was propagated in the lab of Stephan
Pleschka, Virology, Giessen (Germany). A recombinant strain of the seasonaladapssd virus

was propagated in the lab of Thorsten Wolff, Robert Koch Institute, Berlin (Germany). Cells were
passaged in a T#&ell culture flask at a ratio of 1:8ne day prior to infectionup to 85-90%
confluence at the time point of infection. Cells were washed with"PB&d infectedat a 0.001
multiplicity of infection (MOI). The virus dilution was prepared in MDCK Il infection medium
(MDCK medium as described above but supplemented with 0.2% BSA instead of FCS). Cells were

inoculated with 5ml virus dilution for 1h at 37°C and 5% C#@¥ter that, they were washed and
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further incubated with 10ml infection medium containing trypBRCK in a 1:1000 dilution. Cell
culture supernatants containing virus particles released from the infected cells were harvested after
36-48h when a cytopathicffect of approximately 70% had been achieved and centrifuged at
1600rpm at 4°C for 30min. Supernatants wadiguoted andtored at80°C.

To determine the amount of virus particles capable of multicycle replication (foci forming units,
ffu), MDCK Il cells were seeded in-Shaped 94vell plates one day prior to infection. Cells were
washed with PBS and infected withO5ml of serial 1:10 dilutions of the virus stock in
PBS"*/0.29%BSA/1% penicillin/streptomycin/1%-tjlutamine, covering a range of dilutionsr

1:10" to 1:1@. Virus dilutions were inoculated at 37°C, 5% £iOr 45-60min, cells were then
covered with 100ul Avicel medium (10% 10x MEM/30% £#0.3% BSA/1% DEAE
dextran/0.3% NaHCg1% penicillin/streptomycin/1.25% Avicelgontaining 1pg/ml trypsin
TPCK. Due to its high viscosity, Avicel prevents viral spread through the cell culture by diffusion
of viral particles in the surrounding medi and only allows virus spread from cell to cell.

Cells were incubated for further -36h at 37°C, 5% Cg& to dlow formation of foci caused by
local virus propagation. After this incubation step, PB®as added to the cells for -IGmin at

RT, in order to reduce Avicel viscosity. Following 3 washing steps with"PB2lls were fixed

and permeabilized throughe addition of fixing solution containing Triton-X00 (PBS/*/3.7%
PFA/1% Triton %100) for 30min at RT. After that, fixing solution was discarded, cells were
washed three times with PB$0.05% Tween 20 (‘washing solution”), and plates were left to dry.
Plaques were visualized by immunohistochemical staining. Incubation with a primary anti
influenza nucleoprotein (NP) antibody diluted 1:100 in PBS/3% BSA for 1h at RT was followed
by incubation with a secondary, horse raddish peroxidase (HRRRed, antmouse antibody,
diluted 1:1000 in PBS/3% BSA for 1h at RT. Addition of TrueBlae HRP substrate yielding a
blue color after enzymatic progressirajowed counting of the number of foci per well.

The titer of the virus stock was calculated accordirthedollowing equation:

Number of foci per well*20 (infection is done in 50pl, 1:20 of 1ml) ¥4pn wheresinglefoci could be

counted— ffu/ml

36



In vivo experiments and preparation of animaiderived samples

Influenza A virus and seconda®greptococcus pneumonisection

Forin vivolAV infection, mice were premedicated with atropin (application 0.05mg/kg; 0.5mg/ml
initial concentration diluted in 0.9% sterile NaCl to 0.05mg/ml and applied subcutaneously at 0.2ml
per 20g body weight) andnesthetizedby isoflurane inhalation. More specifically, oxygen
containing 4% isoflurane was supplied under constant flow into the induction chamaer of
anesthesia device [TEM SEGA, (FR)]. The induction chamber was automatically heated up to
maintain baly temperature upon device ignition. Once gas flow had been stabilized, mice were
placed in the induction chamber until loss of their righting reflex, upon which they were transferred
from the induction chamber to the intubation station (60° plane). Mere when fixed by their
incisors and hindlegs ia supine position, while 2.5% isoflurane was applied at a flow rate of
0,3L/min through a nose mask. An endotracheal tube was then inserted orally, passing between the
vocal cords into the trachea. Using a 27G syringe, mice were inoculateésD@ftn of IAV diluted

in 0.07ml sterile PBS". Control groups were inoculated with07ml of sterile PBS without
additives. Mice were then returned to their cage and monitored until complete recovery from
anesthesia could be observed. Treated mice were moniteBetinies per day, depending on
diseaseseverity as described above

For coinfection experimentgniceinitially infected with 250ffu IAVwere additionally infected

with Streptococcus pneumoniserotype 3 on day 7 peBtV infection (pi), bacterial strairkindly
provided by the research group of Martin Witzenrath, Charité, Berlin (Germany). Pneumococci
were streaked on-8 sheep blood agar plates (Oxoid, GER) and left to grow at 37°C1foh ®n

the day prior to infection (day 6 pi). Pneumococci were the@mested using an inoculation loop
and left to grow in liquid medium (THY medium; 30g TeHewitt broth powder/5g yeast
extract/1L distilled water) containing 10% haaactivated FCS at 37°C until the desired optical
density was reachetlhe latter wasneasured with an Ultrospec 10 cell density meter (Amersham
Biosciences, UK) using a 1,5ml semicro PMMA disposable cuvette (BRANDUV, Merck,

GER) containing 1ml of bacteria in liquid medium. A blank cuvette containing 1ml of liquid
medium was used asd®ine control. Once the optimal density of @084 had been established,
liquid culture was stored within a tightly sealed canister in ice overnight. On the day of infection,
the liquid bacterial culture was removed from ice and allowed to grow atf873@ until reaching

an OD of 0.30.4 (equals & x1C cfu/ml), upon which it was centrifuged at 31001U/min, 10min,
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10°C, at a deceleration rate of 1. Bacteria were then resuspended in the appropriate volume of
sterile PBS in order to achieve a conceation of 1x18/ml and were further diluted up tofinal
concentration 0f20-50cfu0.05ml PBS”, which was used as the infection dose. Bacterial
inoculation was thenperformedintranasally in lightly anesthetized mice (isofluranduced
anesthesia in an induction chamber, as described above). Mice were returned to their cage and
monitored until ambulatory conditions had been established. Treated mice were monisored 1
times fer day, depending on experimental severity. Infectiore eh@s cofirmed by overnight

culture of 0.05mbf final bacteriakoncentration diluted i6.2mIPBS’ on a sheep blood agar plate

and quantification of the number of coleforming units (cfu) 16Hater.

Orotrachealadministration of recombinartifsf14light

For treatment with recombinatmfsf144ight (rTnfsf14/Light), mice were infected with 500ffu IAV
diluted in 0.05mI PBS" as described above. On days 1 and 2 pi, mice were anesthetized and
received 10ugTnfsf14/Light (R&D Systems, GER) diluted id.03mlPBS”. Control groups
received0.03mIPBS’ per time point. Following infection and treatment, mice were returned to
thar cages and monitored daily through clinical scoring. Organ harvesting and experimenta

analysiswereperformed on dag pi.

Adoptive transfer of RRAM and cainfection experiments

For adoptive transfer experiments, C57Bl/6 vijjge mice were infecteavith 250ffu 1AV,
infection proceduras described above. Three days later, BALF was obtained frorimfeated
wild-type, tnfrsf14”, or Itbr”- mice, and centrifuged at 1600rpm for 8min at 4°C. Pelleted cells
were resuspended in 1ml MACS buffBBS,7.4% EDTA, 0.5% FCS pH.Z2). After determination

of the total cell count, alls were centrifuged once again at 1600rpm, 4°C, for S
resuspended in the appropriate sterile PB&ume, sahat 300,006600,000 cells per 0.05RBS
could beorotracheallytransferredo the animals. Adoptive transfer was performed in isoflurane
anesthetized mice using a Hamilton® 1725 BKR5mI (Hamilton Company, USA) syringe.
Following transfer, micavere returned to their cage and monitored until ambulatonglitions
had been established. Treated mice were monite@etimes per day, depending on experimental

severity. Secondary pneumococcal infection was performed four days lat@rggags described

38



above. Clinical scoring was performed daily ueggberimental ending, according to the previously

mentioned criteria.

Caspase inhibitor and neutralizing antibody treatment

The in vivo effect of apoptosis inhibition was addressed through the use of specific caspase
inhibitors in 1AV-infected mice. Morespecifically mice were infected with 500 (for day 7
experiments) or 1000fflAV (for day 3 experiments)s describedboveand treated with a specific
caspase& or caspas8 inhibitor, or a DMSO control. Lyophilized caspéaseand caspas@
inhibitors werdiluted in0.075mlor 0.0765mIDMSO, respectivelyfor a concentration of 20mM.
Further dilution was then performed in sterile PB6r a final concentration of 10mg/kg.015ml

of the 20mM stock diluted i0.045mIPBS’). Diluted inhibitors and theiDMSO contros were

then applied subcutaneously on day 2 pi when analysis was performed on day 3 pi, or daily on days
2-6 pi for analysis on day 7 pi.

For neutrophil depletion, 200pg of an ahyi6G antibody (InVivoMAb antimouse Ly6G
antibody, clone 1A89,8mg/ml, BioXCell, USA) or an isotype control (InVivoMADb rat 1gG2a
isotype control, ardirinitrophenol, clone 2A3, 9,7mg/ml, BioXCell, USA) dilutedQriiml sterile

PBS’ were injected intraperitoneally.p.) in 1AV -infected mice (500ffu) on day4, 1, 3, and 5

pi.

For tnfsf14/ight neutralization, a mouse specific blocking antibody was kindly provided by the
research group of Professor José Ignacio Rodriguez Barbosa, University of Ledn, Leon (ES). Mice
were infeced with 500ffu IAV and treateidp. with 500ug of the blocking antibody, or an isotype
contr ol (mouse | gG2b, -14, 0.bnsgbmt, Biglegend)pdiiuted @2m| c | on
PBS' on day?2 pi.

Preparation of BALF and luntissue singlecell suspensiofor further analyses

Preparation of BALF for cytokine and cell composition flow cytometry analysis

For cytokine and cell composition analysis of the BALF, mice were sacrificed by exsanguination
under anesthesia. To this purpose, xylazine hydrochloride (application 16mgited dil 0.9%

sterile NaCl to 3.33mg/ml) and ketamine hydrochloride (application 100mg/kg; diluted in 0.9%
sterile NaCl plus 3.33mg/ml xylazine hydrochloride to a concentration of 20mg/ml) were applied

intraperitoneally at 0.2ml per 20g body weight. Exsamafion was then performed through
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puncture of the left ventricle. Following that, the trachea was exposed through an incision in the
neck skin and separation of the salivary glands and sternohyoid muscles. A 21G cannula was then
inserted in the tracheaava small incision and fixed in place with the help of surgical suture. BALF
was collected through repeated stepsowftrachealinstillation and extraction of PB$2mM

EDTA. More specifically, instillation of 1.2ml PBS/EDTA (in 0.3ml, 0.4ml, 0.5ml stéfisst
fraction”) was followed by instillation of 8x0.5ml PBS/EDTA (‘second fraction”). BALF was
stored on ice until further processing. Both fractions were centrifuged at 1600rpm for 8min at 4°C,
after which pellets were combined, resuspended in 1ml SIAGffer PBS", 7.4% EDTA, 0.5%

FCS pH 7,2), and stored on ice ufitirtther analysis. Supernatant of the first faction containing

viral particles and soluble, celerived molecules, wadiquoted andtored at80°C.

Calculation of absolute cell numisein mouse BALF

For calculation of total cell count and viability assessment in the BALF of naive; arodkAV-
infected mice, 19ul of cells resuspended in 1ml MACS buffer were stained with 1pl of acridine
or ange {ian@dns24phignytindole (DAPI) dygSolution 18 ChemoMetec).0.01mlof

cell suspension containing the AO/DAPI dye were loaded on -&IM€ AS™ and fluorescence
imaging was performed in a NucleoCoufitBiC-3000'™ [ChemoMetec, (DEN)]. Cell count was
determinedby quantification of cells wittpositive AO staining as total number of cells in 1ml.
Dead cells were identified a&O- and DAPI-positive, thusproviding additional information
regardingcell viability.

Preparation of lundgissue singlecell suspensiofor cell composition analysis

After BALF extraction, mouse chest cavity was opened, and lungs were perfused with sterile HBSS
via the right heart ventricle. Ondesml of sterile dispase had been administered into the lungs, the
cannula was removed, and the trachea was tightly sealed with dutngs and trachea were
removed, washed in HBSS, and placed in dispase for 40min at RT. Next, heart, trachea, and large
airways were removed, and the remaining lung tissue was dissected in DMEM/2,5% HEPES plus
0.01% DNase in C tubes usitite gentleMACS dsociator(Miltenyi Biotec). Cells were filtered
through100 and 40um cell filters, washed, centrifuged at 1500g/4°C for 10min, resuspended in
1ml DMEM/2.5% HEPES, and counted. For the determination of total cell count, a similar
approach to BALF was useske above) with an additional 1:10 dilution step of the cell suspension

(0.9ml MACS buffer + 0.1ml cell suspension) to avoid exceeding the maximal counting range of
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the NucleoCounter due to the high cell numbers in the lung tissue. Solution 18 (1pkkmwaddied

to 19l of the diluted cell suspension and cell count was determined as described above.

Calculation of bacterial burden in tHangsof animals infected with 1AV and

Streptococcus pneumoniae

For comparison of the bacterial load between diffenemise groups following a double infection
hit, wild-typeandtnfsf14" mice were infected with lowdoselAV andStreptococcus pneumonijae
as describedbove On day9 pi, the first day after cmfection when significant changes in weight
loss anctlinical scoring could be observed, mice were sacrifiB&d,F was collectedandlungs
wereharvested andomogenized, as previously describ8dmples were stored on ice during the
complete experimental procedure. A series of inoculum dilutions in Na€lpnepared for each
sample in 1:10 steps on a-@ll plate, ranging from 0 to 7 dilutions per sample. For each dilution
step, 4%.01mlinoculum were pipetted on a blood agar plate and left to grow at @re@ight
Total bacterial load was then calcaldtby counting the average number of separately grown

colonies, multiplied by 1@mper of dition stepfqr each sample.

Fluorescence activated cell sorting (FACSB#LF TR-AM

BALF was obtained from moelandlAV -infected mice as described above. After calculation of
total cell numbers, cell suspensions were recentrifuged at 1.5g, 5min, 4°C, block@dOaati
immune globulin blocking solution [10% Gamur€xGrifols, USA)/1% BSA/0.02% NaAz], and
incubated in theappropriate antibody mixture for 20min at 4{Table 2.) Cells were washed
between staining steps with MACS buffer and resuspendedinl MACS buffer before sorting.
Sytox™ blue (ThermoScientific, USA) was added to BALF samples at a concentration of 1:1000
immediatelybeforesorting. TRAM were sorted into polypropylene FACS tubes (BD Biosciences,
USA) and centrifuged at 1.5g, 5min, 4°CellS were then resuspended(r85mI RLT buffer

(Qiagen, USAxnd stored ai80°C forfurthergene expression anaégs
Table 2. Staining protocol for TR-AM sorting:

Gating strategy Antibody Dilution

sorting of viral | goat antimouse influenza A Virus 1:75
hemagglutinianegative | rabbit antigoat Alexa Fluo647/FITC 1:100

(HA-neg) TRAM from | rat anttmouse CD45 APC/Cy7, @t PE/Cy7, SiglecH 1:100, 1:100,
BALF PE, CD11c FITZPE Cy7 1:50, 1:20
Live-dead staining Sytox™ blue PacificBlue 1:1000

41



In vitro experiments

In vitro infection and ultravioletight (UV) treatment of cultured MDCK cells

To infect MDCK I cells with 1AV, virus stock was diluted in PBS 0.2% BSA to an MOI of 1.
MDCK 1l cells had been previously seeded & 1Mio cells/well omelbplate and left to grow
until a confluence rate of 880% had been reached at the tipent of infection. Final
concentration of the inoculum was calculated as follows:

Number ofcells/well*MOl/inoculation volume (in ml) = ffu/ml

Cells were washed with PBS and inoculated with the final virus dilution for 1h 37°C 524rCO
case of the "UMnactivated” groups, viral inoculum had been previously been subjected-to UV
inactivation forl5min, 30min, or 60min, while being kept on ice. After this incubation step, viral
dilution was removed and replaced by infection medium containing 0.2% BSA instead of FCS.
Infected cells were then kept at 37°C 5%C@n the following day (24h after infeon),
microscopy analysis afell cultures was performedo identify anyirus-induced cytopathic effect

within each group.

Concentration of BALF from naive and infected micesfovivotreatment offTR-AM

For ex vivotreatment of alveolar macrophages, the “first fraction” of BALF isolated from-mock
infected ("day 0°) and |1A\Infected wildtype andnfsf14" mice (day 3, day 7 pi) was thawed from
-80°C on ice. For each time point of the infection course, samples lirem nice were placed in

a ThermoScientifit! PiercéM protein concentrator (@ml capacity, Cat. 88515, coff 3kDa,
ThermoFisher Scientific, USA) and centrifuged at 4000g, 30", 25°C. Concentrated retentates were
collected from sample chambers and una@gl5minUV inactivationto excludethe interference

of any remaining viral particles or cell debris with the treatment. Samples were then aliquoted and

stored at80°C or immediately diluted in TFRM medium for alveolar macrophage treatment.

Viability analysis ofex vivotreated alveolar macrophages

Primary TRAM were isolated from the BALF of nenfected mice as described above, seeded on
a 96well plate at a density of 50.0a®0.000 cells/well, and left to adhere for a minimum of two
hours at 37°C, 5% COCells were then washed and treated with 0. 1mAMRmedium containing
10% concentrated BALF from mocland IAV-infected wildtype mice. For caspase inhibition

experiments, cells were incubated in-ARl medium containing a specific caspe®eB inhibitor
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at a concentration of 50uM for 3h prior to BALF treatmerhis concentration was chosen as
sufficientfor significantly attenuating staurosporiimeluced apoptosis (0.25uM) in naive alveolar
macrophages after 24h of treatment while not inducing any significant toxicibAM Riability
was then assessed by @arimetric assay (Cell Counting K&, Sigma Aldrich, GER). More
specifically, 0.01lml of the tetrazolium salt WS8 [2-(2-methoxy4-nitrophenyl}3-(4-
nitrophenyl}5-(2,4-disulfophenyl}2H- tetrazolium] were added to FRM cultures 24h after
treatment. ASNVST-8 is reduced by dehydrogenases in living cells, leading to the formation of
yellow-colored formazan, viabilitgould beassessed dseingproportional to the amount of the
newly produced formazan dye. To that purpose, cells were incubated irf8W#8Th at 37°C/5%
CO; and the amount of formazan was quantifie¢paportional to theabsorbance measured at
450nm wavelength in an iMark microplate reader {Red, GER). Viability of treated cells was
then calculated as follows:

absorbance treated/absorbareontrol * 100, expressed as % survival of cortiredted cells,

which was set at 100%.

Caspase activity assays

For caspase activity assays,-ARI isolated from the BALF of naive (da3) or IAV-infected mice
(day 3, day 7 pi) were seeded & 10;80000 cells/well on a 96vell plate. After 2h of incubation

at 37°C, 5% CQ cells were treated with 0.1ml TRM medium containing 10% concentrated
BALF from wild-type ortnfsf14" micefor 24h For tnfsf14/light blocking experiments, a specific
mouseanti-mouse tnfsfl4/light blocking antibody (provided by the group of Prof. I. Rodriguez
Barbosa, University of Ld@n, Ledn, ES) or an isotype contrano us e | gG2b, 9 isot
clone MPC11, 0.5mg/ml, BioLegend, USA) was added to the concentrated BAdiFa
concentration of 1pug/ml and incubated for 1h at 4°C prior to cell treatnadter which
concentrated BALF was added and incubation was performed foat23i°C, 5% CQ@ For
recombinant tnfsf14/light treatmenlpi-sortedTR-AM from naive and IAVinfected mice were
plated at a density of 10,0D,000 cells/well on a 9%ell plate and treated with nfsf14/Light
(R&D Systems, GER) at a concentration of 500ng/ml in-ANR medium containing
PBS"*/0.1%BSA instead of FCBr 24h In all experimental seps lyophilized Caspas&lo® 3/7

or Caspas&lo® 8 substrate (Promega, GER) was resuspended in 10ml lucifemaisening
Caspaseslo® buffer (Promega, GER) and added a 0.1ml/well to the 2éHsafter treatmenffter
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1hincubation at RT, cells were transferred to blackv@d plates for luminescence detectiwith

a520/25 filter in an FLx800 fluorescence and luminescence reader (BioTek Instrumeh}s|ruS

this assay, luminescence is produced following caspaseageai the proluciferin DEVD (for
caspase 3/7) or IETD (for caspase 8) substrate and the release of aminoluciferin, leading to
luciferase reaction and light emission. Caspase activity was quantified as proportional to
luminescencemittedand was expresse follows:

% Caspase activity (treated) = (caspase activity trezsgdase activity blank)/ (caspase activity

controlcaspase activity blank) *100.

Analysis of gene expression

RNA isolation cDNA synthesjsand quantitative polymerase chain reactioPCR)

For RNA isolationflow-sorted murine TRAM and human neutrophilserelysed in0.35mIRLT

buffer, provided in the RNeasy kit (Qiagen, USkading to cell lysis, protein denaturation, and
RNase deactivatiorSamples were processed according to the manufacturer’s instruRfiols.

was precipitatethrough the addition of 0.35ml ethanbfund to a silica membrane, washed, and
finally eluted inin 0.014ml dHO. RNA concentration and qualitwere measuredwith the
spectrophotometer Nanodrop One (ThermoScientific, UEA).cDNA synthesis, 10@50ng of
isolated RNA plu®.001mIdNTPs,0.0015mlrandom hexamers, and gbifor a total volume of
0.0125mlwere heated up to 65°C for 5min in order to break up secondefy R uctures and
linearize the RNA. Samples were then placed on ice-fan. After that0.008mlof PCR master

mix including a reverse transcriptase needed for transcription of RNA into cDNA were added,
according to the manpdswaretkeptae2s6°€ for 1min,81°C for 80min,o n s .
and then heated up to 70°C for 5min in order to inactivate the reverse transcriptase. All incubation
steps were performed in a T100 thermocycler{Bam, GER)gPCRanalysisvas performed with

SYBR green irthe StepOnePId¥ RealTime PCR System (Applied BiosysteMs USA) and in

t he Quant St-Tirde PCE Sy8temR&palied Biosystels USA) using the reaction
setupprovided by the manufacturer

Gapdhand 18s ribosomal rRNA weselected as housekeeping geswed served as normalization
controk (Table 3). Data are pr esentied geaesof irqeeeshireaed- (CCt 1 e f
referenceé Ct gene of interestpek inteontro] OF fold change (25! Primer specificity was validated

by analysis of the melt curve of tqPCR product
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Table 3. Primer pairs used forgPCR.
gapdh FP5-AGGTCGGTGTGAACGGATTTG3’
RP5-GGGGTCGTTGATGGCAACA3’

tnfsf14light FP 5-ACTGCATCAACGTCTTGGAGAS3’
RP 5-TGGCTCCTGTAAGATGTGCTG3’

tnfrsf14hvem FP5 -CAGGCCCCTACAGACAACAG3’
RP5-ACTCGTCTCCCACAAGGAACT3’

Itb r FP5 -CCCCTTATCGCATAGAAAACCAG3’
RP5-TGCATACCGCAAAGACAAACT-3’

RPS18 FP5- GCAGAATCCACGCCAGTACAAG3
RP 5- GCTTGTTGTCCAGACCATTGGE3”

TNFSF14/LIGHT FP5-GGTCTCTTGCTGTTGCTGATGE’
RP5-TTGACCTCGTGAGACCTTCGCT3’

RT? Profiler PCR Arrays

RT? profiler PCR arrays (Qiagen, USA) were used for gene expression analysis of a panel of targets
related to different intracellular biological pathways. In detail, RNA was isolated frorrstioied

TR-AM as described before. A total amount of 10ng RNA wsetliper sample for all further gene
expression analyses, which were performed according to the manufacturer’s instructions. As a first
step, genomic DNA elimination was performed by addir@@2mlof genomic elimination buffer

to 0.008mlof RNA sample. Fdbwing incubation at 42°C for 5min, the reaction was stopped by
placing the samples on ice for at least one minute. After@t@tmlof reverse transcription mix
containing0.004mlof 5x buffer BC3,0.001mlof control P20.001mlof cDNA synthesis enzyme

mix, 0.001mlof RNase inhibitor, an.003ml of RNasdree watemwere added to the original mix

and the total 00.02mImix was incubated at 42°C for 30min. The enzymatic reaction was then
stopped by incubation at 95°C for 5min. faraplification of cDNAtarges was performed by
addition of 0.0125mlof PCR mastermix (RTPreAMP PCR Mastermix) and 0.0075mi a
speciesand pathwayspecific primer mix (PBM)63ZRT? PreAMP cDNA Synthesis Primer Mix

for Mouse TNF Ligands and Receptors, PRBWRZ - RT2 PreAMP cDNA Synthesis Primer Mix

for Mouse Cell Death PathwayFind¥r PBM-148Z - RT2 PreAMP cDNA Synthesis Primer Mix

for Antibacterial Respon$¢o 0.005mlof the cDNAsynthesis reaction, ggeviouslydescribed.
Samples were heated at 95°C for 10min in order to activate the HotStarfTBéNgolymerase
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after which preamplification was performed over 14 cycles of incubation at 95°C for 15sec
followed by incubation at 6C€ for 2min. At the end of the pramplification process).002mlof

side reaction reducer were added to each preamplified reaction, which was then incubated at 37°C
for 15 minutes, followed by heat inactivation at 95°C for 5 min and additiOrO8#mInuclease

free waterSamples were then placed on ice prior to-tisaé PCR.PCR components were mixed
according to the 9@vell plate array format provided by the company (PANBBZG24-RT?
ProfilerE PCR Array Mouse -TIRAI2ZRT2Pnaf i ngr BPak @R
Array Mouse Cell Death PathwayFingand PAMM-148ZG12-RT|] Prof il er E PCR Ar
Antibacterial Respon3e More specifically, 275ml of 2x RT?2 SYBR Green mastermix and

1.173ml of RNasefree water were added @102ml of the preamplified samples. Samples were

then pipetted &.025ml per well in a precoated 96éwell plate containing 5 housekeeping gene

controls for data normalization, 1 genomic contamination control, 3 retrarsgription controls

(testing revers¢ranscription reaction efficiency), 3 positive controls (containing a predispensed
artificial DNA sequence, testing polymerase chain reaction efficiency), and 84 gene targets
belonging to the pathways of interest. Well plates were then sealed with optieaivadfilm and

centrifuged for 1min at 1000g, RT, in order to remove any remaining air bubbledirRe&dCR

was then performed in the StepOnePYuRealTime PCR System (Applied BiosysteM3$ and in

t he Quant St uTiveoPER SysteR e(Applied Biostems™) according to the
manufacturer’s instructions. Once the threshold was set and Ct values were calculated for all wells,
data was exported into a blank Excel® spreadsheet for analysis with the company’s PCR analysis

web-based software (Qiagen GenetddData Analysis Center).

Single-cell RNA sequencing experiments

To identify the cellular source of tnfsf14/light during the infection course, mice were infected with
500ffu IAV and lungs were harvested on day 3 pi (ext303) and day 7pi (ext294) and subjected to
homogenization and preparation of singll suspension aslescribed above. Singtll
suspensions weientrifuged at 300g, 5min, 4°C, washed in MACS buff@BS, 7.4% EDTA,

0.5% FCS pH 7,2, 0,01% NaAz), and incubated.®5ml| of an antibody solution containing
immune globulin blocking solution [10% Gamur€x(Grifols, ES)/1% BSA/0.02% NaAz] and

the CD45 APC/Cy7 antibody (BioLegend, CloneRL) in a dilution of 1:100 for 20min at 4°C.

Following a washing step with MACS buffer, cells were resuspended in 0.5ml MACS buffer and
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stained with @005mI Sytox™ blue (Invitrogen) for dead cell exclusion immediately prior to

sorting. 500,000 live leukocyteddfined as @ox CD45 cells) were sorted into 0.88 0.04%

BSA/PBS" for library preparation and further processing. Samples were kept on ice between
experimetal steps.Sorted cells were stained with tec r i di ne o r-diamgliec2-( AO) / 4
phenylindole (DAPI) dye(Solution 18, ChemoMetec). The NucleoCoufitéddC-3000™V
[ChemoMetec, (DEN)gell counter was used to assess both cell number and viabilit919).

Following quality contro) single cell suspensiomith ~10,d0 cells vereloaded ont@a Chromium

Chip B (10X Genomics). Gel beads in emulsidBEM) generation, cDNA synthesiand
amplification, and library preparatiomere preformedising the Chromium Sgnl e Cel | 36 Re
Kit v3.1 (10X Genomis), according to the manufactureroos ¢
sequenced oanlllumina NextSeq2000 with B3 flowcell with 28 cycles for Read1l, followed by

8 cycles for barcoding, and 52 cycles for Redlior toanalysis, reads were aligned against the

mouse genome (GRCm38.p6) and guantified usingthe StarSolo

(https://github.com/alexdobin/STARRNA-seq alignerAnalysis was conductealith the Scanpy

software (ttps://github.com/theislab/scarpyuality filtering was done by removing cells with

more than 9% mitochondrial reads and cells that were not in a range of 300 to 9000 expressed
genes. Thus of 686&ells, 95 were removed for ext303 and ext294 lost 66 cells out of a total of
7965 cells. Furthermore, genes detected in less than 30 cells were omitted. The remaining cells
were then subjected to normalization. Raw cell counts were normalized to the cmdiaiover

all cells and transformed into log space for variance stabilization. To identify cell clusters, we first
did a principal component analysis (PCA). The first 12 comporentxt303and 10 components

for ext294 were selected to construct nemh@raphs, as they contained the majority of variance

in each dataset. Uniform Manifold Approximation and Projection (UMAP) embedding was
performedo identify cell type clusters through Leiden clustering. Additionally, a doublet analysis

was conducted omext294 usingthe Scrublet software (https://github.com/swolock/scrub)et

leading to theemoval of a doublet cluster (118 cells).

Analysis of protein expression
Enzyme Linked Immunosorbent As@alylSA) and Multiplex Assay
A commercially available ELI SA kit was used

determine the concentration wifsf14/lightin the BALF and in the serum of 1A\hfected and
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mockinfected mice (Mouse LIGHT/TNFSF14uoSet ELISA, DY17945, R&D Systems)
according to the manufacturer’s instructid@elorimetricdetectionof protein concentration was
performed at a wavelength of 450nm in a microplate reader -@aol). Tnfsfl4/light
concentrations in different sampleens calculated on basis of the optical density measured for
samples of known concentrations following subtraction of the zero standard optical density in a
standard curve.

For the determination of solubBI&NFSF14LIGHT in the human lung upon sevefieal pneumonia,
BALF from patients treated in the intensive care unit of the University Clinic of Giessen following
severelV pneumonia oiICOVID-19, or patients undergoing bronchoscopy for other diagnostic
purposeswas obtainedinder written consent. In tHatter case, "healthy” samples were selected
when a percentage of alveolar macrophages higher than 90% could be determined by cytospin
analysis. Use of BAE samples had been previously approved by the University of Giessen Ethics
Committee. Samples were razentrated inThermoScientifie™ PiercéM protein concentrators
(0.2-0.5ml capacity, Cat. 88512, eotf 3kDa, ThermoFisher Scientific, GER) by centrifugation at
12000g, 30", 25°C. ELISAf the concentrated retentatess performedising a commercially
avdlable kit (Human LIGHT/TNFSF14 Quantikine ELISA Kit, DLITOO, R&D Systems)
according to the manufacturer’s instructio@gptical density was determined at 450ron a
microplate reader (Bi®Rad).Ligand concentrationsere calculated on basis of sample&mdwn
concentrations in a standard curve, as described above for the mouse ELISA.

For multiplex analysis, the BiBlex Pro Mouse Cytokine 28ex Assay was used (BRad,
XMAP Technologies) according to the manufacturer’s instructions. Cytokine analgsis
performed in the BAE of wild-type andtnfsf14” mice. All measurements were performed in a
Bio-Plex MAGPIX multiplex reader (Bidrad, XMAP Technologies).

Flow cytometry analysis of immune cell populations inBA&F and n lungtissue singlecell
suspension

Multicolor flow cytometric analysis was performedan LSR Fortessa using DIVA software (BD
Biosciences). In summarBALF and lung tissue were obtained from naive #nd-infected mice
as described above. After calculation of total naelinbers, cell sugmsions were recentrifuged at
1500g, 5min, 4°C, and resuspended in FACS b{R&S, 7.4% EDTA, 0.5% FCS pH 7,2, 0,01%
NaAz) containing immune globulin blocking solution [10% Gamuw@xGrifols, ES)/1%
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BSA/0.02% NaAz]. Cells were then migated in the appropriate antibody mixture for 20min at

4°C (Table 4). Following a washing step withACS buffer cell wereroutinely stained eitheiof
5min with 7-AAD (BioLegend, USA) or immediately before analysis with Sytbblue

(Invitrogen, USA) for dead cell exclusion. Gating strategies and antibody concentrations were set

with the help of corresponding isotype antibodies which served as reegatitrols. Data analysis

was performed withhe FlowJo™ v10.7 software (BD Biosciences, USA).

Table 4. Staining protocol for immune and structural cell population analysis from BALF and lung tissue.

Gating strategy Antibody Dilution
1 innate immune  cel CD45 APC/Cy7, Ly6G APC, Sigleck BVv42] 1:100, 1:50, 1:50,
populations (BALF) CD11c PE/Cy7, CD11b FITC 1:20, 1:50
2: HA expression in TFRAM | goat antimouse influenza A Virus 1:75
(BALF) rabbit antigoat Alexa Fluo647 1:100
rat anttmouse CD45 APC/Cy7, @ PE/Cy7,| 1:100, 1:100,
SiglecF PE, CD11c FITC 1:50, 1:20

3: adaptive immune ce

populations (BALF, lung tissue

CD45 APC/Cy7, NK1.1 APC, CD3 FITC

1:100, 1:50, 1:50

4: innate immune cel

populations (lungissue)

CD45 APC/Cy7, CD206 APC, CD24 PE/Cy
Ly6C FITC, CD11b Pacific Blue

1:100, 1:20, 1:200,
1:50, 1:50

5: immune and structural ce

populations (lung tissue)

CD45 PE/Cy7, CD31 eF488, CD326 APC/Cy

1:100, 1:50, 1:50

6:  Tnfsfl4/Light  recepto

expression on TRM

CD45 PE/Cy7, Sigleck APC/Cy7, CD11c FIT
LThR PE, HVEM APC

1:100, 1:50, 1:20,
1:50, 1:50

7: live-dead staining

Phagocytosis assay

7-AAD
Sytox™™ blue

Gating strategies,4.

Gating strategies 2,3,5,6

Phagocytosis capacity of wiype andnfsf14- BALF TR-AM was compared on day 7 pi using

the pHrodd™ GreerE. coliBioParticle$™ phagocytosisit for flow cytometry (Invitrogen). BALF

cells were collected and total cell count was performed as described above. BioP4rticles

conjugates were reconstituteddi4mlof Buffer B, vortexed for Iminandsonicated for 15min

in order to achieve an ewgarticle distribution. Reconstituted bacterial conjugates were stored on

ice for 10minuntil further use.

Each BALF sample was then divided into four samples and
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centrifugedat 1500g, 5min, 4°C. Two samples per original samples were resuspended inmmediu
containing reconstituted conjugates in a 1:5 dilution and the other two only in medium (total of
0.12mlper sample). Sample pairs (conjugates and empty cgnivete then incubated either in a
water bath at 37°C or at 4°C for 15mafter whichall sampes were placed on ice to sttpe
phagocytosiprocess. After the addition of 0.1iysis Buffer A per sample, a series of washing
steps was performed, then antibody staining was performed and immune cell populations in the
BALF were identified via flow gtometry analys (Table 4, gating strategy tvithout CD11}).

Microscopy

Fixation and preparation of lung tissue for hematoxgid-eosin (HE)staining and histological
analysis

For histological staining of mouse lung tissue, lungs were clipped at the trachea before opening of
the chest cavity, then removed and fixed for 24h in 4% PFA. Lungs were then processed in a
TissueTek VIP sample prepatian system according to the following steps:

Water 50min, 70% ethanol 50min, 80% ethanol 50min, 96% ethanol 50min (twice), 100% ethanol
50min (twice), xylene 50min (twice), paraffin 50min (twice), paraffin 1h (twice). All steps from
water to xylene weregrformed at 37°C, paraffin steps were performed at 60°C. After the last step,
tissue was embedded in paraffin (Myr EC 350then cooled down for-8min at-8°C on a Myr

EC 3502 cooling plate and sliced in-8um thick sections on adhesive slides (StarsEy; using

the microtone Leica RM2235. Sections were left to dry overnight (60°C) before proceeding with
the HE staining as follows:

Xylene 3min, xylol 3min, then 2min, 100% ethanol 1min (twice), 96% ethanol 1min, 80% ethanol
1min, 70% ethanol 1min, watdmin 30sec, hematoxylin 8min, water 5min, eosin 30sec, water
5sec, 70% ethanol 5sec, 80% ethanol 5sec, 96% ethanol 1min, 100% ethanol 1min, then 2min,
xylene 2min (four times). All steps were performed in the Leica Autostainer XL. At the end of the
stainng, sections were coverslipped in the automated Leica CV5030 coverslipper machine.
Pictures were taken with an Olympus BX 41 microscope and an EVOS® FL Auto micrdgeope (
technologies, ThermoFisher).

Each lung was evaluated for the presence of followiragacteristic lesions: hemorrhagbjeolar

and perivascular edema, perivascular infiltrates, pleuritis, steatitis, bronchitis, tracheiitis, and

bronchusassociated lymphoid tissue (BALT) formation. According to the extent of the above
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mentioned parameatg an injury grading system frorwas developed as follows: 0: not present,
1: minimal, 2: low, 3: medium,:igh. Total histologicapneumoniascorewas calculated as the
sum ofeachindividual scoe and normaked to the total scor mockinfectedmice.

Immunohistochemistry of lung tissue

Paraffin slides were prepared as descrildzbve After overnight incubation at 60°C,
deparaffinization and rehydration were performed as follows:

Xylene 10min (twice), 100% ethanol 3min (twice), 96% ethanoh3fice), 70% ethanol 3min.
Blocking of endogenous peroxidase was pented through incubation with 2@ H.O2 30% in

180ml PBS for 15min at RT. After rinsing with distilled water for three times and an additional
incubation step in distilled water for 1@mat 37°C, antigen retrieval was performed through the
addition of a protease (0,1g protease frBtreptomyces griseu®an Reac AppliChem, ITW
Reagents, activity: 10474,48 U/mg) in 100ml PBS for 10min at 37°C. After rinsing with PBS for
three timesslides were installed in coverplates and placed in racks, where they were rinsed for an
additional three times with Triton/PBS. Following that, blocking serum (PBS;IRotunoBlock

(Roth) and goat normal serum) was applied for 30min at RT, biggorimay antibody (TNFSF14
ak203578, goaantirabbit, dilution1:300) was applied overnight at 4°C. On the following day,
slides were rinsed three times with Triton/PBS, incubated in the secondary antibodsniyoat
rabbit IgG (H+L), biotinylated, BALOOO (Vecto Laboratories)], and rinsed three times with
Triton/PBS. After that, peroxidase belonging to the VECTASTAIN ABRP Kit (Vector
Laboratories) was applied to the slides, accordinfpeananufacturer’s instructions. Slides were
then rinsed three times witlistilled water, stained with 3;@iaminobenzidine [DAB buffer tablets,
Merck KGa, 4 tablets if.2ml distilled water,0.02ml30% HO. (ROTIPURAN)], rinsed again

three times, and stained with hematoxylin for 1min. Slides were rinsed again until nogstainin
solution remained visible and incubated in water for 10min at RT. Finally, dehydration was
performed through the following steps:

70% ethanol 3min (twice), 96% ethanol 3min (twice), 100% ethanol 3min (three times), xylene
2min (three times). Slides wetteen coverslipped using the Leica CV5030 automated coverslipper
machine. Pictures were taken with the Olympus BX 41 microscope using the cellSens imaging
software (Olympus Corporation ver. 1.18) and were subsequently edited with Photoshop CS5 (64

bit). Tnfsf14/Light expression was determined in a semuantitative manner based on the
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frequency of positive signal in the lung parenchyma, the bronchi (both in the intact and in the
influenzaassociated damaged areas), as well as the pl&ofsfl4/Light expression scoring
ranged between 0, when no signal was present, and 4 tdproteinvas highlyabundantn the

examined tissue.

Human samples

Human BALF and flowsorted BALF neutrophil samples were obtained from patients who
underwentbronchoscopydue toan underlying, noiinflammatory, pulmonary disease (samples
containing >90% alveolar macrophages as measured by cytasppatients who had been
admitted to the ICU of the University Clinic of Giessen followimgus-induced pneumonia
Written consentad been acquired either from the patients or from a legal guardian or legally
authorized patient relative. Use of human lung neutrophil and/&imples was approved by the

University of Giessen Ethics Committee.

Statistics

All data are given as mearSEM. Statistical significance of two groups was analyzed by unpaired
Student 6s t test. Statistical di f f ayernwoe of
way ANOVA and posthoc Tukeyor KruskatWallis and posthoc Dunn’s comparison test
(GraphRad Prism 9). A pvalue less than 0.05 was considered significapt0305; **p<0.01;

*** n<0.005.
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4. Results

Pre-existing influenza A virus (IAV) infection enables the establishment of secondary
pneumococcal pneumonia

Secondary infection with bacterial pathogens suchSt@eptococcus pneumoniae (Sps)a
common complication of severe prima@AV infection, with dramatic implications for clinical
course and disease outcofi@7, 133] In order to study the pathomechanisms behind ¢
infection modéneeded to be establishedhich would cause significant disease severity but would
still permit comparisons among different mouse gro@asgle infection with 500foci forming
units (ffu) 1AV A/PR/8/34 (PR8) administereatotrachedl to C57BI/6 wildtype mice led to
substantiamortality and weight loss, while a single infection with 2000 colony forming units (cfu)
Spnadministered intranasally had no impactsmvival or weight loss 14 days after infection
(Figure 10A, B).
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Figure 10. Pre-existing IAV pneumonia enables the establishment of postfluenza pneumococcal pneumonia.

(A-B) Survival and weight loss afterotrachealinfection of C57Bl/6wild-type mice with IAV and/or intranasal
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pneumococcal infection on d&ypi at differentdoses, as observed over fourteen days after initial IAV infedf@n.
Bacterial culture on a blood agar plate as used in the establisheféction model. For this lovdose model, an
amount of 2660cfu Spn was used on d&ypi following an initial infection with 250ffu IAV . (D) Despite the low
infection inoculum, pe-existing IAV infection on da@ led to a high bacterial burden in the BALF ofintected wild

type mice on da$ pi (2 days after pneunsoccal infection), as opposed to mock infectiondap 0. Data shown are

pooled from four different experiments, n86mearf SEM is depicted.

However, when pneumococcal infection was precededAdy infection, all mice had to be
euthanized due to high disease burden, according to the scoring orgatianed in the "Methods”
section Table 1). For this reasaorbothinfection dosesvere reducea@nd a ceinfection model of
250ffulAV on day0 andapproximatel\20cfu(experimental variance 280cfu) Spnon day7 post
IAV infection (pi)was establishedvhich led to an average of 3% survival on day.4 pi (Figure

10 A). Despite the low viral and bacteridFigure 10 C) inoculum, high bacterial titersvere
detectedn the lungs of IAVEpnco-infected mice on da9 pi, compared to PBSpni infected
mice, whch could entirely cleapneumococcal infectior-{gure 10 D). Day 9 piwas chosen as
the first time point when a significareductionin weight as well as clinical deterioration could be
observed following the lovdose, doublénfection hit. Havingestablished a reproducible tvinit
disease model, the pathomechanisms of increased vulnerability towards pneumococcal infection
following primary IAV -inducedpneumoniawere further investigatedn particular the role of

tissueresident alveolar macrophagTR-AM) depletion.

IAV -induced pneumonia is characterized by the depletion of thER-AM pool and the intra-
alveolar influx of recruited immune cells at distinct time points over the infection course

In order to elucidate the underlying mechanisdnsing TR-AM death upon IAVinduced
pneumonia, avalid and reproduciblénfection time coursdnad to be establisheavhich would
enablethe identification othe critical time point(s) for TRAM depletion. To this purpose, wid
type C57BIl/6 mice wer@rotrachedly infected with 500ffu of IAV, a daswhich had been
previously proversufficient for causing severe infection with a strong Hatikgeolar inflammatory
respons¢98, 146] Flow cytometry analysiwas performed at different time points after infection
using diverse gating strategiesming ataddressg the complexity oBALF (Figure 11 A) and
lung tissue cell compositio(Figure 11 B), according to previously published studies on the

analysis of lung leukocyte populatiof8, 42] Starting on day 3 pi, a significant decrease in TR
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AM numbers could be observed until day 7 pi, followed by gradual replenishment by day 14 pi

(Figure 12 A).
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Figure 11. Gating strategy for flow cytometry analysis of different immune cell populationsn the BALF and

lung tissueover the course oflAV -induced pneumona. Representative plots of multicalstainingfor BALF and
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(FMO) controls. TR-AM: tissueresident alveolar macrophag@&yDM: bone marrowderived macrophages, NK:

natural killer, IM: interstitial macrophages, DCs: dendritic cells, MoMf: monocytes/macrophages.
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Figure 12. Kinetics of different immune cell populations in the BALFof infected mice over thecourse of IAV
infection. (A-G) C57BI/6 wild-type mice were infected with 500ffu IAV. BALwas collected at different time points
afterinfection and, followingdetermination of total cell counsurface staining was performed for flow cytometry
analysis oimmune cell population kinetics. Data shown are pooled from five different experimeBt$]l, mean®
SEM is depicted.

Early upon infection, bone marregerived macrophages (BMDM), neutrophils, natural killer
(NK) cells, and natural killer T (NKTgellsentered the inflamed alveoli, while the presence of T
and Bcellswas more prominent as infection progresdédyre 12 B-G).

Similar kinetics ould be observed for the more complex network of immune cell populations found
in singlecell suspension from homogenizkohg tissueof infected animals during the infection
course. Resident populationscluding interstitial macrophages (IM)CD11b, and CD11b
resident dendritic cells (DCs) diminishddring the acut@hase Figure 13 C, G, 1), while the

numbers oLy6C°" monocytes/macrophagesmained relatively unchangégigure 13 D).
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after infection following BALF harvestingSinglecell suspensions were stained with different amtijpcombinations
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and subjected to flow cytometry analysis in order to establish the different immune cell population kinetics within the

lung parenchyma. Data shown are pooled from five different experinmer®4,1, mean® SEM is depicted.

Instead, pranflammatory BMDM, which are high on Ly6C expression, neutroppissmacytoid
DCs,and NK(T) cells entered the alveoli during the early infection phiasgufe 13 A, B, EF,

H). B and T cells were present from day 7 pi ohigh numbers igure 13J, L), reflectingthe
recruitment and expansion of these cell populations following signallingifmeate immuneells.
Interestingly, an increase in eosinophil numbers was observed during the late time points of
infection (Figure 13 K), potentially demonstrating barrier destructimnich enabledhe influx of
immune cells with &igh pro-inflammatory potentiainto the aleoli. Having set the timeframe for
immune cell population kinetiagoon IAV-induced pneumonjand more importantly the key time
points of TRAM depletion, further focus was placed on dissecting the dedtiting pathways

within this population.

Apoptosis drives TRAM death upon IAV -induced pneumonia and is largely independent of
direct viral infection

IAV infection leads taheapoptosis of infected alveolar epithelial c¢i8]. In order to determine
whether this was the underlying mechanism behindAMRdeath as well, BALF TRAM were
examined for thexpression of viral hemagglutinin (HA) during the course of IAV infection as a
measure bdirectviral infection. As viral titers in the lung decrease over t[8f, this analysis
involved the early infection period. Although a significant decrease in the numbersrddddive
macrophages coulde observed, H#Avositive TRAM were hardly detected and remained
relatively unchanged over the course of infectibigre 14 A). This suggested that direct viral
infection is not the main driving force behind -AM death upon IAVinduced pneumonia. This
hypothesis \&s supported by a further experimental series, wirergvotreatment of naive TR

AM with UV-inactivated BALF from day 7 pi (when FTRM depletion is at its severest level)
significantly impaired 24h survival pesteatment, as shown in a cytotoxicity asf@gure 14 B).

UV irradiation for 15min had been previously proven sufficient in abolishing any virus presence,
measured bthecytopathic effect ilAV -infected MDCK culturesKigure 14 C) and was applied

in all following experiments involving vitro BALF treatment. These experiments suggested that
the observed cytotoxic effect could be attributed to the presence abéesadleathinducing agent,

present in the BALF of infected animals.
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Figure 14. TR-AM depletion can occur independently of direct viral infection upon IAV-induced pneumonia.

(A) Quantification ofviral hemagglutinin (HA)positive and HAnegative TRAM in the BALF of infected C57BI/6

mice over the course of IAV infection by flow cytometBar graphs representeans + SEM of n3-6 mice per time

point. (B) TR-AM survival 24h after treatment with Uifradiated BALF from noninfected ¢lay0) or infected mice

from day7 pi, as assessed by a colorimetric dehydrogenase assay. Cell viability was assessed as absorbance measured
at 450nm wavelength and is depicted as percentage of control for each conditiompBarrgpresent means + SEM

of 3 independent experiment€) Microscopy analysis of MDCHI cells infected with MOI 1 of IAV for 24h with or

without prior UVinactivation of the viral inoculum for different time intervals (15min, 30min, 60min).

IAV infection can lead to cell death through a variety of different pathyl®@, which raised the
guestion which intracellular process was the main driver behindNIRlepletion. Over time, an
increase in the percentage of apoptoticARR was observed in the BALF of infected mice, as

defined by the percentage of Annexinpdgsitive, #actinomycin D (YAAD)-negative TRAM
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(Figure 15 A and B). Flurophoreonjugated Annexin V is widely used as a marker of apoptosis,

as it binds with tgh affinity to phosphatidylserine residues normally found on the cytoplasmic side
of the cell membrane, which only become accessible upon apoptosis through translocalization to
the outemembraneurface. As cells transition from apoptosis to death,dbsgembrane integrity

allows DNArintercalating dyes like-AAD to enter the cytoplasm, thus allowing tistinctionof

live, apoptotic, and dead cells by flow cytomdtt91].
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Figure 15. Flow cytometry analysis of Annexin \V 7-AAD"~ TR-AM over the course of IAV infection. (A)
Representative plots of thating strategy for flow cytometry analysis of BALF #&M of non-infected ¢lay0) and
infected wildtype mice on day 3 and 7 pi, stained with Annexin X &RAAD . (B) Quantification of the percentage
of apoptotic TRAM (Annexin V*7-AAD") in the BALFatthese time pointsGraph represents means + SEM of h=5

11 mice, pooled from-3 different experiments per time point.

Flow-sorted, HAnegative TRAM reveakd an upregulation of several apoptoftsgure 16 A i),
autophagy (Figure 16 A ii), and necrosigelated genes on day 3 and day 7Rg(@re 16 A iii),
compared to TRAM from norrinfected mice. However, the apoptosis pathway seemed to be the
predominant one, particularly on day 7 lpi.addition to that, BALF treatment of naive -FM

led to a significant increase in casp&s@-igure 16 B) and caspas@ activity (Figure 16 C) 24h

later, particularly when BALF from day 74 mas used. This further added to the hypothesis that
TR-AM death is driven by a soluble ligand, which initiates the apoptosis pathway within these

cells.
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Figure 16. TR-AM death in IAV -induced pneumonia is linked tocaspasedependent apoptosis (A) Gene

expression analysis of flosorted HAnegative TRAM over the course of 1AV infection (day 0, day 3, day 7) using

the RT? Cell Death PathwayFinder® assay. Genes were grouped into three different cell death pathwelys, na

apoptosis (i), autophagy (ii) and necrosis (iii), A=Bicewere useger time point. Heamnaps were created using the

company’s online softwaréB-C) Caspase and caspas8 activity upon TRAM treatment with BALF from mock
or IAV-infected C57Bl/@nice. Cells were seeded a 20,&IM000/well0.1mlon a 96well plate and treated with UV

inactivated BALF in a 1:10 dilution. After 24h, 0.1ml of a reagent mix containing proluciietiimd caspas@ or

caspase substrate and luciferase were addedeactils for 1h. Caspase activity was then measured as luminescence

emission on a luminescence reader. Medamty controls were used for normalization. Graphs represent means *

SEM of 36 independent experiments.
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Postinfluenza TR-AM depletion can be atenuatedby the use of specific caspase inhibitors
Having established that apoptosis is the main pathway leading-#%M Bepletion upon 1AV
induced pneumonia, the use of caspase inhibitors as a preventive approach agaMstoER

was tested. To this end, naive -A were in vitro treated with UVinactivated BALF from
infected wildtype mice (day 7 pi) and compared toithespective nottreatment and moek
infected controls. A specific caspa3®r caspas8 inhibitor or a DMSO control was added to the
cells at a concentration of 50uM 3h prior to treatinand survival was assessed 24h later through

a colorimetric assay. The concentration of 50uM had been previously established for both
inhibitors as being noetoxic to TRAM, yet sufficient to attenuate staurosporinduced
apoptosis, prior to BALF trément experimentd{gure 17 A and B). Inhibition of caspasgonly
showed a minor protective effect, whereas AR survival was significantly improwe when a
caspase inhibitor was usedHigure 17 C). Based on these results, the effect of caspase inhibition
on TRAM survival was tested over the coursdro¥ivoinfection. Wildtype mice were infected
orotracheally with IAV and treated with a single subcutaneous injection of 10mg/kg of a easpase
3 inhibitor, a caspas8 inhibitor, or a DMSO control on day 2 pi for analysis on day 3 pi, or with
daily injections (day 2 pi to day 6 pi) for analysis on day 7 pi. As caspase inhibition may attenuate
viral replication[192], a higher viral dose of 1000ffu IAV was chosen for #ertday 3 pi
experiments. Viral titers showed no significant difference on day Bigufe 17 D); however,

mice showed an attenuated weight loss on day 6 pi and day 7 pi when a caspasehatibien

used Figure 17 E). Caspase inhibition completely abrogated-ARR depletion on day 3 pi
(Figure 17F) and significantly attenuated ¥AM loss on day 7 pi, compared to the DMSO control
(Figure 17 G). These results demonstrate that blocking of pop®sis pathway at its beginning

can preserve a significant part of the-ARl pool and caspas® is pivotal to that purpose. As
caspase often serves as the intermediate between extracellular signals and intracellular death
pathwayq193], these data further corroborated the hypothesis of a soluble;idéating ligand

being responsible for T/RM death. The identity of this ligand was the subject of a further

experimental series.
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Figure 17. Apoptosis inhibition attenuates TRAM depletion upon IAV -induced pneumonia.(A-B) Colorimetric
viability assessment upon treatment of naive AN with different doses of a caspa8¢e(A) or a caspas@ (B)
inhibitor and/or 0.5uM staurosporine. Cells were seeded & 100,000/well/0.1ml medium-ovek Qiate and treated

for 24h. WST8/CCK8 solution was added to the culture on the following day, leading to the formation of yellow
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colored formazan. Viability was quantified as proportional to the amount of formazan, as measured on a microplate
reader, values are depicted as % survival ofrob(DMSO, no staurosporine). Graphs represent means + SEM of 3
different experimentgC) Colorimetric viability assay upon BALF treatment of naive-AR following pre-treatment

with a specific caspase inhibitor. Cells were seeded & 100,000/well/0. Hiirmen a 96well plate, pretreated with
50uM caspas@ or 8 inhibitor-or DMSO- for 3h and treated with UWNhactivated BALF in a 1:10 dilution for 24h.
Viability was quantified as proportional to the amount of formazan, as measured on a microplateGesgater
represerd means + SEM of -® independent experimen{f) Viral titers as measured per foci forming assay on day
3 pi in the BALF of infected mice, which were treated with a caspase inhibitor or a DMSO control on déy)2 pi.
Weight curve of IAViinfected mice treated with a casp&ser 8 inhibitor, or a DMSO control up to day 7 pi. Graphs
represent means + SEM ofl8 miceper group (F-G) Quantification of BALF TRAM on day 3 pi (F) and day 7 pi

(G) by flow cytometryanalysis aften vivotreament with a caspase inhibitor. Graphs represent means + SEM of 9

12 mice, pooled from-6 experiments per time point.

Tnfsfl4/Light and its receptors are upregulated in the murine lung upon IAVinduced
pneumonia

Several members of the TNF superfamilyfgfhhave been so far linked to cell death induction
uponlAV infection[136, 146] therefore, a tnfsf screening assay was used in order to identify a
potential candidate which may be implicated in-AR depletion. To this end, HAegative TR

AM were flow-sorted from the BALF of infected mice for gene expression assays regarising
ligands and their respective receptors. Data analysis revaalegregulation of genes reflecting
the activatedproinflammatorynature of TRAM during the early infectin phase, such #d4Q

tnf, andseveral othetnfsf ligands and receptors, includitgfsf1Q which has been previously
shown to play an important role in epithelial cell def@8]. Interestingly, there was no
upregulation oftnfrsf10h the receptor fotnfsf1Q indicating that this deatimitiating signalling
pathway, though highly relevant for epithelial cells, was not involved wAlVRdeath. Instead,
another tnfsf ligand and receptor pair emerged as potential candiiabes14 (or herpesvirus
entry mediatr, hven) presented a remarkahleregulatiorboth on day 3 piRigure 18 A,C) and

on day 7 piFigure 18 B,D). The respective ligandnfsfl4(or light) was additionally found to be
upregulated in TRAM, making these members of the tnfsf interesting candidates for further

investigation regarding angvolvement in TRAM depletion following 1AV infection.
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Figure 18. Gene expression analysis of floworted TR-AM reveals an upregulation of various members of the

tnfsf after IAV infection . (A-B) Heat maps depicting fold change in expressiomfsfrelated genes in flovgorted,

HA-negative(HA") TR-AM on day3 pi (A) and day7 pi (B) comparedo TR-AM from nonrinfected mice(C-D)
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Tables ofheatmapgenesupregulated ifflow-sorted (HA) TR-AM on day 3 pi C) and day 7 pip) over TR-AM
from noninfected mice, including the respective position of the genéhe heat maghe gene name, anthe fold
change.Analysis was performed with the RProfiler TNF Signaling ass&iagen) n=4-6 miceper time point, data

pooled from three different experiments.

As tnfrsfl4competes for ligation to tnfsllight with the lymphotoxin betaeceptor Itbr), we
performed gPCR on flowsorted TRAM from the BALF of wildtype mice to establish an
expression time course for both receptors. Over the course of infdtfiroRNA levels remained
relatively unchanged, yet an increase in protein expression eAM Rurface was observed on
day 7 pi Figure 19 A and B). Tnfrsf14/Hvem on the other hand, underwent significant
upregulation during the early infectiphase, which gradually subsided at later time pd@kitgire

19 A). L i k &n intreaerimprotein expression was observed on day 7Hmure 19 C).
Interestingly, treatment of naive /M with BALF from infected mice led to an upregulation of
tnfrsf14/hvemlevels 24h after treatmemhile no significant changes could be observed for It
mirroring thein vivofindings (Figure 19 C).

Once the receptor kinetics on #M had been established, expression of the ligand in the murine
lung was investigatedboth in homeostatic conditions and upon IAV infectiafPCR analyis
revealed an upregulation in the lung of infected animiigufe 20 A), while BALF ELISA
demonstrated a significant increase in soluble tnfegl#t/ particularlyduringthe acute infection
phase Figure 20 B). Tnfsf14/light signal was further shown to be much more prominent in the
lung parenchyma of infected wilype mice on day 7 pi compared to manfected animals, as
shown by immunohisto@mistry analysis (IHC)Kigure 20C). Parallel to the murine data, soluble
TNFSF14/LIGHT was highly expressedn the BALF of patients with severe IV pamoniaor
COVID-19, compared to contro(§igure 20 D), thereby indicating a rolfr the ligand in virus

induced pneumonia.
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Figure 19. Tnfsf14/Light receptors on TR-AM follow distinct expression kinetics upon IAV-induced pneumonia.

(A) Tnfrsfl4/hvenandltbr transcription comparison over the course of tduced pneumonify gPCR analysis.
Data presented a<tlof gene expression over the housekeeping gapeéh Graph represesitneans + SEM of n=3

6 miceper time point(B-C) Flow cytometry analysis forfit (B) and tnfrsf14/hvem (C) expression on the surface of
TR-AM on days 0, 3 and 7 after IAV infectiokledian fluorescence intensity (MFI) normalized to an isotype control.
Graphs represent means + SEM of fi£bmice per time point, data pooled from 4 different experimgiy gPCR
analysis for tnfrsfl4/hvem andbtt transcription regulatioin TR-AM following 24h of treatment with 1:10 UV
inactivated BALF from mociinfected and infected mice from day 7 pi. Graph represeaans + SEM of n=8amples

per condition data pooled from three independent experiments
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Figure 20. Pulmonary tnfsfl4/light levels increaseduring the course of IAV-induced pneumonia.(A) gPCR for
tnfsfl4gene expressioim the lungs of IAVinfected animals on day), 3, and 7 pi. Data presented as dCt of gene
expression over the housekeeping ggapdh Graph represestmeans + SEM of n=8 animals per time point, data
pooled from 7 independent experimen(8) Solubletnfsfl14light concentration in the BAE of infected wildtype
mice measured by ELISA. Graph represemeans =+ SEM of -B mice per time point, data pooled from three
independent experiment&C) Left: IHC analysis fortnfsfl4light expression in representative sections after mock
(upper panel) or IAVinfection (lower panel). Scale bar set at 100um. Right: Sprantitative scar of total
tnfsfl4/ight signal in murine lungs as defined per IHC analysis. Graph repses®m® means + SEM of 8 animals

per condition(D) SolubleTNFSF14LIGHT quantification in the BAE of patiens with IV pneumonia oCOVID-

19, compared ta@ontrols. Graph represemmeans + SEM of n=-87 patient samples per group
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Tnfsfl4/Light drives TR-AM depletion upon IAV -induced pneumonia and TRAM loss can
be abrogatel through genetic deletion or therapeutic targeting of the ligand

To address any role ohfsfl4light in postinfluenza TRAM depletion, we treateflow-sorted
murine TRAM from nortinfected miceandfrom days 3 and 7pi with 500ng/mlirTnfsf14/Light
for 24hin vitro. A statistically significanincrease in caspaseactivity could be observeid the
day 3 pi group compared to the PBS/BSA control of the samee point(Figure 21 A). No
significant difference between treatments was shown in themfected group, while the lack of
significance in the day pi group could be potentially explaiméy the already high caspal3e
activity demonstrated by the PBS/BSA contal that time point of profound FRM apoptosis
(seeFigure 15). Treatment duration was also found to berportance, as treatment of naive-TR
AM with rTnfsf14/Light for 72h led to a significant increase in casgas@d caspas@ activity
(Figure 21 B-C), suggestinga potential change in receptor regulation or initiation of different

intracellular pathways through longer exposition to the ligand.
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Figure 21. Treatment with rTnfsf14/Light drives TR-AM apoptosis upon IAV inf ection. (A) Caspase activity
assay following 24h treatment of flesortednaive,day 3 pi, and day 7 pTR-AM with 500ng/ml Tnfsfl4Light or
PBS/BSA.Gramh represersg means + SEM of n3-7 samples, data pooled from thrdiéferent experimentsB-C)
Caspas8 (B) and caspas@ (C) activity following treatment of naive FTRM with 500ng/ml rTnfsfl4Light or
PBS/BSA for 72h. Graphs represent means + SEM offhs@mples, data pooled from three independent experiments.

Any potentially aggravatingffectof tnfsf14/ight treatment on TRAM deathwas therevaluated
in vivo.lAV -infected mice wererotrachedy treated on days 1 ando2with 10ugrTnfsfl4/Light

in 0.05mIPBS or PBS only. Flow cytometry analysis on dagi revealed an increase in the
71



percentage oAnnexin V" BALF TR-AM following rTnfsf14/Lightadministration as well as an
enhanceddecreasan total TRAM numbers in the BAE of rTnfsfl4/Lighttreated animals
compared toPBStreated animalgFigure 22 A-B). These results further corroboratéte
hypothesisthat tnfsfl4light may play a role in postAV TR-AM death, which was then

investigated in @otherseries oin vivoapproaches

A. B ok Figure 22, Orotracheal  administration  of
a — rTnfsfl4/Light aggravates TR-AM loss on day 3 pi.(A)
3 E —_— Percentage of Annexin V+ FRM in the BALF of infected
g A . . . . .
§° 204 x 5420'4- - . mice upon administration of rTnfsfl4/Light or a PBS
< .
x 154 = 3 » control Graph represesitneans + SEM of n=3 animals per
x 15 5 A
o
; 104 :i: E 2 condition. (B) Quantification of TRAM numbers in the
c
E>° . z, i BALF of noninfected and IAVinfected mice on day 3 pi
54 D n

§ e F‘El shows a significant decline in absolute numbers upon
S ' T g0 T T rTnfsfl4/Light administration in comparisowith PBS

@ & @S

2 \&\,\ SN \b.\\f‘ treated mice. Graph represemheans + SEM of n=Z
) L
/\é‘f’ & animals per time point and condition.
< x*" day 3 pi

Tnfsf14" mice presented an intaBALF TR-AM pool over the course of infection, as opposed to
wild-type mice when infected with 500ffu IAYFigure 23 A). In line with that treatment of naive
wild-type TRAM with virus-free, UV-inactivated BAIF from tnfsf14" mice did not have any
significant effect orcaspase activity, as opposed to treatment with wiyghe BALF (Figure 23

B).
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Figure 23. Loss of tnfsf14/light preserves the TRAM pool over the course of 1AV infection. (A) Quantification

of TR-AM in the BALF of wild-type andnfsf14- mice on day 0, day 3, and day 7 pi, following infection with 500ffu
IAV. Graph represesimeans + SEM oh=3-10 animals per group and time poifB) Caspase activity 24h post
treatment of aive wildtype TRAM with virus-free, UV-inactivated BALF from wildtype ancdnfsf14" mice.Graph
represergmeans + SEM of n=4 animagter condition

Gene expression analysis of fleertedinfsf14” TR-AM additionallyrevealed an attenuated

upregulation of deathelated genes on day 3 pi and on day 7 pi oveAMRfrom nontreated
mice over the course of infection, compared to syijoe mice Figure 24 A-H).
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A.

Visualization of log2 (fold change) day 3/non-inf HA-
TR-AM (wild-type)

01 02 03 04 05 06 07 08 09 10 11 12

C. Genes overexpressed in day 3 HA-
vs. non-infected wild-type TR-AM

uorssaidxa auab

Position Gene Fold
symbol regulation

BO1 Bel2 2.88
co3 Ccdc103 2.20
Co4 Cd40 163.41
c11 Dpysl4 249
D06 Fasl 6.70
D10 Galnt5 2.78
E02 Ifng 79.88
E05 Ins2 4.05
E06 Irgm1 11.59
E08 Kenp1 5.60
Fo2 Nol3 3.08
F10 S100a7a 2.07
G04 Tnf 2.58
G05 Tnfrsf10b 4.87
G06 Tnfrsf11b 7.67

J0 apnjlubepy

01 02 03 04

TR-AM (tnfsf147

05 06 07 08 09

)
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D. Genes overexpressed in day 3 HA-
vs. non-infected tnfsf14”- TR-AM

Position Gene Fold
symbol regulation
co4 Cd40 9.56
EO2 Ifng 6.03
EOB Irgm1 5.13
F10 S100a7a 2.47
F11 Snca 2.88
GO06 Tnfrsf11b 3.04
HO2 B2m 2.79

Visualization of log2 (fold change) day 3/non-inf HA-
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E. F.

Visualization of log2 (fold change) day 7/non-inf HA- Visualization of log2 (fold change) day 7/non-inf HA-
TR-AM (wild-type) TR-AM (tnfsf147")
01 02 03 04 05 06 07 08 09 10 11 12 01 02 03 04 05 06 07 08 09 10 11 12
8
30
° ’-g 25 ‘g
: A5 35
o Q 2 m Q
x 3 x 3
== s 28
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%o 8
s & 059
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S
G. Genes overexpressed in day 7 HA- H. Genes overexpressed in day 7 HA-
vs. hon-infected wild-type TR-AM vs. non-infected tnfsf14- TR-AM
Position Gene Fold Position Gene Fold
symbol regulation symbol regulation
BO3 Bcl211 2.23 BO1 Bel2 2.06
B0O8 Bmf 213 co4 Cd40 12.50
BO9 Casp1 3.88 D06 Fasl 6.66
Co1 Casp7 3.87 E02 Ifng 39.62
Cco4 Cd40 264.43 E06 Irgm1 6.72
C06 Cflar 3.42 F11 Snca 4.73
co08 Ctss 2.24 HO2 B2m 2.85
D06 Fasl 4.22
D09 Gadd45a 2.04
EO2 Ifng 92.18
EO6 Irgm1 26.78
Fo2 Nol3 4.18
G05 Tnfrsf10b 4.39
G08 Traf2 2.44

Figure 24. Gene expression analysiof flow-sorted wild-type and tnfsf14” TR-AM over the course of IAV
infection. Heat maps depicting fold changetive expression of cell deattelated genes in flowsorted,HA-negative
(HA") TR-AM on day 3 pi and day 7 pi in comparison to-ARI from nonrinfected miceusing the R¥ Cell Death
PathwayFinder® assay. Tables pregmudition in the heat map, name of thgregulated geneand he respective
fold changedata summarized as followwild-type, day 3 pi over noninfected: heat map A, table C; witgipe, day

7 piovernoninfected heat map E, table @Gfsf14-, day 3 p over noninfected: heat map B, table Dnfsf14"- day 7

pi over noninfected: heat map F, table Bata from 35 mice per group and time point, data pooled from three

independent experiments.

To exclude any antiviral effect ahfsf14/lightdeletion leading to milder infecticandtherefore
attenuatedung injury andTR-AM loss, viral titers on the day of viral peak (d&ai) [98] (Figure
25A) and numbers of epithelial cells (defined as EpCAls!pefflow cytometry analysis)Rigure
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25 B) over the course of IAV infectiowere compared between witdpe andtnfsf14” mice,
revealingno difference between the two groupblext, theinflammatory response, including
immune cell influx and cytokine release, as well as the histological alterations Hypdlcand
tnfsf14" mice were analyzedAs TRAM numbers reach their lowest levels on dapiin wild-
type conditiongFigure 12), furtheranalyses focused on this time poiffsf14” mice showedn
enhanced neutrophil influ{gure 25D, 1), higher dendritic cell numberg&igure 25L, M, O)
and lower T cell numbers(Figure 25 G, Q) in their BALF and lungs than their wildtype
counterpartsyhich could bemirroring the central role of tnfsfl4/light in the crosstalk between
innate and adaptive immunitinterestingly,IM numbers were lower itnfsf14” mice than wild
type mice Figure 25 N). When compared to day ffsf14" mice presemida significantdecline

on day 7 pi, while wiletype IM numbersshowed a drastic increase, when compared to baseline
(Figure 25 R). No furtherdifferences could be detecteétween wildtype andinfsf14” micein
inflammatory cell influx Figure 25) or BALF cytokineprofile (Figure 26).
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Figure 25. Characterization of the injury degree and the inflammatory response ofvild -type and tnfsf14’ mice

following IAV infection . (A) Viral titers in the BALF of wildtype andinfsf14- mice on day 3 piGraph represest

means + SEM oh=4 animals per grougB) Quantification of EpCAMcells in the lungs oWild-type andinfsf14"

mice on day O and day 7 giraph represestmeans + SEM of n=% animals per grougC-Q) Quantification of

different immune cell populations in the BRI(C-G) and thelungs (HP) of wild-type andtnfsf14" mice, including

BMDM, neutrophils, NK and NKT cells, T ce|liM, anddiverse DG subsés on day?7 pi afterinfection with 500ffu

IAV. Graphs represent means + SEM of yianimals per grougR) Quantification of IM in the lungs of wildype

mice on day O and day 7 [@raph represents means + SEM of t¥=dnimals per time point.
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Figure 26. Cytokine profile as measured in the BALFof wild-type andtnfsf14” mice on day7 pi per multiplex
analysis.(A-F) Graphs represent means + SEM of f2BanimalsTNF-U tumor necrosis fact@lpha, IL: interleukin,

KC: chemokine (€X-C motif) ligand 1 MIP: macrofmage inflammatory protein

Additionally, an attenuated weight loss over the course of infectioguie 27 A) and areduced
histological scoe on day7 pi (Figure 27 B and C) were observed infsf14" mice, compared to

their wild-type counterpartsHistological alterations were characterized and quantified as
described in the "Methods” section. Brieflyngs wereevaluated for the presence of hemorrhage,
alveolar and perivascular edema, perivascular infiltrates, pleuritis, steatitis, bronchitis, tracheiitis,
and bronchusssociated lymphoid tissue (BALT) formatigh. pneumoniagrading system from

0-4 was developetbr each parameter and totlorewas calculated as the sum of the individual
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values. Despite the similarities between witgpe andtnfsf14" mice regarding viral titers,
epithelial damage, and inflammatory response, the attenuated Wesglanhd superior histological
pneumoniascore could reflect additional roles thie proeinflammatorytnfsfl4/light in the lung
e.g. in endothelial injurj194,195].
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Figure 27. Postinfluenza clinical scoreis improved in tnfsf14”- mice compared to wildtype mice (A) Body
weight over the course of IAV infection presentedoascentage to initial weight up to day pi for wild-type and
tnfsf14" mice. Graph represents meansSEM of weight at each time point=12-13 animals per group(B)
Representative wholeing histological sections of wittype (I) andinfsf14" mice(r) on day7 pi, following infection
with 500ffu IAV. (C) Histological scorenormalized to the respective moitkected controls; graph represenieans

+ SEM of n=4 animalper group
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Similar results to the genetic deletion were observed when a speeificalizingmouse anti
mouse antibody was used to bldoksfl4/light in vivo. TR-AM loss could be attenuated on day
pi (Figure 28 A) with no differences in immuncell influxin the BALF Figure 28 B) and the
lung (Figure 28 C, D). Additionally, an attenuated casp&deactivation could be observegan
treatment of naive THRAM with BAL F from infected wildtype mice when the neutralizing anti
tnfsf14/ight antibody was useFigure 28 E). Even though no return tmaseline was observed, as
was the caswith tnfsf14” BALF, there was a clear advantageer the isotypeontrol regarding

in vivo TR-AM numbers andn vitro caspase activity, offering a potential therapeutic approach
for attenuating IAVinduced TRAM death.
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Figure 28. Therapeutic blodking of tnfsfl4/light attenuates TRAM loss upon IAV infection. (A) Quantification
of TR-AM in the BALF of IAV-infected mice intraperitoneally treated with 500ug@ml of a blocking ant
tnfsfl4light antibody or an isotype controh day 2 pi analysis performed on daypi. Graph represesimeans +

SEM of n=9 animals per groufB-D) Immune cell infux in the BALF (B) and in thelungs (GD) of infected mice
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uponthe same experimental setp) Caspase activity 24h after treatment of naive WM with virus-free, UV-
inactivated BAILF from infected animals following lpre-incubationof the BALF with 1ug/ml antitnfsfl4ight

antibody at 4°C. Graph represgnteans + SEM of n=3 independent experiments.

Neutrophils are the main cellular source otnfsf14/ight upon IAV infection and neutrophil
depletion attenuates TRAM loss
Tnfsfl4/light expression has a wide distribution in the lung, involving leukocytes and non
leukocyte populationgl76, 177] Indeed, mmunohistocheistry analysis in the lungs ohock
andlAV -infected mice on day 7 pi revealedvalespread expression uariouscompartments of
the lung Figure 29 A), which were, however, differently affected by infection; an increase in
expression could be observed in the parenchyma and in the pleuritic f@gtorg ata potential
link to leukocyteinflux. Conversely expression was barely changed within intact epithelium,
whereas injured epithelium showed a remarkably low expression compaledrttact regions.
This change in expression pattémplied that within damaged areas of interésfsf14/lightwas
not of epithelial, but rather of leukocyte origin. Furthermore, tnfsf14/EgHEA in the serum of
infected mice revealed a transidnitt significantincreasen the soluble liganeén day 3 pi and
decreasing levels on day 7 pi, which kkbbe reflecting ligand expression by leukocyteghe
periphery(Figure 29 B). To identify the main leukocyte population which serves as a cellular
source for tnfsfl4/lightsinglecell RNA sequencinganalysis was performeah flow-sorted
leukocytes from the lurggof nonlavaged animals on day 3 grigure 29 C i-iii) and day 7 pi
(Figure 29 D i-iii). On both time points, neutrophils weevealed to be the population with the
highestfraction of tnfsfl4/lightexpressing cells and RNA expressi@vels for tnfsf14 with
minimal contribution from macrophages andéells. Interestingly ltbr was highly expressed by all
monocyte/macrophage palations, while only low levels ainfrsf14 could be detecteth them
(Figure 29 C, D). gPCR analysisfoneutrophils from the peripheral blood on day 0 and day 2 pi
(one day prior to the first time point of significantly decreasedANR numbersin the BALF,
Figure 12) showed a massive upregulationtiisf14 expressionwhile no difference could be
detected between bloaterived and BALF neutrophils on day 2 guggesting not only expression
of the ligand by neutrophils terms of systemic inflammation, but alsositu presence of the
ligand in the lung Kigure 29 E). At the same time, flow cytometry analysis revealed high
expression levels of the transmembrane form of tnfsfl4/light on neutrophils on day 3 pi, with a
significant decrease on day 7 following ligand releaseHigure 29 F). In accordance witlour
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murine data, flowsorted neutrophils from a small group of patients with seiérpneumonia
revealed an upregulation in tnfsf14/ligggne expressigrcompared to noinfluenza controls
(Figure 29G).
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(i) day 3 pi
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Figure 29. Neutrophils are the main cellularsource of tnfsfl4/light upon IAV infection. (A) Tnfsf14/light signal
distribution in different histological areas of lung sections on day 7 pi following IAV infection, as shown by
immunohistochemistry analysis. Graph represem@ans + SEM of n=6 animal@) ELISA for soluble tnfsf14/light

in the serum of IAVinfected animals over the course of infection. Graph represegdns + SEM of n=5 animals.
(C-D) Singlecell RNA sequencing analysis on leukocytes sorted from the lungs of infected animals opi @and 3

day 7 pi. Leukocytes were defined as live CDdélls, 500,000 cells were sorted per time point. Analysis performed
in 10,000 cells/sample, 4 samples per time p@ntday 3 pi, 14 leukocyte clusters were identified (C i) and 11 clusters

were idetified on day 7 pi (D i). Violin plots depi¢hfsfl4expression levels among the different clusters (C ii, D ii),
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dot plots demonstrate fractions of cells within each cluster (%) expresdgsfd4, tnfrsfldandltbr (C iii, D iii), as

well as expression levels within each cell groii).qPCR fortnfsfl4regulationon murine neutrophils isolated from

the blood on day 0 and from the blood and BA&finfected miceon day 2 pi. Data presented as dCt to the
housekeepingenegapdh Graph represesimeans + SEM of n=4 mice per samgle) Tnfsf14/Light expression on

the surface of BALF neutrophils on day 3 and day 7 pi, depictédFAdsnormalized to an isotype control. Graph
represergmeans + SEM of n=6 mice per time pint. (G) qPCRfor TNFSF14in neutrophils isolated from the BALF

of patients with sever®/ pneumonia compared to ndvi controls. Data presented as dCt to the housekeeping gene
RPS18 Graph represesitneans + SEM of n=4 samples.

Based orthesedata,postinfluenzaTR-AM survival was evaluated after neutrophil depletido

this end IAV-infected mice were intraperitoneally treated with 200ug of a neutrdppieting
antibody (antLy6G, clone 1A8) or an isotype control (afdiG, clone 2A3) on day<l, 1, 3, and
5 pi, for analysis on day 7 pi. This experimental approach allowethieeirlycomplete neutrophil

depletion in the blood, spleen, BALF, alodg tissueof treated animalsHjgure 30 A-D).
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Figure 30. Neutrophil depletion can be achieved by systemic antibody administration in 1ANNhfected mice.(A-
D) Quantification of neutrophils as percentage of leukocytdisarblood (A), spleen (B), BALF (C), and lutigsue
(D) of infected animals upon neutrophil depletion. For this experiment;typlel mice were infected with 500ffu 1AV
and received 200ug of a neutroptiépleting antibody (ariy6G) or an isotypeontrd (clone 2A3) intraperitoneally
every two days, starting one day prior to infection up to day Graiphs represent means + SEM of 1&&nimalgper
group, data pooled from three independent experiments

Neutrophitdepleted mice showedshght attenuatd weight loss on day 6 pi and day 7 pigure
31A) as well asigher BALFTR-AM numberson day 7 picompared to the isotygeeated group
(Figure 31 B). Neutrophil depletion further ¢&to a reduction intnfsf14 RNA levels and
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tnfsf14/light protein expressian the lungs of these micasshown by gPCR analysiigure 31
C) and ELISA Figure 31D), respectivelyfurther adding to the hypothesisat neutrophiderived
tnfsf14/lightleads to TRAM death over the course of IAviduced pneumonia.
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Figure 31. Neutrophil depletion attenuates TRAM loss on day7 pi postIAV infection. (A) Body weight presented
as percentage to initial weight upon infection and neutreagepleting antibody (antly6G) or isotype treatment up
to day 7 pi, n=1 animalger group(B) TR-AM numbers intheBALF of IAV -infected aninalson day 7 pi following
anti-Ly6G or isotype treatment. Graph represeneans = SEM of n=82 animalger group (C) gPCR analysis for
tnfsf14in thelungsof antiLy6G- or isotypetreated animals on day 7 pi. Data represented as ddfséf4overgapdh
Graph represestmeans + SEM of n=81 animalsper group (D) ELISA for soluble tnfsfl4/lighin the BALF of
IAV -infected and anti-Ly6G- or isotypetreated animals on day 7 pi. Graph represemans + SEM of n=43
animals.
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Tnfsf14/Light exerts its pro-apoptotic effect on TRAM mainly viatheltbr receptor following

IAV infection

Tnfsfl4Light ligation on target cells involves two receptdrdgrsfl4hvem and br, with diverse
outcomes, depending on receptor, cell type, and microenvironiiedt 151] Tnfrsf14/Hvem
lacks a death domain and mainly initiates intracellulariplammatory responses, which may
indirectly lead to cell death, wherd#w can directly act as a death recept&0, 158, 159]raising

the questionwhich of the two receptorss mainly responsible for the papoptotic effect of
tnfsfl4light on TRAAM and whether their genetic deletion has any additional effect on the response
to IAV infection. No differences could be detectbdtweentnfrsf14” andItbr”’- mice regarding
EpCAM* epithelial cell mmbers(Figure 32 A) or viral titers (Figure 32 B) following 1AV
infection, which indicate that lack of either of théwo receptors had no direct effect on viral
propagation or virutnduced lung injury.However, leukocyte influxn the alveolipresented
distinct pattern®n day 7pi: No differences could be detected in BALF neutrophil and NKT cell
numbers Figure 32 C, D). BMDM, NK, and T cells were considerably lowerlthr’ mice than
their tnfrsf14”- counterparts, while a significant increase in B cell numbersolvasrved in this
group Figure 32C, D). More importantly, TRAM loss was significantly attenuated in these mice
(Figure 32E), yet not completely abrogated, as observefsf14" mice Figure 23). This hints

at a potential role of tnfrsfl14/hvem MV -induced TR-AM death, which is, however,
predominantly governed bybit
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Figure 32. L t “bhut not tnfrsf147 mice are characterized by an attenuated TRAM loss upon IAV infection. (A)

Quantification of EpCAM cells on day 0 and day 7 pi in the lungs of wijge, tnfrsf14”, and| t”bmice after

infection with 500ffu IAV. Graph represesimeans + &M of n=9-15animals per grougB) Viral titers as measured

in the BALF of IAV -infectedtnfrsf14”- andltbr’- mice on day pi. Graph represesitmeans = SEM of n=4 animals per

group.(C-D) Quantification of differentmmune cell populationsncluding BMDM, neutrophils, NK, NKT cells, T

and Bcellsin the BALF of wild-type, tnfrsf14", andItbr- mice on day7 pi following infection with 500ffu IAV.

Graphs represent means + SEM of yfianimals per grougE) Quantification of TRAM numbers in the BALF of
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wild-type, tnfrsf14’, andlItbr’- mice on day 0 and day 7 pi. Graph represents means + SEM%frfice per group,

data pooled from 5 different experiments.

Loss oftnfsf14/ight improves clinical outcome bllowing postIAV pneumococcal pneumonia
TR-AM depletion upon IAVinduced pneumonia was shown to be significantly attenuated through
lossof the tnfsfl4light ligand. Sincdoss of the first line of lung defengaves the way towards
the establishment of secondary bacterial pneunjaai, theeffect ofimproved TRAM survival
throughtnfsfl4/light losswas interrogated in the context of pegtal pneumococcal infectiolo
thatend wild-type andtnfsf14" mice were subjected co-infection moal, as described above
(Figure 10). Loss oftnfsf14/lightled to improved survivahnd attenuated weight logsdlowing
IAV and Spnco-infection Figure 33 A, B). Bacterial loadvas lowerin the BALF and in the lungs
of co-infectedtnfsf14" mice (Figure 33C, D) on day 9 pi, which was chosen as the firae point
after coinfection mice had to be euthanized due to higlmical scoring as described in the
"Methods” sectionAdditionally, higherBALF TR-AM numbers werebservedn tnfsf14" mice
(Figure 33 E) on that time pointSince no difference could be detected regarding the phagocytosis
capacity of TRAM between wildtype andtnfsf14" mice at the timepoint of pneumococcal
infection (day 7 pi)(Figure 33 F), improvedbacterial clearance in thefsf14~ micecould be
explained by the preservation of the -AM pool demonstratedby that group.To exclude any
other factor exceptR-AM survival contributing to these findingadoptive transfer of wildype,
ltbr”-, andtnfrsf14” TR-AM from noninfected mice(300,006500,000 cells/0.05m| PBSyas
performed on day 3 after IAV infection, followed by pneumococcal superinfection on day@ pi.
mice receiving PBS only dnfrsf14” TR-AM survived the ceinfection, whereas transfer bbr”-
TR-AM offeredthehighestprobability of survival, even though no significantfelience could be
demonstratetb transfer of wildtype TRAM (Figure 33G). Thisfinding once again suggests that
tnfrsfl4/hvem may play an indirect role in M death which is, however, mainly linked tdbht
expression and tnfsfldgation. In terms of a therapeutic approaalse of an antinfsf14/light
neutralizing antibody led to improved survivalléaing coinfection, thus offering a promising

candidate for future therapeutic strategiegiire 33 H).
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Figure 33. Loss of tnfsf14/light is linked to an improved clinical outcome upon IAV andSpnco-infection. (A-B)

Survival aml weight curve expressed as @artageof initial body weight after infection of wildtype and tnfsf14"
mice with250ffu IAV on day 0 pi and 2&0cfuSpnon day 7 piGraphs represent means + SEM ol#48 animals
per group.(C-D) Bacterial load in the BALF (C) and in the lungs (D) of wilghe andtnfsf14" mice on day 9 pi
following co-infection with250ffu IAV (day 0) and 2650cfu Spn(day 7 pi).Graphs represent means + SEM of n=8
animals per group, data pooled from 4 different experiméB)sTR-AM numbers in the BALF of wiletype and
tnfsf14" mice on day 9 pi following cinfection with 250ffu 1AV (day 0) and 2660cfu Spn(day 7 pi). Graph
represents means + SEM of R4Znimals per grougF) Phagocytosis analysis of wilype andnfsf14- TR-AM, as
depicted by percentage of phagocytic-ARI () and phagocytosis capacity (r). On day 7BALF-isolated cells from
each mice group were incubated with G$tRinedE. coliat 4° and 37°C for 15min, followed by an additional 20min
of surface marker staining, after which flow cytometry analysis was performed. Phagocytosis capacity was defined as
(MFl stainedMFlunstained37 °C-(MFl stainetMFl unstained4°C and combined with surface staining of BALF cells to identify
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