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Abstract

The lung and airways are in constant contact with the environment and potential entry
sites for various airborne pathogens. Due the crucial function of the lung, immune
responses to these pathogens need to be of high efficiency. However, considering the
delicate nature of lung tissue, they also need to be tightly regulated. Aberrant immune
system activity and exaggerated immune responses contribute to various pathological
processes. These can ultimately lead to pulmonary dysfunction, among them,
immunopathology during viral infections and the development of chronic lung allograft
dysfunction (CLAD) after lung transplantation.

The lung and airways harbor a unique microbiome, and recent evidence shows an
important role of these microbiota in the regulation of the lung immune system.
However, the precise regulatory mechanisms, the bacterial strains involved and their
consequences for pulmonary health and disease are insufficiently understood.
Furthermore, microbes colonizing distant body sites directly and indirectly influence
pulmonary immune responses, as illustrated by the recently described ‘gut-lung-axis’.
In the first part of this thesis, we investigated the role of Lipocalin-2 (LCN2), an
antimicrobial protein, on the pulmonary immune system. Using RNA-sequencing of
lung macrophages and dendritic cells (DCs) harvested from wild type (WT) and Lcn2-
- mice, we observed strong effects on lung CD103* DC gene expression, with
differential regulation of genes involved in antiviral immunity. These results could be
validated in a mouse model of influenza infection, whereby LCN2 protected from
excessive disease morbidity and mortality independent of the lung viral load. These
effects could be attributed to increased numbers of CD8* T cells in the lungs of Lcn2+
mice after influenza infection, which we could link to increased antigen presentation by
CD103" DCs. Considering the absence of LCN2 on DC antigen presentation in vitro,
and the antimicrobial effects exerted by LCN2, we speculated that the effects of LCN2
on antiviral immunity might be mediated via altered microbiota in Lcn27 mice. Using
16S rRNA gene sequencing, we found an effect of LCN2 on gut microbe composition.
Interestingly, lung CD8* T cell responses could be equalized by co-housing or antibiotic
treatment of WT and Lcn27 mice, indicating that the effects of LCN2 on antiviral
immunity are indeed modulated via the microbiome.

In the second part of the thesis, we investigated changes in the lung microbiome,
metabolome, lipidome and broncho-alveolar lavage cell composition (BAL) after lung
transplantation in a cohort of 78 lung transplant recipients. Each of the investigated
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data-sets exhibited distinct temporal dynamics, and pulmonary microbial diversity
rapidly increased after transplantation. By comparing the pre-transplant (donor) lung
microbiome to matched samples after transplantation, we revealed a rapid divergence
of microbial profiles with replacement of the donor microbiome. Interestingly, the
established lung microbiome correlated with recipient factors, particularly the
transplant indication, even after transplantation. Using a machine learning approach,
we could predict future changes in lung function from microbial data, suggesting that
the lung microbiome might be a biomarker for allograft dysfunction.

In summary, our data give further insights into the complex interplay between the
microbiome and the pulmonary immune system, and reveal important roles of this

interplay for antiviral immunity and allograft function after lung transplantation.
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Zusammenfassung

Die Lunge und die Atemwege stehen in standigem Kontakt mit der Umwelt und sind
potenzielle Eintrittspforten fur verschiedene Uber die Luft Ubertragene
Krankheitserreger. Aufgrund der essentiellen Funktion der Lunge mussen die
Immunreaktionen auf diese Krankheitserreger sehr effizient sein, aber angesichts der
empfindlichen Natur des Lungengewebes auch streng reguliert werden. Eine
abweichende Aktivitat des Immunsystems und Ubertriebene Immunreaktionen tragen
zu  verschiedenen pathologischen  Prozessen bei, die letztlich zu
Lungenfunktionsstorungen fuhren, darunter Immunpathologie bei Virusinfektionen und
CLAD (chronic lung allograft dysfunction) nach Lungentransplantation.

Die Lunge und die Atemwege beherbergen ein einzigartiges Mikrobiom und rezente
Erkenntnisse zeigen, dass diese Mikroben eine wichtige Rolle bei der Regulierung des
Lungenimmunsystems spielen. Die genauen Regulationsmechanismen, die beteiligten
Bakterienstamme und ihre Auswirkungen auf die Gesundheit und Krankheit der Lunge
sind jedoch unzureichend erforscht. Darlber hinaus beeinflussen selbst Mikroben, die
entfernte Korperstellen (zum Beispiel den Darm) besiedeln, direkt und indirekt die
Immunantwort der Lunge.

Im ersten Teil dieser Arbeit untersuchten wir die Rolle von Lipocalin-2 (LCNZ2), einem
antimikrobiellen Protein, auf das pulmonale Immunsystem. Mit Hilfe der RNA-
Sequenzierung von Lungenmakrophagen und dendritischen Zellen (DCs) aus wildtyp
(WT)- und Lcn27- Mausen konnten wir starke Auswirkungen auf die Genexpression
von CD103* DCs in der Lunge feststellen, wobei Gene, die an der antiviralen Immunitat
beteiligt sind, unterschiedlich reguliert wurden. Diese Ergebnisse konnten in einem
Mausmodell fir Influenza-Infektionen bestatigt werden, wobei LCN2 unabhangig von
der Viruslast in der Lunge vor uUbermafiger Krankheitsmorbiditdt und Mortalitat
schitzte. Diese Effekte konnten auf eine erhdhte Anzahl von CD8* T-Zellen in der
Lunge von Lcn27- Mausen nach einer Influenza-Infektion zuriickgefiihrt werden, was
wir mit einer verstarkten Antigenprasentation durch CD103* DCs in Verbindung
bringen konnten. In Anbetracht fehlender Effekte von LCN2 auf die DC-
Antigenprasentation in vitro und der antimikrobiellen Effekte von LCN2 spekulierten
wir, dass die Auswirkungen von LCN2 auf die antivirale Immunitat Gber ein verandertes
Mikrobiom in Lcn27- Mausen vermittelt werden kdnnten. Mithilfe von 16S rRNA-Gen
Sequenzierung konnten wir eine Wirkung von LCN2 auf die mikrobielle
Zusammensetzung des Darms feststellen. Interessanterweise konnte die Reaktion der
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CD8* T-Zellen in der Lunge durch gemeinsame Haltung oder Antibiotikabehandlung
von WT- und Lcn27- Mausen ausgeglichen werden, was darauf schlieRen lasst, dass
die Auswirkungen von LCN2 auf die antivirale Immunitat tatsachlich Gber das
Mikrobiom moduliert werden.

Im zweiten Teil der Arbeit untersuchten wir Veranderungen des Lungenmikrobioms,
des Metaboloms, des Lipidoms und der Zellzusammensetzung der broncho-alveolaren
Lavage (BAL) nach Lungentransplantation in einer Kohorte von 78
Lungentransplantatempfangern. Jeder der untersuchten Datensatze wies eine
ausgepragte zeitliche Dynamik auf, und die mikrobielle Vielfalt in der Lunge nahm nach
der Transplantation rasch zu. Durch den Vergleich des Lungenmikrobioms vor der
Transplantation (Spender) mit den entsprechenden Proben nach der Transplantation
konnten wir eine rasche Divergenz der mikrobiellen Profile mit Ersatz des
Spendermikrobioms beobachten. Interessanterweise korrelierte das etablierte
Lungenmikrobiom auch nach der Transplantation mit Empfangerfaktoren,
insbesondere der Transplantationsindikation. Mithilfe eines ,machine learning“-
Ansatzes konnten wir kinftige Veranderungen der Lungenfunktion aus mikrobiellen
Daten vorhersagen, was darauf hindeutet, dass das Lungenmikrobiom ein Biomarker
fur Funktionsstorungen bei Allotransplantaten sein konnte.

Zusammenfassend lasst sich sagen, dass unsere Daten weitere Einblicke in das
komplexe Zusammenspiel zwischen dem Mikrobiom und dem pulmonalen
Immunsystem geben und eine wichtige Rolle dieses Zusammenspiels in der
Regulation antiviraler Immunantworten und die Transplantatfunktion nach einer

Lungentransplantation aufzeigen.
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1 Introduction

1.1 Lipocalin 2

Lipocalin 2 (LCN2), also referred to as neutrophil gelatinase-associated lipocalin
(NGAL) or oncogene 24p3 is a ~25 kDa secreted protein (Figure 1) constituted of 178
amino acids, which belongs to the lipocalin family (Asimakopoulou et al., 2016). This
family is comprised of small secreted proteins with a high level of functional and
structural diversity. These proteins are generally distinguished by a wide array of
molecular-recognition capabilities, including their binding to specific receptors located
at the cell surface, their formation of macro-molecular complexes and, in particular,
their capability to bind small hydrophobic molecules (Flower, 1996). LCN2 is expressed
on a variety of tissues and cell types (Figure 2) and plays a role in multiple biological

processes.

Figure 1: LCN2 structure. Adapted from RCSB Protein Databank (
https://www.rcsb.org/, ID: 1DFV (Goetz et al., 2000))
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1.1.1 The role of LCN2 during inflammation

Innate immune responses are the first line defense against pathogenic bacteria or
viruses. The innate immune system consists of multiple interacting cellular and
molecular components, including acute phase proteins, which are increased markedly
during the early stages of infection and directly contribute to the elimination of
pathogens by various mechanisms (Medzhitov, 2007). LCNZ2 is part of the acute phase
reaction and plays an important role in innate immunity towards bacterial infections by
inhibiting bacterial iron uptake. Free iron (Fe3®*) availability is tightly regulated through
iron binding proteins such as transferrin and ferritin (Andrews, 2000). As a result, the
concentration of free Fe3* is as low as 10" M under physiological conditions (Ratledge
and Dover, 2000). Therefore, the acquisition of iron is a remarkable challenge for all
organisms. To prevent iron shortage, bacteria can produce and excrete siderophores
(low-molecular weight molecules that bind iron with high affinity), which leads to the
localization of iron complexes on the bacterial cell surface, where they can be
internalized (Ratledge and Dover, 2000). LCN2 could be shown to bind to iron in
association with siderophores, exerting bacteriostatic properties (Goetz et al., 2002).
Additionally, being part of the acute-phase reaction, LCN2 is markedly increased upon
Toll-like receptor 4 (TLR4) activation (Liu and Nilsen-Hamilton, 1995). As a
consequence, Flo et al could show in 2004 that Lcn2- mice display a significantly
greater bacterial burden and increased mortality after infection with Escherichia coli
(Flo et al., 2004). Following work demonstrated that these effects are not limited to E.
coli: The siderophore-scavenging properties of LCN2 confer protection against
infections with Salmonella thyphimurium (Nairz et al., 2009), Mycobacterium
tuberculosis (Saiga et al., 2008) and Klebsiella pneumoniae (Chan et al., 2009), all of
which are dependent on siderophores, or in the case of M. tuberculosis,
carboxymycobactins, which are also bound by LCN2 (Holmes et al., 2005). In line with
these effects, LCN2 demonstrates high expression in barrier tissues exposed to
microorganisms, e.g. the lungs (Cowland and Borregaard, 1997).

While the effect exerted by LCN2 as a scavenger of bacterial siderophores is its best
known biological function, recent work has shown that LCN2 has further
immunomodulatory effects. Independent of its antibacterial properties, LCN2 could be
shown to protect from lipopolysaccharide (LPS)-induced sterile endotoxemia, which
was linked to an increased LPS-induced immune cell apoptosis and proinflammatory
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gene expression in peritoneal exudate cells (Srinivasan et al., 2012). Another study,
which found LCN2 to be the most substantially upregulated protein in the central
nervous system after challenge with peripheral LPS also found increased levels of pro-
inflammatory cytokines and worsened behavioral phenotypes after LPS-challenge in
Lcn27 mice compared to their WT counterparts (Kang et al., 2018). LCN2 could also
be shown to inhibit inflammation in murine nephrotoxic serum nephritis, by limiting
cytokine production via Toll-like receptor 2 (TLR2) signaling (Eller et al., 2013).
Contrary to its protective effects during infections with siderophore dependent
pathogens, LCN2 exhibits detrimental effects in a mouse model of pneumonia caused
by S. pneumoniae, a pathogen that does not depend on siderophores for iron uptake:
Here, Lcn27- mice display decreased bacterial burdens and increased survival after
infection, which is associated with LCN2-induced interleukin 10 (IL-10; an anti-
inflammatory cytokine) production by macrophages and a deactivation of
macrophages by LCN2 (Warszawska et al., 2013).

Another mechanism by which LCN2 can influence inflammatory processes is via
shaping the intestinal microbiome. Moschen et al. could show that LCN2 decreased
early-onset colitis and protected from colonic tumors resulting from IL-10 deficiency by
altering the intestinal microbiome, specifically by preventing the bloom of facultative
pathogenic Alistipes sp., which depend on siderophores for iron uptake (Moschen et
al., 2016). Another study found that LCN2 can already alter intestinal microbial
communities at baseline, and that upon IL-10 deficiency and dextran sulfate sodium
(DSS)-exposure induced colitis, this resulted in exacerbated intestinal inflammation,
which could be prevented by antibiotic treatment and transferred via cohousing of mice
(Singh et al., 2016).

1.1.2 LCN2 in iron uptake and metabolism
Cellular iron uptake is of fundamental importance for cell metabolism, growth and
development, which is why multiple proteins are involved in iron uptake and
metabolism. While most tissues acquire iron via the uptake of iron-loaded transferrin
(Wallace, 2016), inhibition of the transferrin pathway does not block organogenesis
(Huggenvik et al., 1989). Since iron is essential for all cells and required for basic
biological processes (Camaschella et al., 2020), this indicates the existence of
additional proteins that can facilitate cellular iron uptake. One of these proteins is
LCN2, which could be shown to bind iron and deliver it to the cytoplasm, where it acts
4



as an activator or repressor of iron-related genes (Devireddy et al., 2005). While the
authors did not perform a precise characterization of the chemical bond between iron
and LCN2, they reported that it might involve a mammalian siderophore. More recently,
chemical siderophore equivalents were identified and characterized through their
association with LCN2, which remains the only known mammalian siderophore-binding
protein (Correnti and Strong, 2012).

To limit the pool of available iron to potential pathogens, mammalian hosts lower
systemic iron levels through various mechanisms, which leads to hypoferrinemia
(Ganz and Nemeth, 2009) and, thus, also ameliorates iron-dependent oxidative stress
(Hentze et al., 2004). The importance of LCN2 as acute phase protein (which is
overexpressed early during inflammatory conditions) (Liu and Nilsen-Hamilton, 1995)
is highlighted by work using a mouse model of LPS-induced sterile inflammation, where
Lcn27-mice show delayed hypoferremia (Srinivasan et al., 2012), increased oxidative
stress, immune cell apoptosis and exaggerated inflammatory gene expression. Similar
results could be found in the context of neuroinflammation induced by peripheral LPS
injection, after which Lcn27” mice demonstrated exacerbated proinflammatory
cytokines and transcriptional profiles in the central nervous system (Kang et al., 2018).
The effects of LCN2-dependent iron trafficking can also promote iron export, reducing
intracellular iron content and leading to an increased production of proinflammatory
cytokines. This could be observed in mice infected with the intracellular pathogen
Salmonella enterica Serovar Typhimurium, where elevated intracellular iron in Lcn2
macrophages was linked to increased expression of the anti-inflammatory cytokine IL-
10 and decreased expression of the proinflammatory cytokines TNF (tumor necrosis
factor) and IL-6 (Nairz et al., 2015). By promoting a proinflammatory macrophage
polarization, LCN2 enhances bacterial killing and clearance in this model. It can be
concluded that the effects of LCN2 on both iron homeostasis and inflammation are
context and cell-type dependent.

The effects of LCN2 on iron homeostasis can also have detrimental effects. For
example, in the J20 mouse model of Alzheimer’'s disease (AD), LCN2-deficiency
improved AD-like behavioral, cognitive and histopathological changes (Dekens et al.,
2018). The authors concluded that LCN2 likely contributes to brain iron dysregulation
in AD.



1.2 Influenza infection

Influenza is an infectious disease of the respiratory tract caused by viruses belonging
to the influenza A and B genera. All influenza viruses are single stranded negative-
strand RNA viruses, which contain an envelope surrounding the capsid. Their
genomes are comprised of eight RNA segments, which fulfill similar functions in
influenza A and B viruses, encoding the viral RNA polymerase subunits (PB1, PB2 and
PA), which are the largest of the RNA segments, the viral glycoproteins haemagglutinin
(HA) and neuraminidase (NA), as well as the viral nucleoprotein (NP), matrix (M1) and
membrane (M2) proteins and the nonstructural (NS1) and nuclear export protein
(NEP). Both the RNA segments 7 and 8 encode two separate proteins: Segment 7
encodes M1 and M2, whereby segment 8 encodes NS1 and NEP (Figure 3) (Krammer
etal., 2018).

Lipid envelope

M2

M1

HA

NP

—NA

\\ Encodes NP and NS1

Encodés M1 and M2
Figure 3: Influenza virus genome and structure. Adapted from (Krammer et al., 2018)



The glycoproteins HA and NA are located on the virion surface. HA mediates two
functions: The binding of the virus to the target cell surface (Edinger et al., 2014), which
is followed be internalization of the virus, and the fusion of the viral envelope with the
endosomal membrane (Banerjee et al., 2013). NA enables cleaving from the host cell

during viral release (Dou et al., 2018).

1.2.1 Epidemiology

Influenza occurs in seasonal epidemics, which cause the major burden of disease in
humans, and sporadic pandemics. Most seasonal influenza cases occur in children,
but the highest morbidity is found in the very young (Krammer et al., 2018), very old or
immunocompromised (Kim et al., 2018). Age seems to play a particularly important
role in seasonal influenza epidemics. For example, the United States Center for
Disease Control and Prevention (CDC) reports a mortality rate of 1.2 per 100,000 for
people aged 18-49 years, but a mortality rate of over 40 per 100,000 for people aged
more than 65 years, for the 2018-2019 flu season (Centers for Disease Control and
Prevention, 2021, September 29) (Figure 4).

Disease severity by age
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Figure 4: Estimated cases per 100,000 for the US 2018-2019 epidemic, grouped
according to disease severity. Data from CDC (Centers for Disease Control and
Prevention, 2021, September 29).



Influenza A has an extensive animal reservoir, primarily in aquatic birds (Dunning et

al., 2020). Unlike influenza epidemics, influenza pandemics occur as a result of a novel

influenza A virus crossing the species barrier and altering their surface antigens

through antigenic shift, enabling efficient human-to-human transmission (Abadia-

Molina et al., 2006). In the past 100 years, four influenza pandemics have occurred

(Table 1), with the 1918 Spanish influenza causing between 17 and 100 million deaths

the most severe.

Virus
Name Date subtype | Death toll References
(Mills et al., 2004),
(Spreeuwenberg et
al., 2018), (Morens
Spanish influenza 1918-1920 | H1N1 17-100 million | and Fauci, 2007)
1957—-
Asian influenza 1958 H2N2 1-4 million (Viboud et al., 2016)
Hong Kong influenza 1968-1969 | H3N2 1-4 million (Jester et al., 2020)
151,700—- (Dawood et al.,
Swine influenza 2009 H1N1 575,400 2012)

Table 2: Influenza pandemics of the past 100 years

1.2.2 Immunity to influenza infection

The mucosal surface of the respiratory tract is in continuous contact with the

environment, which leads to a constant exposure to potential pathogens and requires

an efficient local defense system. To ensure the lung’'s crucial function of gas
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exchange, the pulmonary immune system is maintained in a quiescent state during
homeostasis. In case of infection, innate and adaptive immune responses are initiated
for efficient pathogen recognition and removal. These responses need tight regulation
to prevent excessive immunopathology and inflammation related lung damage
(lwasaki and Pillai, 2014).

1.2.2.1 The innate immune response to influenza infections

The airways harbor a specialized immune system, providing mechanisms to efficiently
combat invading pathogens. In case of influenza viruses, these mechanisms involve
recognition of viral RNA, which is sensed by plasmacytoid dendritic cells (pDCs) upon
virus endocytosis and by macrophages in phagocytosed dying infected cells, leading
to a complex signaling cascade to produce type | interferons (IFNs) and other
proinflammatory cytokines, eicosanoids and chemokines at the site of infection
(lwasaki and Pillai, 2014). The latter promote the influx of further immune cells, which
are responsible for viral clearance: Natural killer (NK) cells target and eliminate infected
epithelial cells (Gazit et al., 2006), while recruited neutrophils and monocytes, together
with alveolar macrophages, clear dead cells (Hashimoto et al., 2007).

The initial step required to activate the innate immune system is the recognition of the
invading pathogen as foreign. This is achieved by specific pattern-recognition
receptors (PRRs), which recognize pathogen associated molecular patterns (PAMPs),
which are either part of the pathogen or are newly formed during infection (Medzhitov,
2001). Multiple members of at least three distinct classes of PRRs recognize influenza-
associated patterns: The Toll-like receptors (TLR)3, -7 and -8, retinoic acid-inducible
gene | (RIG-I) and the NOD-, LRR- and pyrin domain-containing 3 (NLRP3).

TLR3 is an endosomal sensor of double-stranded RNA (Alexopoulou et al., 2001).
While influenza is a virus that contains single-stranded RNA and does not generate
double-stranded RNA during replication (Pichlmair et al., 2006), influenza infection is
nevertheless accompanied by substantial activation of TLR3 (lwasaki and Pillai, 2014).
This might be due to currently unidentified double-stranded RNA structures occurring
in influenza-infected dying cells that are phagocytosed (Tatematsu et al., 2013). TLR3
activation induces the expression of interferon-regulatory factor 3 (IRF3), which
prompts the production of type | IFNs (IFNa and -3) and IFN-stimulated genes (ISGs).

Additionally, TLR3 activation leads to the expression of nuclear factor-kappaB (NF-



kappaB), which in turn instigates the production of proinflammatory cytokines. TLR3

signals through TIR-domain-containing adapter-inducing interferon- (TRIF).

IL-6. TNF-o IFN-o/B

. . o

5’- triphosphates on ssSRNAs Endosome

‘ Inflammasome Complex |
RIG | ASC

/

% MVDSB l
iP5 | / \ Caspase | Activation
/ F-kB l

IRF3 / / pro-IL-1p and IL-18 production
/\\ / Nucleus

pro-inflammatory cytokines  type I interferon

Figure 5: Innate immune response to influenza infection. Adapted from (Bahadoran et
al., 2016)

TLRY is another endosomal sensor, but recognizes single-stranded RNA (Petes et al.,
2017). This receptor signals through the adaptor myeloid differentiation primary
response 88 (MYD88) to activate NF-kappaB to induce proinflammatory cytokine
production or IFN-regulatory factor 7 (IRF7), for type | IFN production (Figure 5).
TLR8 also recognizes ssRNA, but its precise relevance in influenza virus infections
remains unclear. It does not lead to the production of IFNa (Ablasser et al., 2009).
RIG-I is a cytosolic sensor of the 5'-triphosphate viral ssRNA that is generated after
viral replication (Pichlmair et al., 2006). This protein has a helicase domain, which
binds to adenosine tri-phosphate (ATP) after activation, and a caspase recruitment

domains which, after conformational changes, bind to the signaling adaptor
10



mitochondrial antiviral signaling protein (MAVS) (Pichlmair et al., 2006). Through
MAVS signaling, IRF3 and NF-kappaB are activated, which in turn lead to the
production of type | IFN and ISGs as well as proinflammatory cytokines, respectively
(Jiang et al., 2011).

The NOD-like receptor family member NLRP3 is a PRR that in combination with the
adaptor protein apoptosis-associated speck-like protein (ASC) and pro-caspase 1
forms the NLRP3 inflammasome (Lu and Wu, 2015). This complex is activated in two
steps: priming and activation. The first step, which is referred to as signal 1, occurs
after NF-kappaB expression, which is a consequence of inflammatory stimuli such as
TLR-activation, and consists of the expression of NLRP3, IL-18 and pro-IL-13 (Yang
et al., 2019). The second step (signal 2) is initiated by host damage and leads to the
cleavage and activation of caspase 1, together with the secretion of mature IL-1 and
IL-18. Ichinohe et al. observed in antibiotics-treated mice significantly reduced pro-IL113
and pro-IL-18 expression after influenza infection (Ichinohe et al., 2011), which
suggests that signal 1 in immune responses against influenza viruses is largely
provided by commensals. While signal 2 can be provided by a multitude of different
stimuli associated with cellular damage (Yang et al., 2019), at least three different
stimuli associated with influenza infection and capable of delivering signal 2 have been
identified: ssSRNA (Thomas et al., 2009), proton flux through the influenza M2 ion
channel in the trans-golgi network (Ichinohe et al., 2010) and, lastly, high-molecular-
weight aggregates of the influenza virus virulence protein PB1-F2 in macrophage
lysosomes, most likely in phagocytes that have engulfed dying infected cells which
contain amyloid fiber-like structures of PB1-F2 (McAuley et al., 2013).

The activation of these receptors leads to downstream effector mechanisms that both
provide antiviral resistance by reducing viral burden and increased disease tolerance,
which, per definition, consists of the reduction of the negative impact on host fitness of
a pathogen without reducing the pathogen burden (Medzhitov et al.,, 2012).
Dysregulated, exaggerated signaling can, however, also lead to immunopathology.
Type | IFNs contribute to antiviral resistance by inducing a multitude of ISGs which
block infection, degrade viral constituents and limit virus reproduction (lwasaki and
Pillai, 2014). Certain myxovirus resistance (MX) proteins, which are among the first
identified antiviral ISGs, are potent inhibitors of viral infection (lwasaki and Pillai, 2014).
In humans, the MXA protein is located in the cytosol and provides resistance to the

influenza A virus, among other viruses (Hefti et al., 1999). IFN-induced transmembrane
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proteins (IFITMs) exhibit antiviral functions by limiting the membrane fusion between
host cells and viral particles after viral attachment and endocytosis. As a consequence,
IFITM3-deficient mice are highly susceptible to influenza virus infection (Bailey et al.,
2012). Further antiviral ISGs include the 2'-5'-oligoadenylate synthase (OAS) family
and ribonuclease L (RNase L), which degrade cytosolic viral RNA (Silverman, 2007),
and protein kinase R which protects against viral infections by binding viral RNA and
inhibiting translation (Balachandran et al., 2000).

Further innate immune cytokines, including IL-1, which promotes DC migration from
the lungs to the mediastinal lymph nodes (Pang et al., 2013), IL-6 (Lauder et al., 2013)
and IL-18 (Denton et al., 2007) are involved in viral clearance by boosting adaptive
immunity.

The regulatory mechanisms behind disease tolerance to influenza infection are less
well studied. A key cell type involved are innate lymphoid cells, which secrete
amphiregulin in response to IL-33, a mechanism that could be shown to reduce tissue
damage and improve lung function during influenza infection (Monticelli et al., 2011).

1.2.2.2 The adaptive immune response to influenza infection
In order to be able to react to a broad variety of molecules, the germline-encoded
receptor structures of the innate immune system are inherently limited in specificity.
The adaptive immune system is able to overcome this limitation through somatic
recombination of germline-encoded elements which form the B- and T cell receptor
repertoire. Additionally, the adaptive immune system is capable of forming long-lasting
memory of previously encountered antigens, with the potential to be quickly reactivated
upon recurring exposure. While innate responses occur within short time frames,
adaptive immunity takes several days to become effective (Chaplin, 2010).
To be activated, effector cells of the adaptive immune system require antigen
presentation by specialized cells, so called antigen presenting cells (APCs). While
several cell types are capable of antigen presentation in vitro (Hughes et al., 2016),
conventional dendritic cells (cDCs) are considered the classical example of dedicated
professional APCs (Kambayashi and Laufer, 2014). Mature cDCs are defined by their
high surface expression of the major histocompatibility complex class Il (MHCII) and
CD11c (Vivier and Malissen, 2005).
The two main respiratory mature cDC subsets resident in the lung are characterized
as CD103* and CD11b" CD103" respiratory DCs, both of which are critical for the
12



induction of adaptive immune responses (Sung et al., 2006). While CD103* DCs are
found at the mucosal surface, CD11b" respiratory DCs are located in the lung
interstitial space (del Rio et al., 2007).

Innate immune system activation, such as influenza infection, lead to activation and
antigen uptake by respiratory dendritic cells, which subsequently migrate from the
inflamed lungs to the draining lymph nodes (Hammad and Lambrecht, 2008). The
mechanisms leading to this migration are incompletely understood, but could be shown
to involve multiple proinflammatory cytokines, including IL-1R, IL-18, IL-12, TNF and
tumor growth factor (TGF)- as well as chemokines such as chemokine ligand (CCL)
2 and CCL20. DCs migrate along the chemokine gradients of CCL21 and sphingosine-
1-phosphate (S1P) (Figure 6). Activation of DCs also induces the expression of
costimulatory molecules, including CD80, CD86, CD40 and intercellular adhesion
molecule 1 (ICAM1), which are required to unleash their full potential as APCs
(Braciale et al., 2012).

Airway Virus
epithelial k2
cel afnanh nflanatan 0anal * Alrway
(i P e s e e e e e e
Alveolar ¥ ¥ :
macrophage
=G
g(@ Q (S — — N A 4 \ — R S A \ — L
¢ a8 | IL-1B, CD103+ Interstitium
g | [ IL-18,
v /~Type | alveolar ccL2
Alveolus  / | epithelial cell
o~ / ‘ r Active TGFp
; el \l e
g P i el . 5 YO
T I e g ¥ ¢ Macrophage
o Fibroblast =) — e o
" Type ll alveolar e N/
epithelial cell TNE CCL2,
CCL20, IL-12
CD11b* Monocyte-
oC derived DC Blood vessel
o
CClL21,
S1P
fg%
Pulmonary

1 lymphatic vessel

To draining '
|lymph node|

Figure 6: Dendritic cell activation and migration. Adapted from (Braciale et al., 2012).

Lung DCs then migrate to the draining lymph nodes to enable the encounter of both
specific naive antiviral T cells (which are extremely rare) (Lawrence and Braciale,
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2004) and memory T cells (in case of previously encountered antigens) (Kim et al.,
2010) to their cognate antigen.

The first respiratory DC subset to reach peak numbers in the draining lymph nodes are
CD103" respiratory DCs (Braciale et al., 2012). This cell type could also be shown to
be the most potent APC for presentation of viral antigens to naive virus-specific CD8*
T cells during the early response to influenza virus infection (Kim and Braciale, 2009).
In particular, they are the most potent cross-presenting DC subset (Ho et al., 2011).
Cross-presentation is the process of internalizing an exogenous antigen, which is then
re-routed to the MHCI pathway of antigen presentation, rather than the MHCII pathway,
and is of importance for the initiation of CD8* T cell responses.

Unlike CD103* DCs, which produce only low levels of pro-inflammatory mediators,
CD11b" DCs produce large amounts of chemokines in response to inflammatory
stimuli in the respiratory tract (Beaty et al., 2007). Their numbers in the draining lymph
nodes peak at later time points (five to seven days) after influenza infection, and it has
been suggested that they serve to expand the pool of already activated CD8* T cells
(Braciale et al., 2012).

Both CD103* and CD11b" DCs also present antigen to activate CD4* T cells (Braciale
et al., 2012). In contrast to activation of CD8" T cells, antigens are presented to CD4*
T cells through MHCII (Bulte and Shakeri-Zadeh, 2022) (Figure 7).
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Figure 7: Antigen presentation via MHCI and MHCII. Adapted from (Bulte and Shakeri-
Zadeh, 2022)

While they are more abundant than CD103* DCs and CD11b" DCs, phenotypically

immature (MHCII'®¥ CD11c'°%) monocyte-derived DCs are poor activators of naive T
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cells, eventhough they can also migrate to the draining lymph nodes after taking up
antigens in the infected lung (Kim and Braciale, 2009). However, they may be able to
differentiate into mature DCs, which increases their potential to present antigen
(Jakubzick et al., 2008).

The crucial role of antigen-specific CD8" (also referred to as cytotoxic) T cells in the
antiviral response to influenza infection is their ability to lyse virus-infected cells, after
recognizing processed viral antigens, which are presented on the infected cell surface
via MHCI, through their T cell receptors (Hufford et al., 2011). However, their cytolytic
ability can also substantially contribute to immunopathology (Rouse and Sehrawat,
2010).

While CD8" T cells exhibit antiviral activity by killing virus-infected cells, the key role of
CD4* T cells during influenza infection is the support of the activation and differentiation
of antibody-producing B cells, which is why CD4* T cells are also termed T-helper cells
(Topham and Doherty, 1998). Antibodies are large proteins employed by the immune
system to identify and potentially neutralize foreign entities, including bacteria and
viruses. These proteins are composed of a constant (Fc) region, which is encoded in
the genome and required for increased stability and receptor-mediated functions, and
a variable region, whose amino acid sequence randomly generated through a process
termed somatic recombination, and which binds antigens (Murphy and Weaver, 2016).
B cells express these randomly generated peptides on their surface as B cell receptors.
Upon recognition of viral particles through these receptors, B cells are activated and
the viral particles are endocytosed. Subsequently, these particles are expressed on
the B cell surface via on MHCII complexes. CD4* T cells can recognize these
molecules and subsequently further stimulate activated B cells through Inducible T-cell
Costimulator (ICOS) and CD40-ligand. This additional activation is required for
differentiation of B cells into antibody-secreting plasma cells (Murphy and Weaver,
2016).

The specific antibodies which are produced after influenza infection against most of
the viral proteins differ in their kinetics and abundance (Sealy et al., 2003). Particularly
strong and often neutralizing antibody responses are directed against the HA protein
(Clarke et al., 1990). Antibodies promote elimination of the virus and are also an
important component of immunological memory, since they protect from repeated
infection with the same strain (Wrammert et al., 2008). Unpublished data from our lab

indicate that both WT and Lcn2” induce robust responses to a murine strain of
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influenza virus after intramuscular injection of inactivated viral particles, which is
sufficient to protect from subsequent infections, indicating that LCNZ2 is not required for
an effective B cell response.

Since neutralizing antibodies mainly target the HA and NA proteins (Li et al., 2019),
influenza viruses employ evolutionary strategies to evade immunological memory. Two
major processes drive influenza virus evolution: antigenic shift and antigenic drift
(Krammer et al., 2018). Antigenic shift occurs as a result of interchange of RNA
segments, after antigenically different viral strains of the same genus (influenza A or
influenza B) have infected the same cell. This process, which is mainly limited to
influenza A viruses due to their extensive animal reservoir (Abadia-Molina et al., 2006),
leads to a sudden, drastic change of an influenza virus’s antigenicity. Influenza
pandemics are associated with novel influenza A virus antigens that are derived from
animals strains of influenza virus, which cross the species barrier and acquire the
ability to transmit between humans (Krammer et al., 2018).

Antigenic drift is the gradual accumulation of mutations in the antigens HA and NA,
which enables influenza viruses to evade antibody-mediated immunity acquired by the
host during vaccinations or previous infections (Webster et al., 1992). This process is
responsible for the requirement of frequent influenza vaccine updates. While both the
HA and NA gene can be affected by antigenic drift, it is most common for the HA gene,
where only few amino acid changes can be sufficient (Kim et al., 2018). Unlike
antigenic shift, which is exclusively observed in the influenza A genus, antigenic drift
can be found in all influenza genera, but appears to be fastest in influenza A (Kim et
al., 2018).

1.3 Immune-microbe interaction in the context of the lung
The term ‘human microbiome’ refers to the combination of all microorganisms
(bacteria, archaea, viruses, protists and fungi) inhabiting the human body, their
corresponding anatomical localization and the environmental conditions under which
they reside (Marchesi and Ravel, 2015). Historically, it was estimated that bacteria
colonizing the human body outnumber human cells by a factor of 10 or more (Savage,
1977), however more recent estimates suggest that the true bacteria to human cell
ratio is likely closer to 1:1 (Sender et al., 2016a, Sender et al., 2016b). Nevertheless,
the total number of microorganisms living on the human body is vast, as 3.8 x 103
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bacteria are estimated to live on and in the body of a 70 kg male (Sender et al., 2016b).
The composition of the microbiome is highly diverse, as illustrated by the results of the
human microbiome project, which yielded >70 million 16S ribosomal gene sequences
defining the microbial composition across 15 body sites (Human Microbiome Project,
2012). The microbiome of humans, as in other multicellular organisms, likely co-
evolved with its host (Malla et al., 2018) and plays a critical role in many physiologic
processes, including the development of the immune system (Belkaid and Harrison,
2017).

While the lung was traditionally considered a sterile body site, more recent
investigations revealed the existence of a unique microbiome, which influences the
local respiratory immune system (Wypych et al., 2019). The main genera present in
the lungs under homeostatic conditions appear to be Prevotella, Streptococcus,
Veillonella, Fusobacterium and Haemophilus (Dickson et al., 2016).

Furthermore, recent data indicates that the intestinal microbiome can influence
respiratory immune responses, highlighting the existence of a gut-lung axis (Enaud et
al., 2020). Therefore, the microbiome can influence the respiratory immune system
both directly, by interactions between the lung microbiome with local immune cells, and
indirectly, via the gut-lung axis. These interactions play important roles in respiratory
health and disease, among them defense mechanisms against viral infections, and

allograft (dys)function after lung transplantation.

1.3.1 The role of the microbiome in antiviral immunity

Over the last 15 years, multiple independent studies highlighted important roles of the
microbiome in host defense against viral infections. Mechanistically, most of these
studies identify a link between the gut microbiome and the respiratory immune system.
Several different mechanisms, via which the gut microbiome influences pulmonary
immunity have been identified. In one of the first studies to showing the important
contribution of the gut microbiome to antiviral lung immunity, Ichinohe et al. reported
that antibiotics-treated mice develop an impaired immune response to influenza, with
reduced virus-specific CD4" and CD8"* T cells (Ichinohe et al., 2011). This could be
rescued by injection of TLR ligands. They concluded that intestinal microbes promote
the expression of pro-IL-13 and pro-IL-18 mRNA, which, after influenza infection,

induces migration of DCs to the peripheral lymph nodes via inflammasome activation.
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Abt et al. observed decreased viral clearance and increased mortality in antibiotics-
treated mice after both, influenza and lymphocytic choriomeningitis virus (LCMV)
infection, which they linked to decreased expression of antiviral genes and defective
type | and type Il IFN responses in macrophages (Abt et al., 2012).

The link between the microbiome and antiviral type | IFN production and signaling has
since been confirmed by multiple other studies. Microbial metabolites could be shown
to play an important messenger role in this setting. Desaminotyrosine, a small molecule
which is produced via flavonoid metabolism by Clostridium orbiscindens, a human gut
microbe, exerts a protective role in antiviral immunity by boosting type | IFN signaling,
and by limiting lung immunopathology. Indeed, desaminotyrosine administration was
sufficient to rescue antibiotics-treated mice that were infected with influenza (Steed et
al., 2017). Short chain fatty acids (SCFAs), which are end products of dietary fiber
fermentation by multiple commensal bacteria (Silva et al., 2020), are another class of
bacterial metabolites that evidently play a role in promoting type | IFN response and
ISG expression. The SCFA acetate was found to be able to promote G protein coupled
receptor 43 (GPR 43, also known as free fatty acid receptor 2) signaling during
respiratory syncytial virus infection in stromal cells, which in turn leads to increased
type | IFN responses and ISG expression (Antunes et al., 2019). Microbiota can also
drive the ISG signature during steady state in lung stromal cells, which is of crucial
importance for early antiviral immunity to influenza (Bradley et al., 2019).

Beyond their effect on increasing type | IFN responses, SCFAs have additional
protective effects during influenza infection (Trompette et al., 2018). High-fiber diet fed
mice, which exhibit increased systemic SCFA levels due to pronounced intestinal
fermentation of fibers have, show higher bone marrow production of Ly6C- patrolling
monocyte. These cells alternatively activate macrophages, which lowers the
expression of CXCL1 in the airways. During influenza infection, this reduces tissue
immunopathology by limiting neutrophil recruitment to the lung. Additionally, SCFAs
enhanced CD8* T cell function by promoting the metabolism of these cells. These
effects could be shown to be dependent on the GPR41 (also known as free fatty acid
receptor 3). Interestingly, oral administration of the SCFA butyrate could induce the
same effects in mice that were not fed a high-fiber diet, highlighting the importance of

this metabolite in antiviral immunity.
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1.3.2 The microbiome in lung transplant function and dysfunction

In patients with irreversible end-stage pulmonary disease, such as end-stage cystic
fibrosis (CF), chronic obstructive pulmonary disease (COPD) and idiopathic interstitial
pneumonia, lung transplantation is the only life-saving treatment option (Inci, 2020).
Lung transplantation can involve the replacement of one (single) or both (double)
pulmonary lobes. The first lung transplantation was performed in 1963 by James Hardy
(Hardy et al., 1963), and the patient survived for 18 days. Since then, substantial
technological and medical advances have been made, but while the survival rate has
drastically increased, the five-year survival rate remains at 59%, which is the lowest
among all solid organ transplants (Bos et al., 2020).

While infections are the leading cause of death within the first year after lung
transplantation (Bos et al., 2020), the primary cause of post-transplant morbidity and
mortality overall and after the first year is chronic lung allograft dysfunction (CLAD),
which is responsible for more than 40% of deaths after the first year post
transplantation (Verleden et al., 2019). Both, predominantly obstructive and restrictive
ventilatory patterns, as well as mixed patterns can occur, and CLAD functions as an
umbrella term to describe the range of pathophysiological processes in the lung
allograft that lead a functional deterioration. While many of these processes remain to
be elucidated, they could be linked to a variety of triggers, among them the lung

microbiome.

1.3.2.1 Definitions of CLAD, BOS and RAS

Per definition, CLAD is a persistent and substantial (>20%) decline in the measured
forced expiratory volume during one second (FEV1), that occurs later than three
months after transplantation. As a reference, the best two postoperative values are
taken. To fulfill the definition of CLAD, reversible causes of allograft dysfunction must
be excluded, such as infection, acute rejection and aspiration (Verleden et al., 2019).
CLAD is subdivided into different phenotypes: The most common manifestation is
caused by obstruction of the airways by bronchiolitis obliterans syndrome (BOS), which
presents as an isolated drop in FEV1. However, a restrictive deficit in lung function is
also present in up to 30% of patients (Sato et al., 2011), this manifestation is termed
restrictive allograft syndrome (RAS) and is defined as a persistent decrease in FEV1

combined with a decrease in total lung capacity, as well as the presence of radiological
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pulmonary opacities (which are typically absent in BOS). RAS shows an even worse
prognosis than BOS (Verleden et al., 2019).

1.3.2.2 Treatment and pathophysiology of CLAD

Treatment options for CLAD are scarce and have only shown a limited efficacy in
clinical studies. When patients receive cyclosporine A-based immunosuppression,
conversion of cyclosporine to tacrolimus could be shown to slow lung function decline
in a series of cases (Meyer et al., 2014). The macrolide antibiotic azithromycin was
reported to positively affect lung function in up to 40% of lung transplant recipients, and
complete reversal of FEV1 decline was observed in some patients, particularly when
BAL neutrophilia was present (Vos et al., 2010). Nevertheless, no targeted therapy for
CLAD is available.

The lack of specialized treatments for CLAD is due to an insufficient understanding of
the pathophysiology, and the interplay between BOS, RAS and antibody-mediated
rejection (AMR) (Verleden et al., 2020a). AMR is caused by the production of
antibodies against donor antigens present on the transplanted lung. This clinical entity
is well defined in heart and kidney transplant recipients, but less well understood in the
context of lung transplantation (Levine et al., 2016).

BOS, the most prevalent and most well studied subtype of CLAD, is characterized by
abundant small airway obstruction. Pathophysiologically, this is assumed to be the
consequence of persistent microinjuries to the epithelium (Figure 8, left panel), which
leads to inflammation and the recruitment of inflammatory macrophages and
neutrophils as well as the accumulation of (myo-)fibroblasts (Figure 8, middle panel)

and mesenchymal transition of epithelial cells.

20



[ ] ] 0 [ - [ ] @
: : : G ° . d = ‘c
: i J ® 2 :
¢ (] . = N ® [] [ i
[ 0 [ S ® )
' e
% - IR\ ®
. - @ - @
° (] -. 0 . (] ] ‘.‘
[] . ’ [] . ’ '
¢ 0 0 & 2 . ' o ®
- Airway epithelial cell Endothelial cell ) Microvasculature
® Air pollution « Extracellular matrix = Myofibroblast
Bacteria Fibroblast & Neutrophil
Basal cell Injury & T-lymphocyte
® B-lymphocyte @ Macrophage

Figure 8: The pathophysiology of BOS, adapted from (Verleden et al., 2020a)

The histological pattern characteristic of RAS is alveolar fibroelastosis (AFE). Like
obliterative bronchiolitis, AFE can arise following injury of the small- and mid-sized
airways, which, in case of RAS, leads to fibrinous intra-alveolar deposition, the
infiltration of aberrant macrophages and failed degradation of fibrous exsudates
(Figure 8, right panel). The prevalence of donor-specific antibodies is higher in RAS
than in BOS (Verleden et al., 2017), and AFE is associated with the presence of B-cell
dominant lymphoid follicles, which likely arise due to the recognition of donor-specific

antigens (Watanabe et al., 2019).

1.3.2.3 Radiological patterns associated with BOS and RAS
Radiological imaging plays a key role in monitoring the lung transplantation, both in the
early phase after transplantation, to identify potential surgical complications or
infections, but also during the later stage (>3 months) after transplantation, when early
detection and potential initiation of treatment of CLAD is crucial (Madan et al., 2014).
The most precise computed tomography (CT) finding of BOS is airtrapping on
expiratory images. When more than 32% of the lungs are involved, this pattern reaches
an accuracy of 88% (Bankier et al., 2001). This finding is typically associated with
mosaic perfusion, due to hypoxic vasoconstriction in the affected area (Hota et al.,
2018). Airtrapping is identified by acquiring and comparing both inspiratory and
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expiratory CT-scans, and searching for areas with a reduced increase in attenuation
on the expiratory scan (Figure 9). A major limitation of this technique is that it depends
on the patient effort to produce sufficient inspiration and expiration (Byrne et al., 2021).

Inspiratory Expiratory

Figure 9: Airtrapping on thoracic CT-scans as a manifestation of BOS, adapted from
(Byrne et al., 2021). Asterisks highlight areas of relative lucency on exspiratory images
due to airway obstruction, arrows point to areas with reduced pulmonary vasculature
and increased attenuation.

RAS, due to its pathophysiological and histological similarity to forms of pulmonary
fibrosis, produces CT patterns that are considerably more striking than those
associated with BOS, and include peripheral consolidations, pleural thickening,
bronchiectasis as well as pulmonary volume loss, which typically shows an upper lobe
dominance (Figure 10) (Verleden et al., 2014).
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Day 1194

Figure 10: Presentation of RAS on chest CT. Patchy consolidation in the right upper
lobe, which shows progression to interlobar septal thickening, pleuroparenchymal
consolidation and fissural retraction (highlighted with an arrow). Timepoints refer to
days after transplantation. Adapted from (Byrne et al., 2021).

While these findings can aid in the early detection of RAS, they show a high degree of
overlap with other pathologic pulmonary conditions, such as infections, and are
therefore non-specific (Byrne et al.,, 2021). The nature and localization of these
findings, if RAS diagnosis is confirmed, also has prognostic significance: Diffuse or
basal predominance of fibrotic patterns is linked to significantly shorter survival, when
compared to predominantly upper-lobe-associated patterns (Verleden et al., 2016).
Mixed obstructive and restrictive phenotypes of CLAD typically present as apically
predominant pleuroparenchymal fibroelastosis and interstitial and pleural opacities
(Verleden et al., 2020b).

1.3.2.4 The role of the microbiome in CLAD development
Multiple studies have identified the microbiome of the transplanted lung as both an
independent predictor and a potential mechanistic factor for the development of CLAD.
The post-transplantation lung microbiome, compared to the microbiome observed in
healthy, non-transplanted lungs, is characterized by increased microbial biomass
(Charlson et al., 2012), and relative dysbiosis, as measured by a decreased alpha-
diversity and alterations in the composition of bacterial communities (Petersen and
Round, 2014). These alterations include an expansion of lung commensals, but also
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of potential pathogens, including Pseudomonas, Enterobacteriaceae, Staphylococcus
and anaerobes, in the transplanted lung (Charlson et al., 2012). Longitudinal studies
have indicated that these changes are subject to a high degree of temporal
heterogeneity, particularly within the first year after transplantation (Snell et al., 2019).
This can be influenced by recipient-factors, for example, in CF, recipient-derived
Pseudomonas strains populated the allograft within days after transplantation (Syed et
al., 2016). The correlation of different taxa with BOS development has been reported
by several studies. Interestingly, these studies differ with regards to the specific genera
associated with BOS development, and the time of the association. Using
metagenomics shotgun sequencing, Schott et al. observed lower rates of acute cellular
rejection and BOS development in transplant recipients with Actinobacteria-dominant
pulmonary microbial profiles at three months after transplantation. This was not
observed at later timepoints, indicating that the observation was time-dependent
(Schott et al., 2018). In another small, uncontrolled study, Actinomyces and
Xanthomonadaceae were found enriched in patients with BOS (Borewicz et al., 2013).
In a recent prospective cohort study of 134 patients, Combs et al. identified total
bacterial DNA burden (collected during surveillance bronchoscopy one year after
transplantation) as independent predictor of CLAD development or death within 500
days of follow-up (Combs et al., 2021). While they found lung bacterial communities to
be significantly different between patients who survived without CLAD and those who
developed CLAD or died, no individual bacterial taxa were found to be definitively
associated. This important study suggests that overall bacterial biomass, rather than
specific taxa, may contribute to the airway injury subsequently leading to BOS or RAS
development. Mechanistically, the post-transplant lung microbiome could be linked to
inflammatory cytokine signatures (Shankar et al., 2016) and myeloid cell responses
(Sharma et al., 2017), factors that are known to be involved in the development of
CLAD. Additionally, studies by the SysCLAD Consortium revealed associations
between the microbiome of lung allografts and host gene expression profiles
(Bernasconi et al., 2016). Bernasconi et al. distinct gene expression profiles in BAL
samples, whereby inflammatory profiles with elevated expression of Tnf, Cox2, as well
as t tissue remodeling genes were linked to bacterial dysbiosis (Bernasconi et al.,
2016). In another study by Moraux et al., these findings were extended to show that
anabolic and catabolic gene expression profiles, determined by the expression of the

genes thrombospondin-1 and platelet-derived growth factor receptor-D (PDGF-D)
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(anabolic) or matrix metalloproteinases, collagen-V1 A-2, fibronectin-1 and insulin-like
growth factor 1 (catabolic), respectively, correlated with diverging microbial profiles
(Mouraux et al., 2018). Interestingly, in both of these studies, causative links between
certain microbes and gene expression profiles could be established through in vitro
assays. In summary, these data clearly show that the composition and biomass of the
post-transplant microbiome is a potential biomarker and represent potential therapeutic
targets for CLAD.
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1.4 Thesis aims

The respiratory tract performs the crucial function of gas exchange and is in permanent
direct contact with inhaled, potentially dangerous environmental factors. Therefore,
pulmonary immune responses need to be highly efficient in removing such threats, but
also tightly regulated given the delicate nature of the lung (alveolar) tissue. Recent
evidence suggests that host-microbiome interactions, involving commensals of the
respiratory tract or other sites, are required for efficient immune responses against
pulmonary pathogens and play key roles in immune-regulation. However, we are only
beginning to grasp the complexity of this interplay and its consequences during health
and disease.

In the first part of this thesis, we investigated the role of LCN2, a small secreted
glycoprotein, in the regulation of lung myeloid cell function and antiviral immune
responses. This protein was of particular interest to us in the context of interactions
between the host immune system and the microbiome for two reasons: First, it can
directly inhibit the growth of many bacterial strains by preventing siderophore-
dependent iron uptake. While this antibacterial activity is highly relevant for host
defense against bacterial pathogens, it likely also affects microbiome composition.
Second, several recent studies have highlighted an immunomodulatory role of LCN2
that goes beyond its antibacterial effects, and it is tempting to speculate that this role
of LCN2 may be, at least partly, related to its potential effects on the microbiome. Using
RNA-sequencing, 16S-rRNA gene sequencing, mice deficient for LCN2 (Lcn2”), a
mouse model of influenza infection and two different strategies to perturb the
microbiome (antibiotic treatment and co-housing of mice with different genotypes), we
here aimed to determine the role of LCN2 in host-microbiome interactions, and its
consequences for the regulation of pulmonary antiviral immune responses.

In the second part of the thesis, we focused on the dynamics of the broncho-alveolar
microbiome, cellular composition, metabolome and lipidome after lung transplantation.
In the context of CLAD pathogenesis, the transplanted (donor-derived) microbiome
may be a trigger for the immune responses that mediate rejection of the transplant. By
comparing the pre-transplantation (donor) microbiome to the lung microbiome after
transplantation, we aimed to get insights into the fate of the donor microbiome after
transplantation. In a machine learning approach, we further assessed whether the lung

microbial profile at a given time point could predict subsequent changes in lung
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function, and compared the accuracy of these predictions to those based on

metabolomic or lipidomic profiles or clinical data.
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2 Results

2.1 Lipocalin 2 modulates dendritic cell activity and shapes
immunity to influenza in a microbiome dependent manner

In the first part of this chapter, | will present the paper “Lipocalin 2 modulates dendritic
cell activity and shapes immunity to influenza in a microbiome dependent manner”. In
this study, we aimed to determine the effect of LCN2 on the transcriptome of
macrophages and dendritic cells, to evaluate immunological effects of LCNZ2 in the lung
that go beyond direct antibacterial effects. Our results revealed that, particularly in
dendritic cells, the expression of a substantial number of genes involved in antigen
processing and presentation, as well as antiviral immunity were altered during
homeostasis in Lcn2/- mice. We validated the importance of these pathways in a
mouse model of influenza infection, whereby we found LCN2 to be protective of
excessive morbidity and mortality, independent of the viral load. This correlated with
increased numbers of CD8* T cells in the lungs of influenza infected Lcn27 mice.
Depletion of these cells protected from excessive weight loss during influenza
infection. We could show that increased T cell counts were linked to an increased
potential of CD103* dendritic cells to cross present antigen to CD8+ T cells. Finally,
we could show that the effects of LCN2 on antiviral immunity were dependent on the
microbiome, as we observed differences in the intestinal microbial composition of WT
and Lcn27 mice, which when equalized by co-housing and antibiotic treatment,
protected Lcn27 mice from exagerrated CD8* T cell responses. This work shows that
a single gene can influence pulmonary antiviral immunity through microbiome-

dependent mechanisms.
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Abstract

Lipocalin 2 (LCN2) is a secreted glycoprotein with roles in multiple biological processes. It
contributes to host defense by interference with bacterial iron uptake and exerts immuno-
modulatory functions in various diseases. Here, we aimed to characterize the function of
LCN2 in lung macrophages and dendritic cells (DCs) using Len2” mice. Transcriptome
analysis revealed strong LCN2-related effects in CD103" DCs during homeostasis, with dif-
ferential regulation of antigen processing and presentation and antiviral immunity pathways.
We next validated the relevance of LCN2 in a mouse model of influenza infection, wherein
LCN2 protected from excessive weight loss and improved survival. LCN2-deficiency was
associated with enlarged mediastinal lymph nodes and increased lung T cell numbers, indi-
cating a dysregulated immune response to influenza infection. Depletion of CD8™ T cells
equalized weight loss between WT and Lcn2” mice, proving that LCN2 protects from exces-
sive disease morbidity by dampening CD8™ T cell responses. In vivo T cell chimerism and in
vitro T cell proliferation assays indicated that improved antigen processing by CD103* DCs,
rather than T cell intrinsic effects of LCN2, contribute to the exacerbated T cell response.
Considering the antibacterial potential of LCN2 and that commensal microbes can modulate
antiviral immune responses, we speculated that LCN2 might cause the observed influenza
phenotype via the microbiome. Comparing the lung and gut microbiome of WT and Len2”
mice by 16S rRNA gene sequencing, we observed profound effects of LCN2 on gut micro-
bial composition. Interestingly, antibiotic treatment or co-housing of WT and LcnZ2” mice
prior to influenza infection equalized lung CD8™ T cell counts, suggesting that the LCN2-
related effects are mediated by the microbiome. In summary, our results highlight a novel
regulatory function of LCN2 in the modulation of antiviral immunity.
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Author summary

Outcome from infectious diseases is determined by the adequacy of the immune response,
with efficient dearance of the causative pathogen, while keeping the inflammatory
response in check to avoid excessive inflammation, tissue damage and resulting mortality.
The regulation of immunity is shaped by multiple players. As such lipocalin (LCN) 2
exhibits immune-modulatory properties and for instance deactivates alveolar macro-
phages, but the precise mode of action remains unclear. Here, we explored the precise
effects of LCN2 on cellular lung immunity, and discovered that LCN2 markedly impacted
homeostatic expression of pulmonary dendritic cell (DC) genes related to anti-influenza
immunity. In agreement with this finding, LCN2-deficient mice infected with influenza
virus showed a higher mortality and more pronounced immune response, despite an
unaltered viral clearance. Mechanistically, we found the presence of LCN?2 associated with
dampened DC functions, ultimately preventing exuberant T cell activation during influ-
enza infection. Considering LCN?2’s antibacterial effects as a siderophore-binding protein,
we speculated that an indirect, microbiome-dependent effect might explain these findings.
In fact, LUN2 remarkably shaped the microbiome composition, and interference via anti-
biotics or cohousing erased the protective effects of LCN2 on the anti-viral immune
response.

Introduction

Lipocalin 2 (LCN2) is a 25-kDa secreted glycoprotein involved in a variety of biological pro-
cesses, including immune responses, iron homeostasis and metabolism [1-3]. Acting as scav-
enger of bacterial siderophores, LCN2 is known as host defense molecule with potent anti-
bacterial activity against siderophore-dependent bacteria, such as Escherichia coli and Klebsi-
eila pnewmonia [4,5]. In line with this function, LCN2 is highly expressed in barrier tissues
exposed to microorganisms including the lungs [6] and further induced upon Toll-like recep-
tor (TLR) stimulaticn [4].

Multiple studies have uncovered immunoregulatory effects of LCN?Z beyond scavenging
bacterial siderophores, and LCN2 has been found to protect from excessive inflammation-
related morbidity in sterile endotoxemia [7], neurcinflammation [8] and non-alcoholic steato-
hepatitis (NASH) [9]. Intriguingly, all these observations are linked to effects of LCN2 on mye-
loid cells, such as macrophages or, in the context of NASH, macrophage-neutrophil interplay.
QOur group could previously show that LCN2 deactivates lung macrophages and worsens dis-
ease outcome from pneumonia caused by the siderophore-independent pathogen Strepfococ-
cus preumoniae [10]. These studies highlight effects of LCN2 on myeloid cell function and
plasticity, with important consequences in various infectious and non-infectious diseases.
Given the expression pattern at mucosal surfaces including the intestine and LCN2's potential
to alter the availability of microbial nutrients, it is tempting to speculate that LCN2 might
shape the composition of the microbiome. Since the microbiome can strongly influence many
aspects of the host immune system [11], this could be a major relay mediating LCN2-related
immunomodulatory effects.

While immune responses need to be of sufficient intensity for pathogen clearance, inflam-
matory responses can cause substantial damage to the host. Indeed, certain pulmonary viral
infections, including influenza and SARS-CoV-2 [12,13], are associated with particularly
severe degrees of inflammation, which, considering the delicate architecture of lung tissue,
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require complex and efficient regulatory mechanisms [14]. Immunopathology during viral
infections can be caused by both innate and adaptive immune activity, for instance by dysregu-
lated production of proinflammatory cytokines, or exuberant cytolytic activity of CD8* T cells
[15]. Pulmonary dendritic cells (DCs} represent the interface between the innate and adaptive
immune systems in the lungs by uptake, processing and presentation of antigens leading to ini-
tiation of specific T cell responses. In particular, CD 103" DCs contribute substantially to the
cytotoxic T lymphocyte response during influenza infection [16]. Potential effects of LCN2 on
DCs could consequently influence adaptive anti-viral immune responses. Here, we aimed to
examine the role of LCN2 as modulator of lung immunity in the context of homeostasis and
viral infections. Since previous studies [7-10] suggested an immunomodulatory effect of
LCNZ on myeloid cells, we focused our studies on alveclar macrophages and CD103" dendritic
cells.

Results

Lipocalin 2 shapes the transcriptome of pulmonary myeloid cells during
homeostasis

To assess if LON2 exerts any effects on the homeostatic transcriptome of lung-resident mye-
loid immune cells that could impact acute immune responses [17], we performed RNA
sequencing of pulmonary CD103* DCs and alveolar macrophages (AMs) isolated from wild
type (WT)and Len2” mice (Fig 1A). Using principal component analysis on all expressed
genes, we revealed a clear separation of CD103" DCs according to genotype (Fig 1B}, and a
tendency for AM samples (Fig 1C). Differential gene expression analysis identified 56 upregu-
lated and 54 downregulated genes in Len2” AMs (S1A Fig), and 205 upregulated and 142
downregulated genes in Lcn2”” CD103" DCs (S1B Fig). While showing little overlap with AMs
(S1C Fig), the LCN2-related differentially expressed genes of CD103" DCs mapped to different
KEGG (Kyoto Encydopedia of Genes and Genomes) pathways (Fig 1D and S1 Table) see S1D
Fig and 82 Table for differentially impacted KEGG pathways in AMs, with antigen processing
and presentation (based on 11 differentially expressed genes) affected the most. Remarkably,
three pathways related to infections (Legionellosis [9 genes), Measies [11 genes] and Influenza
A [11 genes]), were among the 10 most significantly impacted (Fig 1D). Focusing on anfigen
processing and presentation and Influenza A, we identified three heat-shock proteins (Hspas,
Hspalb, Hspala), the M alpha chain of the MHC-1I complex (H2-DMa} and Trf (Fig 1E) to be
differentially regulated. The genes related to antigen processing and presentation turther
included the nonclassical MHC class I molecule H2-M3, highlighting that LCN?2 affected
expression of both, MHC class I and II associated genes. Interestingly, the Infliuenza A pathway
was related to six additional differentially regulated genes, including [/16 and Nirp3. These
results reveal that LCN2 shapes pulmonary CD103* DC gene expression profiles in homeosta-
sis and suggest potential effects of LCN2 on antigen processing and presentation by DCs in the

context of antiviral immune responses.

Lipocalin 2-deficient animals show increased disease morbidity and lung T
cell numbers upon influenza infection

Considering the importance of CD103" DC in cross presenting antigen during influenza infec-
tion [16], and the obvious impact LCN2 has on homeostatic CD103" DC sighatures, we tested
the functional implications of these findings. Using a mouse model of influenza infection
based on intranasal inoculation with PR/8 (a mouse-adapted HIN1 influenza strain [18]) we
determined the potential functions of LCN2 in antiviral immunity. LCN2 deficiency was
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Fig 1. LCN2 shapes myeloid cell transcriptome during homeostasis and limits disease morbidity during influenza infection, (A) Experimental
layout to assess the influence of LCN2 on the transcriptome of pulmonary myeloid immune cells. CD103"* dendritic cells (DCs) and alveolar
macrophages (AMs) were isolated by FACS and processed for RNA sequencing. (B-C) Principal component analysis of CD103" DCs (B) and AMs (C)
derived from lungs of WT and Len2™ mice. (D) Top ten KEGG pathways with lowest SPIA (Signaling Pathway Impact Analysis) p values in CD103"
DCs. Circle sizes indicate the number of differentially expressed genes (DEGs) associated with the respective pathway. (E) Heatmap of DEGs in
antigen processing and presentation or Influenza A KEGG pathways. Raw counts are rlog transformed followed by z-score scaling. (F) Comparison of
relative body weight (normalized to baseline) between WT and Len2™ mice after infection with 10 PEU PR/S, shown as group means +/- SEM. Pooled
data from three independent experiments are shown, n = 17 mice per genotype. (G) Survival of WT and Len2”” mice after infection with 15 PFU PR/S.
n=7(WT)and 6 (Len2”). Data are representative of two independent experiments. (H) Viral load, assessed by plaque assay on MDCK cells, in lung
homogenates of WT or LenZ”™ mice after infection with 10 PFU PR/8. n = 4-10 mice per genotype and timepoint. (I) Total protein concentration in
bronchoalveolar lavage (BAL) 9 days after infection with 10 PFU PR/8. n =4 (WT) and 5 {(Len2?). Data are representative of two independent
experiments. (E) Columns represent samples collected from individual mice. Bar diagrams (H, I) show group means +/- SEM. Significance was
assessed using Student’s t test for (F), (I) and (I), or asymptotic two-sample logrank test for (G). *p < 0.05,**p < 0.01, ***p < 0.00L.

hitps //dol.org/10.1371/journal.ppat. 1009487 .g001

associated with increased body weight loss over nine days after infection (Fig 1F}), which led to
higher mortality in Len2”" mice (Fig 1G). Interestingly, this impaired disease phenotype was
not associated with increased lung viral loads in Len2” mice {Figs 1H and S1E}. In contrast,
LCN2 deficiency was associated with increased bronchoalveolar lavage (BAL) levels of proin-
flammatory cytokines (i.e. IL12, interferon [IFN]y, IP-10, IL6, MCP-1, BAFF and IFNo) three
days after influenza infection (S1F Fig). Furthermore, Len2” animals showed higher BAL pro-
tein levels at the peak of inflammation (nine days after influenza infection; Fig 11}, indicating
increased lung vascular permeability and inflammation [19,20]. We conclude from these
results that LCN2 attenuated influenza infection-related inflammation and disease morbidity
independent of viral clearance, suggesting a role for LCN2 in limiting virus-related
immunepathology.

To characterize the regulatory function of LCN2 on immunological processes during influ-
enza infection, we analyzed the influenza-induced lung T cell response by flow cytometry (S2A
Fig). We observed more CD4" T helper cells (Fig 2A} and CD8" cytotoxic T cells (Fig 2B) in
lungs of Lcn2” mice seven, nine and 16 days after infection. Furthermore, LCN2 deficiency
was associated with elevated proportions of CD&9 " activated pulmonary CD4" (S2B Fig) and
CD8" T cells (Fig 2C} and higher numbers of IFNy-expressing (Fig 2D} and of antigen-specific
CDS8" T cells (Fig 2E). This enhanced adaptive immune response was further reflected by
increased influenza-specific serum IgG antibody levels in Lcr2” mice (Fig 2F). Apart from an
increase in lung neutrophils (day nine) and B cells (day 16 after infection} in Len2”™ mice, we
observed no significant differences in the composition of lung immune cells (S2C-S2E Fig).
However, the enlarged mediastinal lymph nodes (mLNs), which are considered the primary
sites of early T cell proliferation after influenza infection [21], and increased mLN cell numbers
nine and 16 days after influenza infection underline the increased adaptive immune response
in Len2” animals (Fig 2G). We next depleted CD8" T cells to assess their contribution to the
increased morbidity of Len2™. This depletion protected Len2”” mice from exaggerated weight
loss between day 4 and 7 post infection (Fig 3C-3E), indicating that CD8" T cells mediate the
increased weight loss during this time period. Taken together, these results suggested that
LCN2 influenced disease morbidity during influenza infection by regulation of T cell-related
adaptive immunity.

LCN2 alters the antigen presentation efficiency of CD103" DCs, but not
intrinsic T cell proliferation

We next aimed to determine whether the increased lung T cell numbers in Len2” mice were
related to an increased intrinsic T cell proliferation potential. Te do so, we applied a competi-
tive T cell chimera tracing strategy based on transfer of equivalent numbers of CD45.2" splenic
T cells isolated from green fluorescent protein (GEP) expressing W'T' mice and GFP™ Len2”
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Fig 2. LCN2 reduces lung T cell numbers and mediastinal lymph node size during influenza infection. (A, B) CD4" (A) and CD8" T cell counts (B) in lungs of WT
and Len2” mice at baseline (d0) or at indicated timepoints after infection with 10 PFU PR/8. n = 4 (baseline), 7-10 {day 7), 5 (day 9) and 5-7 (day 16 post infection) per
genotype. Data are representative of two independent experiments. (C) Percent of activated (CD&97) CD8" lung T cells 9 days post infection. Quantification and
representative histograms of are shown. n = 5 per genotype. (D) Number of IFNy ™ lung CD8™ T cells. n = 4 per genotype. (E) Number of antigen-specific (PR8
pentamer") lung CD8" T cells. n = 4 per genotype. (F) Total influenza-specific IgG levels in serum collected from mice 16 days after influenza infection. n = 5 per
genotype. (G) Mediastinal lymph node (mLN) leukocyte counts and representative images of mLNs 9 and 16 days after influenza infection. n = 4 (baseline), 4-5 {day 9
post infection) and 5-7 (day 16 post infection) per genotype. Bar diagrams show group means +/- SEM. Statistical significance for comparisons between genotypes for
was assessed using Student’s t test. *p < 0.05, **p < 0.01, ***p < 0.001.

https://doi.org/10.1371/journal.ppat.1009487.g002

mice into CD45.1" WT recipients, and subsequent influenza infection (2 days after transfer,
Fig 3F). Nine days after influenza infection of engrafted CD45.1" mice, we observed compara-
ble numbers of CD45.2% GFP* (WT) and GFP" (Lcn2”7) lung (Fig 3G) and mLN (Fig 3H) T
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Fig 3. LCN2 protects from excessive weight loss by reducing lung CD8" T cell numbers but does not affect T cell intrinsic proliferation potential. (A)
Experimental layout to assess the contribution of CD8" T cells to LON2-related effects on weight loss during influenza infection. WT and Len2” mice were treated with
anti-CD8a or vehicle (NaCl) on day 0, 3 and 6 post influenza infection (p.i.). Weight loss was monitored and the experiment was stopped meeting pre-defined endpoint
criteria. (B) Representative FACS plots illustrating CD8" T cell depletion after anti-CD8a treatment on day 5 post infection/start of treatment. Cells are pre-gated single,
live, CD45", CD19™ and CD3" cells. (C) Weight curves after influenza infection. Asterisks below the curves denote statistical significance for the comparison between
NaCl treated WT vs. Len2 " mice, asterisks above the curve for the comparison between anti-CD8a treated mice. n = 6-7 per group (D, E) Relative body weight
{compared to baseline day 0) on day 5 (D) and day 7 (E) after influenza infection. (F) Experimental layout to assess the proliferative potential of WT and Lcn2”™ T cells,
50:50 ratio of splenic WT (GFP") and Len2” (GED') T cells were transferred to CD45.1" mice and infected with PR/8. CD45.2" GEP™ and CD45.2* GEP™ T cells
(indicative of transferred WT or Len2 ™" genotype, respectively) were assessed nine days later in lungs and mesenteric lymph nodes (mLNs). (G, H) Relative abundance
of GFP* (WT) and GFP™ (Len2”) cells among CD45.2" CD3" T cells derived from lungs (G) and mLNs (H) 9 days post infection. Columns represent samples collected
from individual mice. Bar diagrams and error bars (C-E) show group means +/- SEM. Statistical significance for comparisons between genotypes for (C-E) was assessed
using estimated marginal mean comparison after 2-way ANOVA. *p < 0.05,**p < 0.01, ***p < 0.001.

https://doi.org/10.1371/joumal.ppat.1009487.¢003
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cells. These results prove that LCN2 does not influence the intrinsic proliferative potential of T
cells.

Another reason for the increased T cell numbers in Len2”” mice could be an altered anti-
gen-presentation process. The proliferation of CD8" T cells during influenza infection is
driven by cross-presentation of viral antigens by lung-resident DCs, which migrate from the
infected lung to the mLNs [16). To compare the potential of WT and Len2”™ DCs to induce
CD8" T cell proliferation, we used an antigen presentation assay utilizing a genetically modi-
fied PR/8 strain expressing an ovalbumin peptide (PR/8-Ova) [22] in combination with OT-1
CD8" T cells (derived from mice which possess exclusively ovalbumin-specific CD8" T cells
[23]}. Sixty hours after infection with PR/8-Ova, CD103* DCs and CD8* DCs were sorted
from mediastinal lymph nodes and then incubated with OT-IT cells (Fig 4A}. Using this
approach, we observed increased CD8* T cell proliferation upon incubation with Len2”
CD103" DCs (Fig 4B and 4C). This LCN2-related effect was limited to CD103" DCs, which
are considered the dominant antigen cross-presenting DCs in the lung [16,24,25], and was not
observed for CD8a" DCs (S3A and S3B Fig). To further dissect the effect of LCN2 on DCs in
antiviral immunity, we compared the transcriptome of WT and Len2” CD103* DCs collected
from mLNs 60 hours after influenza infection and observed separation of samples according
to genotype, suggesting robust LCN?2 effects on the CD103" DC transcriptome during infec-
tion (Fig 4D). Among 106 upregulated and 63 downregulated genes in Len2” CD103* DCs
{Fig 4E), only very few (one and four genes, respectively) showed similar regulation in cells iso-
lated from homeostatic lungs (53D Fig), indicating specific differentially regulated gene sets
during homeostasis and infection. The most significantly impacted KEGG pathway in CD103"
DCs isolated from infected Len2” mice was intestinal immune network for IgA production (Fig
4F). Differentially expressed genes mapping to this pathway included Cer9, Icosi and Cd40, the
latter two of which are invelved in interactions between DCs and T cells [26,27], and H2-Eb1
and H2-Aa which encode subunits of the MHC II complex (Fig 4G). These two genes were
also associated with the KEGG pathway antigen processing and presentation, which was also
significantly affected (Fig 4F and 4G). Further genes linked to this pathway were H2-M2,
which encodes an MHC class Ib antigen, and Ciita, a transcriptional coactivator that regulates
MHC class I and II genes [28]. Taken together, these results show that LCN2 negatively regu-
lates antigen presentation of CD'103* DCs to CD8" T cells during influenza infection, possibly
by influencing the expression of specific functionally important gene sets.

The microbiome is shaped by LCN2 and influences the immune response to
influenza infection

Having shown that LOCN?2 protects from influenza-associated disease severity by modulating
DC-driven T cell activation during infection, we wanted to investigate potential mechanisms
that could link those observations. To this end, we generated DCs from bone marrow
(BMDCs) of WT and Lcn2” mice and investigated their antigen presentation potential iz
vitro, Interestingly, ovalbumin-pulsed WT and LCN2-deficient BMDCs were similarly profi-
cient inducers of OT-1CD8" T cell proliferation (S3D Fig). Additionally, pre-incubation of
BMDC with recombinant LCN2 during antigen pulsing did not alter the antigen presentation
capacity (S3E Fig}. In line with these results, we considered direct effects of LCN2 on DC anti-
gen presentation rather unlikely, and decided to explore potential indirect mechanisms. Since
it is known that LCNZ2 modulates the availability of microbial nutrients [4] and that the micro-
biome can influence antiviral immunity [29,30], we tested if LCN2 availability might alter the
microbiome. We therefore compared commensal intestinal and pulmonary bacterial commu-
nities in WT and Lcn2”” mice. While microbiome analysis of F2 generation offspring of
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Fig 4. Len2” €D103" DCs are more proficient in presenting antigen to CD8" T cells and have an altered transcriptome after influenza infection.
(A) Experimental layout for antigen presentation assay. CD103" and CD8" DCs were sorted from mediastinal lymph nodes (mLNs) of W'T and Lenz "
mice 60h after PR/8-OVA infection, followed by co-culture with splenic OT-I T cells. (B) CD8™ T cell proliferation of 96h co-culture with WT or Len2”
CD103" DCs at 1: 33 (DC: T cell) ratio. Technical replicates (n = 2-4) of two pools (pooled DCs from 6-7 mice per genotype) are shown (data of CD8™
DCs are in 583 Fig). (C) Representative histograms of (B). (D) Principal component analysis of transcriptomic profiles of mLN-derived CD103" DCs from
WT and Len2”™ mice 60 hours after infection with PR/8-OV A (E) Heatmap of all differentially expressed genes (DEGs) in CD103” DCs. Read counts are
riog transformed, followed by z-score scaling. (F) Top ten KEGG pathways with lowest SPIA (Signaling Pathway Impact Analysis) p valuesin CD103"
DCs isolated from mLNs of PR/8-OVA-infected mice. Circle sizes indicate the number of DEGs associated with the respective pathway. (G) Normalized
expression (counts per million mapped reads) of differentially expressed genes (FDR < 0.1) mapping to either infestinal immune network for IgA
production or antigen processing and presentation, or both KEGG pathways. Bar diagrams (B), (G) show group means +/- SEM. Statistical significance for
(B) was assessed using nested ANOVA. *p < 0.05, ""p < 0.01.

https:/doi.org/10.1371/journal.ppat. 1009487 .g004

heterozygous breeding pairs by 165 rRNA gene sequencing (Fig 5A) showed that the BAL
microbial profile of WT and Len2” animals was similar, we observed highly different
LCN2-dependent compositions of ileum luminal and mucosal, cecal and stool microbial com-
munities (Fig 5B-5F). Shannon diversity was comparable between genotypes for all sampled
sites, but we observed trends towards decreased amplicon sequencing variant (ASV) richness
in cecal and stool samples (S4A and S4B Fig}). The bacterial phyla Proteobacteria, Bacteroidetes
and Actinobacteria were increased in stool samples from Len2” mice, whereas Tenericutes
were decreased (54C Fig). While phylum level differences in microbial composition were lim-
ited to stool samples, we observed differences for multiple ASVs for all sample sites throughout
the intestinal tract (S4D Fig and 83 Table). As such, an ASV identified as segmented filamen-
tous bacteria (SFB), which accounted for up to 90% of all bacterial sequencing reads in the ileal
mucosa of WT mice, was absent in Len2”™ mice (84D Fig}. In summary, our data show that
LCN2 shapes the intestinal microbiome in a site-specific manner.

We next aimed to determine whether the LCN2 -related microbiome differences play a role
in the dysregulated antiviral immune response in Lcn2”™ mice. To deplete the intestinal micro-
biome, we treated WT and Len2” mice with antibiotics (vancomycin, metronidazole, ampicil-
lin and gentamicin} in glucose-supplemented drinking water for 4 weeks prior to influenza
infection (Fig 5G}. While mock-treated Len2”” mice (receiving glucose-supplemented water)
exhibited increased pulmonary T cell and mediastinal lymph node cell counts as previously
observed, microbiome depletion equalized these differences to W'T mice (Fig 5H-5]). In addi-
tion, antibiotic treatment abolished differences in the antigen presentation potential of Len2”
and WT CD103* DCs (S5A and S5B Fig). To further study the role of the microbiome, we co-
housed WT and Len2”” mice for 4 weeks prior to PR/8 infection (Fig 5K) to partially hybridize
microbial profiles by passive transfer of microbiota [31,32]. Confirming the effectivity of this
approach, co-housing led to similar levels of the bacterial phylum Bacteroidetes in W'T and
Len2” animals, while significantly different in separately housed mice (S4C Fig). Finally, co-
housing decreased lung CD8" T cell differences between influenza-infected WT and Len2 ™"
mice (Fig 5L and 5M}, while mLN size was unaffected (Fig 5N). Taken together, these results
indicate that LCN2 modulated the antiviral immune response and prevented exaggerated
CD8" T cell immunity during influenza infection in a microbiome-dependent mechanism.

Discussion

Previous studies provided evidence for the immunomodulatory potential of LCN2 [7-10]. We
here extend and substantiate these observations by showing that LCN2 skewed the transcrip-
tome of lung myeloid cells during homeostasis and dampened T cell responses upon influenza
infection, resulting in diminished disease-related morbidity and mortality independent of viral
cdlearance. We succeeded in linking the effects of LCN2 to the magnitude of CD8" T cell
responses via altered CD103" DC functionalities. Finally, the LCN2-driven
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Fig 5. Effect of LCN2 on antiviral immunity is dependent on the microbiome. (A) Breeding setup for microbiome analysis of WT or Len2” mice. (B-F) Principal
coordinate analyses on Bray-Curtis distances (with PERMANOVA p-values for genotype, controlling for cage) for bronchoalveolar lavage (BAL}, ileal mucosa, ileal
lumen, cecum and stool samples derived from 12 weeks old WT and Len2” mice. n = 13-16 mice per genotype. (G) Bxperimental setup for experiments involving
antibiotic treatment prior to influenza infection. (H-J) Lung CD4" T cells (H), CD8™ T cells (I) and total mediastinal lymph node (mLN) cell counts (J) @ days after PR/8
infection for WT and Len2™ antibiotics-treated and control mice. Data from two pooled experiments are shown in (H-I). Total n per genotype and treatment = 15-16
for (H-1) or 6-7 (J). (K) Experimental setup for co-housing experiments. WT and Len2” mice were separately- (sep) or co-housed (co) for four weeks prior to influenza
infection. (L-N) Lung CD4" T {L) and CD8" T cell counts (M) and total mLN cell counts (N} 9 days after PR/8 infection for co- ot separately-housed WT and Len2™.
Data from two pooled experiments are shown in (L-M), total n per genotype and treatment = 16-20 for (L-M) or 8-10 (N). Bar diagrams show group means +/- SEM,
and statistical significance for comparisons between genotypes for (H-J) and (L-N) was assessed using estimated marginal mean comparison after 2-way ANOVA. n.s.
not significant, *p < 0.05, **p < 0.01.

hitps://doi.org/10.1371/journal.ppat. 1009487 .q005

immunemedulation did not occur directly, but relied on LCN2’s impact on the microbiome
compesition, which we verified by experiments using antibiotics or cohousing approaches.

Influenza infection-related pathelogy in humans, non-human primates and mice is pre-
dominantly caused by exaggerated antiviral and hyper-inflaimmatory responses, rather than
direct cytopathic effects of the virus [12,33-35]. While critical for viral clearance and immuno-
logical memory, pro-inflammatory cytokine production and cytolytic activity by CD4" and
CD8" T cells, respectively, importantly contribute to immunopathology [36,37]. Qur data indi-
cate that excessive T cell proliferation, resulting from more potent antigen presentation by
CD103" DCs to CD8* T cells, mediate increased morbidity in Len2” mice. Our study identi-
fies N2 as an important modulator of antiviral immunity and suggests that LCN2 fine-tunes
DC activity during homeostasis and to prevent excessive T cell expansion and immunopathol-
ogy during viral infections. Of note, tissue damage due to aberrant immune activation is not
restricted to influenza infections, but has been suggested to play an important role in COVID-
19 mortality [13]. While we here focused on influenza infection, LCN2-regulated inflamma-
tion and immunopathelogy might also importantly influence the course of other viral infec-
tions [15].

Recent research highlights the critical effect of microbiome compositions on maturation
and functionality of the immune system [11]. As such, the gut microbiome was reported to
influence DC migration to draining lymph nodes and T cell priming during influenza infec-
tion by providing signals leading to pro-1L1p and pro-11.18 expression at steady state and
inflammasome activation upon influenza infection [29]. While antibiotic treatment interfered
with these signals, intranasal or intrarectal injection of TLR ligands was sufficient to restore
the microbiome dependent effects. Furthermore, sensing of host microbiota via TLR5 was
found to facilitate antibody responses to influenza vaccines by promoting plasma cell differen-
tiation [38]. Additionally, microbial metabolites such as desaminotyrosine and short-chain
fatty acids were discovered to regulate antiviral immunity and to protect from influenza associ-
ated disease morbidity [39,40]. We here observed that LCN2-deficiency was associated with an
altered site-specific intestinal microbial composition and that microbiome disruption by anti-
biotics abrogated LCN2-related differences in anti-influenza immunity. While we did not
identify which specific features of the microbiota mediated the observed effects on host immu-
nity, we identified several candidates. Among the multiple ASVs with differential abundance
in ileal, cecal or stool samples, SFB (which were among the most abundant ASVs in the ileal
mucosa of WT mice) were completely absent in Len2” mice. This common bacterial strain is
involved in host-microbiome crosstalk as it can induce Th17 cells in the gut [41], and its abun-
dance is affected by influenza infection [42].

Two previous studies have set out to assess the effect of LCN2 on stool microbial composi-
tion. Singh ef al. reported distinct bacterial communities in Len2-deficient mice, which were
linked to exacerbated colitis or neutralization of IL10 [43]. In agreement with our findings,
this study found increased Bacfercidetes and Profeobacteria phyla and a decreased Tenericutes
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phylum in stool samples of Len2”” mice. In contrast, Moschen ef al. reported that LUN2 exclu-
sively affects the intestinal microbiome in mice lacking IL-10 leading to colitis and spontane-
ous emergence of right sided colonic tumors [44]. These discrepancies could be explained by
altered baseline microbiota due to differences in animal housing or the lower number of exper-
imental animals with differences in statistical power in the study by Moschen ef al. (4 vs 13-16
mice per genotype in the present study).

Several cell surface receptors for LCN2 have been identified: both SLC22A17 (also named
24p3R} and megalin bind LCN2 and mediate its cellular uptake [45,46]. Furthermore, LCN2
can bind to and signal through MC4R in the hypothalamus [3]. We conclude from our results
that the effects of LCNZ on influenza-associated T cell responses are primarily dependent on
the microbiome. While LCN2 exposure of DCs did not alter their antigen presentation poten-
tial iz vitro, we cannot completely rule out that direct effects of LUN2 on immune cells con-
tribute to the immune-regulatory properties of LCN2 in vivo, Further research is needed to
fully elucidate these mechanisms. Considering its drastic immunomodulatory effects, variable
LCN2 levels in human subjects [47] could have important clinical consequences. For instance,
decreased LCN2 levels might identify patients at risk of exaggerated responses to inflammatory
triggers such as viral infections, and, on the other hand, supraphysiclogical LCN2 levels might
prevent proper function of the adaptive immune system. Recent evidence suggests a beneficial
effect of chronically increased LCN2 levels in patients with obesity or type 2 diabetes [48,49],
as it assists in counteracting obesity-induced glucose intolerance by reducing appetite and
driving beta-cell proliferation [50]. Interestingly, diabetes and obesity are also associated with
increased susceptibility to severe influenza infection [51,52], but the potential correlation
between LCNZ levels and disease outcome in humans is not known. Considering the dampen-
ing effects of LCNZ on adaptive immunity and influenza-specific antibody levels, elevated
LCN2 levels could be a reason for the poor vaccination responses observed in obese individuals
[53]. While these observations can be interpreted as potential therapeutic scenarios, further
research is required to test the applicability and translational feasibility of such LCN2-related
treatment strategies.

Materials and methods
Ethics statement

All mouse experiments were performed in accordance with Austrian law after approval by the
Austrian Ministry of Sciences (protocol ID BMWFW-66.009/0285 WF/V/3b/2014 and
BMBWTE-66.009/0084-V/3b/2018)}.

Mice

Experiments were conducted using specific opportunistic pathogen free (SOPF) age-matched
8- to 12-week-old C57BL/6) W, Len277[4], CD45.1 [54] and B6-GEP mice [55]. Len2” mice
were provided by S. Akira (University of Osaka, Osaka, Japan), and backcrossed to C57BL/6]
mice for 10 generations. OT-I transgenic (C57BL/6-Tg(TcraTcrb)1100Mfb/])) mice [23] were
obtained from Maria Sibilia (Medical University of Vienna). Apart from survival experiments,
which were conducted in male mice, all experimental procedures were carried out in female
mice. To analyze the effect of LCN2 on the gut and lung microbiome, we utilized a breeding
scheme based on recommendations by Mamantopoulos ef al. [56). Briefly, WT and Len2”
mice with a C57BL/6 background were intercrossed, generating Len2 mice. By breeding
these mice, we generated Len2™* and Len 2 littermates (F1 generation from heterozygous
mice), which were bred separately. The offspring of these mice (F2 generation} were used for
microbiome analysis.
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Influenza virus strains

Purified influenza A/PR/8/34 (PR/8} virus was obtained from Charles River, diluted 1:10 in
sterile PBS, aliquoted and stored at -80°C. PR/8-OV A [22] was provided by Adolfo Garcia-Sas-
tre (Icahn School of Medicine at Mount Sinai, New York). Viral titers were determined by pla-
que forming assay using MDCK cells [57]. One day before the assay, 1x10° cells/well were
seeded in 6-well plates and grown overnight in Dulbecco’s Modified Eagle Medium (DMEM;
Sigma), supplemented with 10% fetal calf serum (FCS; Sigma), 100 U/ml penicillin and

100 pg/ml streptomycin, to obtain monolayers with =>90% confluency. Cells were then washed
with PBS and serial 1:10 dilutions of virus in DMEM (without FCS and antibiotics} were
added to the cells for 1 hour at 37°C (each dilution in duplicates}. Inoculates were aspirated
and overlay medium, consisting of DMEM with antibiotics supplemented with 0.005%
DEAE-Dextran (Sigma}, 0.2% endotoxin-free bovine serum albumin (Fisher Scientific), 0.2%
TPCK-treated trypsin (Sigma} and 1% agarose (Biozym), was added. 3 days later, plaques were
visualized by staining with 0.03% neutral red (Sigma) for 3 hours and quantified.

Mouse model of influenza infection

For influenza infection, female mice were intranasally infected with 10-12.5 PFU PR/8 in 50 ul
sterile injection-grade (sterile and endotoxin-free) 0.9% NaCl solution. For survival experi-
ments, male mice received 15 PFU PR/8 in 50 |l Mice were monitored daily and graded
according to an internally developed scoring sheet, which assessed appearance, posture,
change in body weight and body temperature, natural behavior and dinical signs. Animals
with a combined score of 5 or individual scores (in one of the categories) of >3, which could
result from hunched posture, more than 30% body weight loss, >5 degrees of body tempera-
ture drop, squeaking, self-mutilation or inactive behavior and visible signs of unrelated infec-
tions or bleeding, were euthanized. In some planned end-point experiments, bronchoalveolar
lavage was performed by inserting a tracheal cannula (Venflon, BD Bioscience) and flushing
the lungs with 1 ml NaCl Otherwise, lungs were flushed by injecting 5 ml of endotoxin-free
PBS (Gibco) into the left ventricle, removed under sterile conditions and processed. For plaque
assay or RT-PCR, lung tissue was homogenized using a Precellys 24 homogenizer (Peqlab}.
For plaque assays, homogenates where directly stored at -80°C, whereas for RT-PCR, aliquots
of lung homogenates where frozen (-20°C}) in RA1 buffer (Macherey-Nagel) with 10% beta-
mercaptoethanol (Calbiochem).

Determination of viral load by gPCR

RNA was isolated using the NucleoSpind RNA IT kit (Macherey-Nagel}, reverse transcription
was performed using 700ng of isolated RNA and the iScript cDNA Synthesis Kit (Biorad),
according to manufacturer’s protocol. Real-time PCR was performed with SYBR Green Master
Mix reagents (Applied Biosystems) on a StepOnePlus Real-Time PCR System (Applied Biosys-
tems). Primer sequences targeting the influenza M gene [58] were CATGGAATGGCTAAAGA-
CAAGACC (forward) or CCATTAAGGGCATTTTGGACA (reverse). The reference gene
HPRT was quantified using the sequences GI'TAAGCAGTACAGCCCCAAAATG (forward)
and AAATCCAACAAAGTCTGGCCTGTA (reverse).

Multiplex immunoassay for measurement of BAL cytokines

BAL cytokines were measured using a custom multiplex immunecassay (eBioscience), accord-
ing to the manufacturer’s protocol. Briefly, magnetic beads where incubated with undiluted
BAL (performed with 1ml sterile and endotoxin-free 0.9% NaCl solution) samples in a 96-well
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plate for two hours, followed by washing and incubation with detection antibody (30 minutes).
After washing, incubation with streptavidin-PE and another washing step, the plate was read
on a Luminex 200 instrument (R&D Systems).

Cell suspension preparation and flow cytometry

For flow cytometry analysis of lung tissue samples, representative pieces of each pulmonary
lobe were weighed and homogenized using the lung disseciation kit {Miltenyi Biotec), accord-
ing to the manufacturer’s protocol. Tissue was digested for 30 minutes at 37°C using DNAse |
(12 U/ml; Sigma) and Collagenase I (160 U/ml; Gibco). Next, suspensions were filtered using
70 UM cell strainers (BD Biosciences), red blood cells were lysed using ACK lysis buffer (150
mM NH4Cl, 10 mM KHCC3, 0.1 mM Na,EDTA, pH 7.2-7.4; all chemicals from Sigma} and
suspensions were again filtered through 40 uM strainers. PBS with 0.5% bovine serum albumin
(BSA; BDA, cat. no. 8076.3) was used to stop red blood cell lysis and as buffer for all subse-
quent steps. In experiments assessing T cell antigen specificity, single cell suspensions were
incubated with fluorescently labelled recombinant PR8 pentamer (Prolmmune, dilution 1.5}
for 10 minutes at room temperature. Cells were then incubated with anti-mouse CD16/32
antibody (TruStain fcX; BioLegend, dilution 1:500} to block unspecific binding to Fey recep-
tors and viability dye (Fixable Viability Dye eFluor 780; eBioscience, dilution 1:1000} for 20
minutes at 4°C, followed by staining with fluorescence-labelled antibodies (see 54 Table, 40
minutes, 4°C). Mediastinal lymph nodes were mashed through 70 UM cell strainers, followed
by Fey receptor blocking and staining. Cells were fixed using Fix and Perm (Nordic MUbio)
reagents, according to the manufacturer’s protocol. Analysis was performed using an LSR For-
tessa (BD Biosciences) and Flow]o software (Flow]o LLC). Absolute cell numbers for lungs
and lymph nodes were determined using counting beads (123 count eBeads, Thermo Fisher
Scientific} or a hematocytometer (for spleens).

For intracellular IFNy staining, lung single cell suspensions were resuspended in RPMI
medium containing 10% FCS (both from Sigma), 1% penicillin/streptomycin (Gibco) and
50 uM 2-Mercaptoethanol (Gibco), followed by treatment with phorbol 12-myristate 13-ace-
tate (PMA; 100 ng/ml, Sigma}, ionomycin (500 ng/ml, Sigma) and GolgiStop (1:1250, BD Bio-
sciences) for 5 hours. Next, cells were stained for surface markers (as described above}, fixed
and permeabilized using BD Cytofix/Cytoperm reagents (BD Biosciences), according to man-
ufacturer’s instructions, and stained for IFNy using a fluorescence-labelled antibody (see S4
Table, 40 minutes, 4°C).

Analysis of influenza specific IgG response

Influenza-specific antibodies were quantified by ELISA, whereby MaxiSorp ELISA plates
{Nunc} were coated overnight at 4°C with UV-inactivated PR/8 (4000 PEU/ml). After blocking
of unspecific binding (PBS 1% BSA), 50 pl of 1: 12500 diluted serum samples were added, fol-
lowed by detection antibody (biotin-conjugated goat anti-mouse IgG, Jackson ImmunoRe-
search) and horseradish peroxidase-conjugated streptavidin (BD Pharmingen}. Signal emitted
by TMB liquid substrate {Sigma) was detected at 450 nm (620 nm reference) using a Sunrise
plate reader (Tecan).

CD8+ T cell depletion

To deplete CD8* T cells, WT and Len2™” mice where intraperitoneally injected with 200 pg of
anti-CD8a (clone YTS 169.4) in 200 pl NaCl on the day of infection with 12.5 PFU PR/8, and
on day 3 and day 6 post infection [59]. Control mice received sterile PBS (carrier) injections
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on the same timepoints. Depletion of CD8" T cells was assessed by FACS analysis of blood
samples collected on days 2 and 5 post infection from the retro-orbital vein.

Adoptive T cell transfer

Single cell suspensions were prepared from GFP* WT and Lcn2 ™™ (CD45.2 background for
beth) mouse spleens as described above, and incubated with biotinylated antibodies directed
against mouse MHC-II (clone M5/114.15.2, BioLegend, diluted 1:100}, B220 (clone RA3-6B2;
BioLegend, diluted 1:50}, CD11c (clone N418; BioLegend, diluted 1:100) and CD11b (clone
M1/70, BioLegend, diluted 1:100) for 20 minutes. Spleen T cells were enriched by subsequent
removal of B cells, DCs and macrophages by streptavidin magnetic beads (BD Imag system,
BD Biosciences), according to the manufacturer’s protocol. The remaining enriched T cells
were washed, counted with a hematocytometer, and 10° T cells were injected intravenously
into CD45.1 mice, followed by intranasal infection with PR/8 48 hours later. Mice were sacri-
ficed 9 days after infection, and CD45.2" GFP* and GFP” CD3" T cells from lungs and medias-
tinal lymph nodes were quantified using flow cytometry.

Bone marrow derived dendritic cells (BMDCs)

Bone marrow was isolated by flushing sterilized mouse femurs with 10 ml of RPMI medium.
Bone marrow cells were cultured in tissue-culture-treated 6-well plates (Corning), in 4ml
RPMI medium containing 10% FCS, 1% penicillin/streptomycin and 25 ng/ml murine
GM-CSF (PeproTech}, at a density of 10° cells per ml. On day 2, half of the medium was
replaced with fresh medium containing 25 ng/ml murine GM-CSF. On day 3, the complete
medium (containing non-adherent cells) was replaced with fresh medium containing 25 ng/
ml murine GM-CSF. Non-adherent cells were harvested on day 6 by gentle washing with ster-
ile endotoxin-free PBS (Sigma) and incubated with biotinylated anti-mouse CD11¢ (clone
N418; BioLegend). CD11c" cells (BMDCs) were purified by magnetic separation using strepta-
vidin-coated magnetic beads (IMag Cell Separation System; BD). Isolated BMDCs were pulsed
with ovalbumin (Grade V, Sigma, 100 pg/ml) for 16 hours. For some experiments, recombi-
nant LCN2 (BioLegend) was added during the pulsing step at indicated concentrations. Oval-
bumin-pulsed BMDCs were used for antigen presentation assays as described below.

Antigen-presentation assay

Mice where intranasally infected with 10000 PFU of PR/8-OVA in 50 pl. Sixty hours after
infection, mediastinal lymph nodes were harvested. To maximize DC yield, lymph nodes were
digested in RPMI medium supplemented with 5% FCS, DNAse I (43.3 U/ml, Sigma} and Lib-
erase TL (12.5 pg/ml, Roche} for 25 minutes at 37°C, followed by mashing through 70 pm
strainers. Obtained single cell suspensions where incubated with anti-mouse CD16/32, fol-
lowed by biotinylated anti-CD3 (clone 17A2, BioLegend), anti-CD19 and anti-B220 antibodies
(dilution 1:100 for each). Next, samples were incubated with streptavidin coated magnetic
beads (20min, 4°C), and B and T lymphocytes were depleted using magnetic cell sorting (nega-
tive selection, BD Imag system} according to manufacturer’s instructions. The remaining cells
were washed, stained with viability dye, anti-mouse CD11b-Pe-Cy7, CD8a-FITC,
CD103-BV421, CD45-eVolve 605 and CD11¢-PE (see 54 Table for details} and live CD103" or
CD8a' DCs were sorted on a FACSAria Fusion cytometer (BD Biosciences). To obtain O'T-1
transgenic CD8" T cells, single cell suspensions were prepared from spleens as described
above, and incubated with biotinylated antibodies directed against mouse CD19 (clone 6D45,
BioLegend), B220, CD4 (clone GK1.5; BioLegend}, CD11c and Ly6G, followed by negative
selection with streptavidin-coated magnetic beads (BD Imag system). The remaining enriched
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CD8" T cell suspension was labelled using Cell Proliferation Dye eFluer 450 (eBioscience),
according to the manufacturer’s protocol. Labelled OT-T transgenic CD8" T cells were co-cul-
tured with sorted DCs, at 1:100 or 1:33 DC:T cell ratios, or with ovalbumin-pulsed BMDCs
{see above}, 1:10 DC.T cell ratio, in RPMI medium supplemented with 10% FCS, 1% penicil-
lin/streptomycin, 1% MEM Non-Essential Amino Acids Selution, 10 mM HEPES, 50 uM
2-mercaptoethanocl and 1 mM Sodium Pyruvate (all Gibeo). After 96 hours, cells were washed,
labelled with fluorescent antibodies (see $4 Table) and live, CD45%/CD3"/CD8"/proliferation
dye-low (indicating proliferation) cells were quantified by flow cytometry.

RNA sequencing

To quantify DC or AM gene expression, 200 alveolar macrophages (defined as single/live/
CD45*/Ly6G /CD11¢"/SiglecF*} or CD103" DCs (defined as single/live/CD45 " /Ly6G /
SiglecF /F4/807/CD11c*/MHCII'/CD103" [lung] or single/live/CD45"/CD11c*/CD8/
CD11b/CD103" [lymph node]} were FACS-sorted from mouse lung or Iymph node single cell
suspensions (prepared as indicated above) into 4 il cell lysis buffer (nuclease-free H20 [Life
Technologies, cat. no. AM9930] with 0.2% Triton X-100 [Sigma] and RNase Inhibitor [2 U/pl,
Takara/Clonentech]) using a FACSAria Fusion cytometer (BD Biosciences). Cell lysates were
stored at -80°C until library preparation according to the Smart-Seq2 protocol [60]. Pooled
libraries were sequenced using the 50 bp single-read setup on the Illumina HiSeq 2000/2500 at
the Biomedical Sequencing Facility of CeMM and the Medical University of Vienna.

RNA sequencing data analysis

Sequencing reads were adapter-trimmed using Trimmomatic [61] and aligned to the mmi10
reference genome (STAR aligner [62]). Reads mapping to genes were counted using the sim-
marizeOverlaps function (Bioconductor R package GenomicAlignments [63]). Differential gene
expression was assessed using DESeq2 [64], whereby separate models per cell type and condi-
tion (lung-homeostasis, lymph nede-infection} were formulated for all pairwise comparisons
between genotypes. Genes were filtered using independent hypothesis weighting (ifw R pack-
age [65]). Impact of differential expression on KEGG pathways was assessed using Signaling
Pathway Impact Analysis (SPIA, SPIA R package [66]}. Genes with an FDR-adjusted p value
of < 0.1 were considered differentially expressed.

Bacterial DNA collection, extraction, library preparation and sequencing

Sterile surgical tools were used for collection of microbial samples from mice. For lung sam-
ples, BAL was performed 10 times with 1 ml NaCl (aliquots were subsequently pooled) as
described above. Next, the abdomen of the animal was sterilized using 70% EtOH and the peri-
toneal cavity was opened. Ileal samples were collected by cutting a 2.5 cm long piece of the ter-
minal ileun 2 cm distal of the ileo-cecal valve. Cecal samples were collected by dissecting the
whole cecum. From ileum and cecum, luminal samples were collected in a sterile microcentri-
fuge tube (Eppendorf Biopur) by gently squeezing out content from the distal end of the dis-
sected intestinal segment. For collection of mucosal samples, the ileal segments where flushed
with 10 ml NaCl to remove all luminal content, cut open longitudinally and scraping biopsies
where collected using sterile glass slides. Bacterial DNA was isolated using the QIAamp DNA
Microbiome Kit (Qiagen) according to the manufacturer’s protocol and isolated DNA was
eluted in 50 pl of DEPC-treated water (Roth}. To control for contaminations introduced dur-
ing sample collection, two harvest controls (NaCl used to flush cannulas inserted into mouse
tracheas, without performing BAL), one isolation control and one PCR control were prepared
identically to BAL samples and sequenced. Similarly, another PCR control sample was
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prepared for ileal mucosa samples. Isolated bacterial DNA from samples and controls was
amplified using barcoded, Illumina adaptor-linked PCR primers that target the V1-V2 hyper-
variable region of the bacterial 165 rRNA gene [67]. Each sample was amplified using the
Accuprime Taq DNA Polymerase High Fidelity kit (Invitrogen) with the following cycling
parameters: Initial denaturation for 2 min at 94°C, followed by amplification cycles starting
with 30 sec denaturation at 94°C, 30 sec annealing at 56°C, and 60 sec elongation at 68°C, with
a final extension at 68°C for 7 min. An initial enrichment PCR reaction (10 amplification cycles}
was performed, followed by the amplification PCR. The number of cycles performed for ampli-
fication PCR varied between sampling sites: Stool: 20 cycles; leum lumen: 25 cycles; cecum
lumen: 35 cycles; ileum mucosa: 40 cycles. For BAL, two amplification PCRs were performed,
with 40 (first reaction) and 35 (second reaction) cycles, The ideal number of amplification cycles
for each sampling site was determined by increasing the number of cycles by five (starting from
20), until samples were sufficiently amplified (i.e. presence of a visible band by automated elec-
trophoresis using an Agilent 4200 TapeStation system). All PCR reactions contained 2.5 pl of
10x AccuPrime buffer I1, 0.5 pl of each 10 mM forward and reverse primers and 0.1 pl of Accu-
Prime Taq DNA Polymerase, to which 1 pl of template DNA and 20.4 il of ultrapure water (for
the enrichment PCR reaction} or 2 1l of the enrichment PCR reaction and 19.4 pl of ultrapure
water (for the amplification PCR reaction) were added. PCR products were screened for suffi-
cient amplification and quantified using automated electrophoresis. Finally, libraries containing
peoled equimolar PCR preducts and spiked with 40% phiX (Illumina) were sequenced using
Humina MiSeq technology in the 2x 350bp configuration (MiSeq Reagent kit v3) at the Bio-
medical Sequencing Facility of CeMM and the Medical University of Vienna.

16S rRNA gene sequencing data processing and analysis

Raw sequences were demultiplexed using qiime [68] commands split libraries.py with
options-r 999 -n 999 -q 0 -p 0.0001 (to prevent quality filtering at this stage) and split_sequen-
ce_file on sample ids.py. ASVs (amplicon sequence variants) were selected using dada2 [69].
Forward and reverse reads were trimmed to a length of 225 bp and filtered using parameters
maxN = 0, maxEE = ¢(2,2) and truncQ = 2. Potential contaminants within unique ASV's were
identified with the decontam R package [69] using prevalence of ASVs in contrel samples (for
ileal mucosa and BAL samples) and correlation of ASV frequency with DNA concentration
after PCR amplification as identification methods. Fellowing contaminant removal, taxonomy
was assigned against the SILVA 165 rRNA database [70] and ASVs which could not be
assigned to kingdom Bacteria were removed from the dataset. One ASV was identified as
belonging to genus Candidatus Arthromitus. Since the misclassification of mammalian seg-
mented filamentous bacteria (SFB) as Candidatus_Arthromitus (which would not be expected
to be found in mammalian guts) is well described [71], we refer to this ASV as SFB. Next, sam-
ples with a total ASV count of less than 10000 were excluded from further analysis. The
remaining samples were rarefied to the smallest library size above 10000 ASVs for the sam-
pling site (between 10033 for stool samples and 27693 for cecal samples}. Shannon diversity
and Chao 1 ASV richness were calculated using the vegan R package [72]. Differences between
genotypes (controlling for cage effects) were assessed using the nested.npmanova function (bio-
diversityR package) on ASV counts normalized to sample library size (relative abundances).
Statistical comparisons of Chaol richness and Shannon diversity were carried out with linear
mixed models using the /ine4 and ImerTest R packages [73,74], while cage association was
entered as a random factor. Linear mixed models were also used to determine which ASVs
were differentially abundant according to genotype, after transforming ASV counts with a cen-
tralized log ratio (clr) transformation.
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Antibiotic treatment and cohousing

For experiments involving microbiome perturbation by antibiotics, female WT or Len2”™ mice
were treated with a mix of metronidazole ("Kabi’, Fresenius), vancomycin (Vancocin, Baxter),
ampicillin (Standacilin, Sandoz) and gentamicin (Braun, concentration of each 500 mg/l} in
drinking water supplemented with 0.4% D-glucose (Sigma) starting at 5-6 weeks of age. Con-
trol mice received drinking water supplemented with 0.4% D-glucose. After 4 weeks of antibi-
otic treatment, mice were infected with 10 PFU PR/8. Antibiotic treatment was continued
until the end of the experiment. For co-housing experiments, 4 weeks old WT or Lcn2” mice
were housed together at equal ratios for 4 weeks prior to influenza infection. Control WT or
Len2”” mice were housed separately. As with antibiotic treatments, housing conditions were
maintained throughout the infection period.

Quantification of bacterial classes using gqPCR

Bacterial DNA from stool of separately housed and co-housed WT and Lc#2” animals was iso-
lated using the QIAamp DNA Mini Kit (Qiagen) according to the manufacturer’s recommen-
dations. Perfecta SYBR Green SuperMix (Quanta} on a StepOnePlus Real-Time PCR System
{Applied Biosystems)} were used for real-time qPCR. Primer sequences for Bacteroidetes were
CRAACAGGATTAGATACCCT (forward) or GGTAAGGTTCCTCGCGTAT (reverse} [75].
The conserved bacterial (pan-bacteria} 16S-gene was quantified using the sequences TCC
TACGGGAGGCAGCAGT (forward) and GGACTACCAGGGTATCTAATCTT (reverse)
and used for calculation oflog, fold changes.

Statistical analysis

Comparisons between two groups were performed using Student’s t test, except where noted
otherwise. In experiments involving two grouping factors (e.g. genotype and antibiotic treat-
ment}, 2-way ANOV A was conducted, and group means were compared using the emimeans R
package. Survival curves were compared using the asymptotic two-sample logrank test, as
implemented in the coin R package [76]. In antigen presentation assays, technical replicates of
biological replicates were analyzed. To avoid pseudo-replication, nested ANOV A was con-
ducted in these experiments. Where appropriate, p values were corrected for multiple testing
using the false-discovery rate approach [77]. Single p values below 0.05 or FDR-corrected p
values below 0.1 (RNA-Seq and 165 rRNA gene sequencing) were considered statistically
significant.

Supporting information

S1 Fig. Myeloid cell transcriptome and lung viral load in WT and Len2” mice. (A-B) Alveo-
lar macrophages (AMs) and CD103* DCs were isclated from lungs of WT and Len2” animals
by FACS and prepared for RNA sequencing. Heatmaps of differentially expressed genes
(DEGs) for AMs (A) and CD103™ DCs (B). Read counts are +log transformed, followed by z-
score scaling. (C) Venn diagrams illustrating overlaps in up- or down-regulated genes accord-
ing to genotype between AMs and CD103" DCs. (D) Significantly perturbed KEGG pathways
{p value < 0.05} with lowest SPIA (Signaling Pathway Impact Analysis) p values in AMs iso-
lated from mediastinal lymph nodes of PR/8-OV A-infected mice. Circle sizes indicate the
number of DEGs associated with the respective pathway. (E) Lung viral load, as measured by
qPCR, for WT and Len2” mice, at indicated timepoints after PR/8 infection. (F) Heatmaps of
indicated bronchoalveolar lavage (BAL) cytokines on day 3 or day 6 post infection. Cytokine
concentrations are log-transformed after addition of half of the non-zero minimum (to
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account for zeros prior to log-transformation), followed by z-score scaling. (A-B; F) Columns
represent samples collected from individual mice. Statistical significance for comparisons
between genotypes for (F) was assessed using Student’s t test, and p values were adjusted for
multiple testing using the FDR approach. *adjusted p < 0.05, **adjusted p < 0.01.

(TIF)

§2 Fig. FACS gating strategy and pulmonary immune cell counts. (A) FACS gating strategy
for identification of lung cell populations. (B} Percent of activated (CD69") CD4" lung T cells
9 days post infection in WT and Len2” mice. (C-E) Neutrophil (C), alveolar macrophage
{AM) (D) or B cell (E} counts per lung at indicated timepoints after infection. n = 4 (baseline},
5 (day 9 post infection) and 4-7 (day 16 post infection) per genotype. Bar diagrams show
group means +/- SEM, and statistical significance for comparisons between genotypes for
(B-D) was assessed using Student’s t test. *p <2 0.05.

(TIF)

$3 Fig. Antigen presentation capacity of CD103" and CD8a" DCs, overlap of differentially
expressed genes in CD103" DCs from infected and uninfected mice and in vitro effects of
LCN2 deficiency and supplementation. (A-B) CD8" T cell proliferation (assessed by antigen
presentation assay, as in Fig 3A} after co-culture with WT or Len2” CD103%or CD8a* DCs at
1: 100 (DC: T cell) ratio. Replicates of 2 pools per genotype (each consisting of 6-7 mice) are
shown. (C} Venn diagram illustrating overlaps in genes up- or downregulated in Len2” DCs
from infected mediastinal lymph nodes or uninfected lungs. (ID} Antigen presentation assay
showing numbers of proliferated (proliferation dye'®”) OT-I-specific CD8" T cells after 3 days
of co-culture with ovalbumin-pulsed WT or Len2”” BMDCs. (E) Antigen presentation assay
showing numbers of proliferated (proliferation dye'®”) OT-I-specific CD8" T cells after 3 days
of co-culture with WT BMDCs, which were pulsed with ovalbumin in presence of recombi-
nant LCN?2 at indicated concentrations. Bar diagrams show group means +/- SEM. Statistical
significance for {A-B) was assessed using nested ANOVA, Statistical significance for (D-E) was
assessed using Student’s t test. n.s. not significant; *p < 0.05.

(TIF)

$4 Fig. Effects of LCN2 on microbial richness and diversity. (A-D) Microbiome analysis of
bronchoalveolar lavage (BAL}, ileal mucosa, ileal lumen, cecum and stool samples derived
from 12 weeks old WT and Lcn2”’” mice, n = 13-16 per genotype. Shannon diversity (A} and
Chao 1 amplicon sequencing variant (ASV) richness (B) for microbial samples from indicated
sites. Linear mixed model p values, controlling for cage, are shown. (C) Bacterial phyla with
significantly (FDR < 0.1) differential abundance in WT and Len2” stool samples. (I2} ASVs
with significantly (FDR < 0.1) differential abundance between WT and Len2” samples from
indicated sites along the intestinal tract. SFB: Segmented filamentous bacteria. Boxplots are
indicative of median (horizontal line), interquartile range (box) and range (whiskers). Statisti-
cal significance for comparisons between genotypes was assessed using linear mixed models
on centralized log ratio transformed data, controlling for housing cage.

(TIF)

S5 Fig. Antigen presentation after antibiotic treatment and co-housing effects on on the
microbiome. (A) Experimental layout for the antigen presentation assay. WT and Lcn2”™ mice
were treated with broad-spectrum antibiotics in drinking water. After four weeks treatment,
mice were infected with PR/8-OV A and CD 103" DCs were sorted (60 hours post infection}
from mediastinal lymph nodes (mLNs}, followed by co-culture with purified splenic OT-I1'T
cells. (B} Numbers of proliferated (proliferation dyek’w) CD8" T cells after 96h co-culture
(1:100 DC: T cell ratio} with WT or Len2”” CD103* DCs derived from antibiotics-treated
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mice. Replicates of 3 pools per genotype (each consisting of 6-7 mice) are shown. (C) Experi-
mental setup for co-housing experiments. WT and Len2” mice were separately- (sep) or co-
housed (co) for four weeks prior to stool sample collection. (D) Log, fold change between the
phylum Bacteroidetes and total bacteria in stool samples, measured by gPCR. Statistical signifi-
cance for (B} was assessed using nested ANOVA, and for (C) using Student’s t test. n.s. not sig-
nificant, **p < 0.01.

(TIF}

§1 Table. Signaling Pathway Impact Analysis (SPTA) results for CD103"' DCs. CD103" DCs
were isolated by FACS and processed for RNA sequencing. Related to Fig 1D. This table gives
an overview of KEGG pathways associated with differentially expressed genes map, ranked by
their global p values. DEG: Differentially expressed gene, tA: net perturbation accumulation,
FDR: False discovery rate; FWER: Family-wise error rate.

(XLSX)

§2 Table. Signaling Pathway Impact Analysis (SPIA} results for AMs. AMs were isolated by
FACS and processed for RNA sequencing. This table gives an overview of KEGG pathways
associated with differentially expressed genes map, ranked by their global p values. DEG: Dif-
ferentially expressed gene, tA: net perturbation accumulation, FDR: False discovery rate;
FWER: Family-wise error rate,

(XL.SX)

§3 Table. 16 rRNA Gene Amplicon Sequencing Variants. Overview of all detected amplicon
sequencing variants (ASVs), and their p values for comparisons of ASV abundance between
WT and Lcn2” samples. BAL: Bronchoalveolar lavage; NA: not applicable.

(XL.SX)

54 Table. Antibodies used for flow cytemetry and cell sorting.
(XLSX)
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2.2 Multi-omics profiling predicts allograft function after lung
transplantation

In the second part of this chapter, | will present the paper “Multi-omics profiling predicts
allograft function after lung transplantation”. Here, we investigated the temporal
dynamics of the BAL microbiome, metabolome and lipidome was well as the major
myeloid cell populations after lung transplantation. We found distinct kinetics for each
of the investigated datasets. Interestingly, alpha-diversity in the lung showed a rapid
increase within the first week after transplantation, which was followed by a more
gradual increase and ultimate stability. By comparing microbial composition to the
respective donors, we observed a rapid replacement of the donor microbiome, which
indicates that recipient associated factors, rather than the donor microbiome,
determine the established lung microbiome in lung transplant recipients. When looking
at those factors, we found that the underlying disease (i.e. indication for
transplantation) continued to be a predictor of the microbial composition even after the
transplantation of a new organ. We further identified individual bacterial species and
genera associated with certain transplant indications. Finally, we used a machine
learning model to predict FEV1 (which is the most important clinical parameter for the
diagnosis of CLAD) dynamics, and observed that the microbiome could predict short-

term dynamics in lung function with a high accuracy.
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Copyright @The authors 2022. Rationale Lung transplantation is the ultimate treatment option for patients with end-stage respiratory
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diseases but bears the highest mortality rate among all solid organ transplantations due to chronic lung
allograft dystunction (CLAD). The mechanisms leading to CLAD remain elusive due to an insufficient
understanding of the complex post-transplant adaptation processes.

Received: 27 Aug 2020 Objectives To better understand these lung adaptation processes after transplantation and to investigate
Acceptad: 09 Juna 2021 their association with future changes in allograft function.

Methods We performed an exploratory cohort study of bronchoalveolar lavage samples from 78 lung
recipients and donors. We analysed the alveolar microbiome using 165 rRNA sequencing, the cellular
composition using flow cytometry, as well as metabolome and lipidome profiling.

Measurements and main results We established distinct temporal dynamics for each of the analysed data
sets. Comparing matched donor and recipient samples, we revealed that recipient-specific as well as
environmental factors, rather than the donor microbiome, shape the long-term lung microbiome. We further
discovered that the abundance of certain bacterial strains correlated with underlying lung diseases even
after transplantation. A decline in forced expiratory volume during the first second (FEV,) is a major
characteristic of lung allograft dystunction in transplant recipients. By using a machine learning approach,
we could accurately predict future changes in FEV; from our multi-omics data, whereby microbial profiles
showed a particularly high predictive power.

Conclusion Bronchoalveolar microbiome, cellular composition, metabolome and lipidome show specific
temporal dynamics after lung transplantation. The lung microbiome can predict future changes in lung
function with high precision.

Introduction

Lung transplantation is the ultimate, life-saving treatment for patients with end-stage respiratory failure.
Despite substantial medical advances, the 5-year survival rate remains at only 54%, which is the lowest
among all solid organ recipients [1]. This grim prognosis is a consequence of a range of pathologies that
prevent the transplanted lung from maintaining normal function, which are summarised under the umbrella
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term chronic lung allograft dysfunction (CLAD). The most frequent manifestation of CLAD is
bronchiolitis obliterans syndrome {(BOS), which is characterised by the development of airflow limitation
caused by bronchiolitis obliterans [2]. The underlying disease mechanism has been linked to allo- and
auto-immunity as well as microbial triggers [3], but the precise pathophysiology is not known and no
specific treatment is available.

Once considered a sterile body site, the lungs are now known to harbour a unique microbiome that is
critical for respiratory health and immune homeostasis [4]. Recent studies indicate that community-level
activities can modulate microbiome pathogenicity [5], myeloid cell responses [6], pulmonary remodelling
[7, 8] and CLAD development [9, 10] after lung transplantation. However, host-microbe interplay in the
transplanted lung is insufficiently understood and it is unclear to what degree the donor lung microbiome
contributes to the post-transplant microbiome and whether this bears relevance for CLAD development.

Innate immune responses are an emerging concept in understanding the events leading to chrenic
inflammation and CLAD [11]. As such, resident alveolar macrophages {AMs) seem to be instrumental in
CLAD development [12], and the higher abundance of neutrophils in transplants is considered detrimental
in graft acceptance and survival [11, 13]. These findings clearly suggest a role for myeloid cells in
transplant adaptation and function, vet studies investigating the simultaneous coordination of cellular and
pulmonary microbial changes are lacking.

Metabolites reflect local metabolic states and can mediate the crosstalk between immune responses and
microbiota. In lung transplant recipients, the metabolome composition of bronchoalveolar lavage (BAL)
fluid was used to reliably classify the degree of BOS severity [14] and metabolomicsAdipidomics of donor
lung ex vivo lung perfusion fluids were shown to predict primary graft dystunction [15]. Considering these
findings, we hypothesised that the pulmonary metabolome and lipidome might provide important clues to
understanding multi-level adaptation after lung transplantation.

A better understanding of the contribution of the pulmonary microbiome, metabolome, lipidome and
cellular profiles to the development of CLAD requires a holistic assessment of post-transplant dynamics. In
this explorative cohort study, we characterised the reshaping of the pulmonary environment after
transplantation with the primary objective to identify time-dependent factors of the process and the
secondary ohjective to describe drivers of lung function decline. Variation of cell composition, microbial
diversity, lipid and metabolite profiles, as well as the spirometry parameter FEV,; {forced expiratory
volume during the first second) served as statistical endpoints. We discovered that the microbial
composition after lung transplantation was primarily driven by environmental and recipient-specific factors,
independent of the donor microbiome, and identified selected microbial species that correlated with
transplant indication. Using a computational model enabled us to predict lung function trajectories from
multi-omics data sets. The explorative study design entails a descriptive interpretation of p-values and
limits conclusions on negative results due to lack of power for small effects.

Ultimately, a more comprehensive knowledge of graft adaptation will enable us to identity novel
therapeutic angles to prevent lung allograft dysfunction in the future.

Materials and methods
Detailed descriptions of materials and methods are provided as a supplement.

FPatient collective and recruitment

We included all 78 patients who underwent lung transplantation at the Medical University of Vienna
between February 2017 and November 2018. The cohort consisted of 76 double lung and two single lung
recipients. Donor lung derived BAL samples of sufficiently high quality were available for 23 matched
transplant recipients. To obtain a reliable number of donor samples for cross-sectional analyses we
included 24 additional high-quality donor BALs without matching recipients. Detailed inclusion and
exclusion criteria are stated in the supplementary information. All BAL samples were collected under
sterile conditions during routine bronchoscopy, except for one sample that was collected due to acute
respiratory symptoms. Routine bronchoscopy was performed before extubation, at four, eight, 12, 26 and
52 weeks after transplantation or whenever medically indicated. The collection of follow-up samples was
extended to April 2019. Processing and analyses of BAL samples are described in the supplementary
information. Collected patient wvariables included recipients’ age, sex, transplant indication,
immunosuppressive therapy, antibiotic and antifungal therapies, serum C-reactive protein (CRP)
concentration, lung function (FEV,) and time after transplantation at the time of sample collection.
Detailed patient characteristics are presented in table 1. The study was approved by the ethics committee at
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TABLE 1 Patient characteristics

All Subset 165 rRNA Seq  Subset FACS  Subset metabolomics/lipidomics
Patients n 78 73 54 36
Age in years at Tx; median (range) 55.5 (17-69) 55 {17-69) 56.5 (17-69) 58.5 (20-69)
Female patients; n (%) 32 (41) 30 {41) 20 {37) 11 (31)
Samples n 164 143 116 70
Donor samples (recipient-matched) n 47 (23) 35 {15) 24 {12) 9 (6)
Recipient samples n 117 108 92 61
Samples per time binn
0-7 22 18 18 16
730 18 16 15 10
30-75 28 28 24 10
75-400 49 46 35 25
Samples per patient; median (range) 2 (1-6) 1({1-5) 2 {1-6) 2 (1-6)
Tx indication; samples n/patients n
COPD 44/25 40/22 35/20 29/15
CF 20/20 19/19 10/9 6/6
IPF 14/9 12/9 T2/7 10/5
ALATD 14/5 14/5 13/5 7/3
PPH 6/6 5/6 5/3 1/1
Cther 19/13 18/12 17/10 9/6
Immunosuppressive therapy”™; samples n/patients n
Prednisolone 117/56 108/54 92/43 61/33
Ciclosporin 4/2 3/1 412 1/1
Tacrolimus 113/55 105/33 88/41 60/32
Mycophenolate/mofetil 50/23 47/22 41/18 29/13
Everolimus 6/3 6/3 4/2 1/1
Antibiotic therapy®; samples n/patients n
Trimethoprim/sulfamethoxazole 76/40 73/40 62/33 34/22
Gentamicin inhalation 26/16 21/16 23/16 20/13
Piperacilin/tazobactam 24/17 19/16 20/15 20/14
Tobramycin inhalation 9/7 9/7 443 2/2
Merapenem 9/8 8/8 /6 2/2
Colistin 8/6 7/6 3/2 1/1
Ciprofloxacin 5/5 5/5 2/2 2/2
Gther 32/23 29/20 21/15 15/11

#

: number of specimens collected from patients while receiving respective drugs at the time of bronchoalveolar lavage. CF: cystic fibrosis; IPF:

idiopathic pulmenary fibrosis; A1ATD: alpha-1 antitrypsin deficiency; FACS: fluorescence-activated cell sorting; 165 rRNA Seq: 16S rRNA gene
sequencing; PPH: primary pulmonary hypertension; Tx: treatment.

the Medical University of Vienna (EK-Nr:1418/2018) and written informed consent was obtained from all
patients.

168 rRNA gene sequencing

Bacterial DNA was isolated using the QlAamp DNA Microbiome kit (Qiagen) according to the
manufacturer’s protocol. We included sampling controls by flushing sterilised bronchoscopes and negative
controls for DNA extraction. Isolated bacterial DNA was amplified using barcoded, adaptor-linked PCR
primers targeting the V1-V2 165 t1RNA gene region. PCR products were sequenced using Illumina MiSeq
technology in the 2x250 bp configuration. Sequencing data were processed using the dada2.R package. A
detailed description of bacterial DNA extraction, library preparation, sequencing and sequencing data
processing is included in the supplementary information.

Lipidomics and metabolomics

Liquid chromatography—mass spectrometry (LC-MS) analysis was performed using a Vanquish ultra high
performance liquid chromatography system combined with an Orbitrap Fusion Lumos Tribrid mass
spectrometer for lipidomics or an Orbitrap Q Fxactive mass spectrometer for metabolomics. Lipid
separation was performed by reversed phase chromatography. The detailed description of lipid extraction,
lipid- and metabolite L.C-MS analysis, and data processing is included in the supplementary information.
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Statistical analyses

Associations of microbial diversity and richness, cell populations, lipid species and metabolites with time
after transplantation were analysed by permutational multivariate variance testing and linear mixed-effect
models. Time intervals were entered as a factor in the permutational multivariate variance testing, and as a
metric covariate together with patient identity as a random effect in the linear mixed-effect models. Factors
explaining microbial variation were identified using distance-based redundancy analysis (dbRDA). The
association of amplicon sequencing variant {ASV) abundance with time after transplantation and transplant
indication ‘was determined using log-transformed linear models on cumulative sum scaling-normalised
ASYV data (MaAsLin? R package). Prediction of lung function from omics data sets was done with ridge
regression, using a nested cross-validation scheme for hyperparameter tuning and estimation of predictive
accuracy. Throughout the manuscript, when applicable, p-values are adjusted for multiple testing using the
Benjamini-Hochberg procedure. Due to the exploratory nature of our research, all p-values are to be
interpreted in a descriptive manner. Detailed information on the statistical analyses is provided as
supplementary material.

Results

Sample stratification and inflammatory parameters

We stratified samples of 78 lung transplant patients into time bins spanning from 0 to 7, 7 to 30, 30 to 75
and >75days after lung transplantation based on temporal changes in administered medications
(immunosuppressive and antimicrobial therapies) (figure $1a) to detect nonlinear associations with time
after transplantation. We observed strong associations of serum CRP and blood leukocyte counts {p<.001
for both) with time, indicating decreased systemic inflammation with time after transplantation {figures
S1b and ¢).

Pulmonary microbiome shows temporal dynamics after lung transplantation

By analysing the microbial taxonomic compositions based on 165 rRNA gene sequencing, we found a
high diversity between samples at genus and phylum level (figure la, figure 52a). Hierarchical clustering
of genus-level profiles instantaneocusly separated samples collected early (<30 days) and late {>30 days)
after transplantation (figure 1a). Species-level microbial diversity (Shannon) and richness (Chao 1) {figure
1b, figure S2b) showed highly significant {p<0.001) associations with time after transplantation. Using
principal coordinate analysis, we observed a tendency of samples to cluster according to time after
transplantation (figure 1c, figure S2c and d). We confirmed these wvisual patterns by permutational
multivariate analysis of variance (PERMANOVA; p<0.05 for all pairwise comparisons between time
groups) {table S1). Donor samples exhibited a microbial profile that was most similar to samples collected
within the first week after transplantation, but their composition differed significantly from later timepoints
(PERMANOVA p=0.057 versus (—7 days after transplantation; p=0.001 versus any other time bin) {table 51).
These results show that lung microbial composition and diversity undergo significant changes from
pre-implantation (donor) states to post-transplantation.

Antibiotic therapy and underlying disease explain variation in microbial composition

To identify the key factors that influence the lung microbiome after transplantation, we combined dbRDA
with stepwise model building. We included 108 samples from 73 lung recipients that were collected over
the entire study period {table 1). The primary objective was to assess dependent covariates and to identify
the combination of covariates that best explained microbial variation {figure 1d, figure 52e).

We first analysed all recipient samples {all time bins) and found that the administration of trimethopriny
sulfamethoxazole, the transplant indication, as well as colistin, meropenem and (inhaled) tobramycin
together could best explain inter-sample variation (figure 1d, top panel). Next, we separately analysed each
time bin after transplantation and observed that only ciprofloxacin during the first week after
transplantation accounted for a significant variation between microbiome samples, while none of the tested
antibiotics explained inter-sample variation 7-30 or 30-75 days after transplantation (figure 1d, second to
fourth panel). Interestingly, out of all tested factors, only transplant indication was significantly associated
with microbial composition 30-75 days after transplantation. For samples collected later than 75 days,
transplant indication best explained microbial variation, followed by some antibiotics, age and sex
(figure 1d, last panel). We also tested the potential impact of immunosuppression on the recipients” lung
microbiome, but the very homogenous immunosuppressive therapy scheme received by this cohort
(figure S1a) prevented us from identifying clear associations (data not shown). These results suggest that
microbial profiles in samples collected early after transplantation are mainly driven by antibiotic therapy,
while patient-associated factors including transplant indication, age and sex show significant explanatory
power for microbiome samples collected later.
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FIGURE 1 Pulmonary microbial dynamics after lung transplantation. a) Relative abundances {genus level) of
165 rENA gene sequencing amplicons in donor and recipient bronchoalveolar lavage samples. Samples are
clustered according to Bray-Curtis distance. Time after transplantation is annotated for recipient samples
{heatmap). b) Change in Shannon diversity {species level) with time {linear mixed model p<0.001). Samples are
coloured according to time after transplantation and shape indicates donor {triangle)/recipient {circle) origin.
¢) Principal coordinate analysis on Bray-Curtis distances of donor and recipient microbiomes (species level).
Every triangle/circle represents a sample and is coloured according to time after transplantation, while shape
indicates donor {(triangle)/recipient {(circle) origin. Lines connect samples to the cluster centroids p<0.001,
permutational multivariate analysis of variance (PERMANGVA). d) Microbial variation explained by various
factors analysed by distance-hased redundancy analyses {Bray-Curtis distance). R® and significance for
multivariate models are shown, whereby the best model was generated by selecting predictors in a stepwise
manner, until no further increase in accuracy could be reached. *: p<0.05, **: p=<0.01, PERMANGVA test. SXT:
trimethoprim/sulfamethoxazole; dbRDA: distance-based redundancy analysis; Tx: treatment.

Selected strains associate with time and transplant indication
After identifying global associations of time and transplant indication with the pulmonary microbial
profile, we tested if individual ASVs differentiated between these associations with time or transplant
indication, respectively. In these analyses, we included 108 recipients’ samples derived from 73 lung
transplant patients with the following indications for lung transplantation: COPD (n=22), cystic fibrosis
(CF) {n=19), idiopathic pulmonary fibrosis (IPF) {n=9), alpha-1 antitrypsin deficiency (AIATD) {(n=5),
primary pulmonary hypertension (PPH) (n=6) and other {(n=12) (table 1). The distribution of underlying
diseases is representative of the patient population at our study site {based on 885 patients between 2010
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and 2018; data not shown). We found that 33 individual ASVs significantly {false discovery rate (FDR)
<0.1) associated with time after transplantation {figure 2a, table $2). Hierarchical clustering separated these
strains into three different clusters (figure 2a). Meanwhile, six ASVs associated with transplant indication
(figure 2b, table $2). Of these, we detected the strongest association for a strain of Pseudomonas (ASV_2,
FDR=0.006), which was increased in CF patients, supporting previous reports that showed a predisposition
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FIGURE 2 Time and underlying disease influence the recipient lung microbiome. a) Heatmap of amplicon
sequencing variant (ASVs) showing significant {MaAsLin false discovery rate (FDR)<0.1) association with time
after transplantation. Raw counts are cumulative-sum normalised, followed by log-transformation and
standardisation {z-score transformation). Samples (columns) are ordered according to time after
transplantation. ASVs {rows) are clustered using the “ward.D2” method. The first three branches of the
dendrogram are separated for visualisation purposes. b) Boxplots of ASVs showing a significant {MaAsLin
FDR<0.1} association with underlying disease. Raw counts are cumulative-sum normalised, followed by
log-transformation. Boxplots are indicative of median, interquartile range {IQR) (boxes) and 1L.5xIGR {whiskers).
CF: cystic fibrosis; IPF: idiopathic pulmonary fibrosis; ALATD: alpha-1 antitrypsin deficiency; PPH: primary
pulmonary hypertension; sp.: species. ¢) Change of recipient-donor similarity (Bray-Curtis) over time {linear
mixed model p<0.001). Connecting lines indicate patient identity; Tx, treatment. d) Comparison between
donor-recipient similarity and intersample similarity for various timepaints after transplantation. Boxplots are
indicative of median, IGR (boxes) and 1.5xIQR {whiskers). **: p<0.01, ***: p<0.001, Mann-Whitney U-test.
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of CF patients to lung allograft colonisation with Pseudomonas aeruginosa [16-18]. Furthermore, three
strains were almost exclusively found in IPF patients, of which Fusobacterium nucleatum {ASV_226)
showed the strongest association with transplant indication (FDR=0.01). Another strain identified as
Gemeila haemolysans (ASV_42, FDR=0.03) was rarely encountered in patients with CF or A1ATD, but
frequently found in patients with other transplant indications. In addition, Rothie mucilaginosa (ASV_80)
was preferentially found in patients transplanted due to AIATD (FDR=0.09). Our results show that
transplant indications continuously influence the abundance of certain bacterial strains in the lung after
transplantation, in particular in patients with CF, IPF or A1ATD.

Donor lung microbial profiles do not determine the post-transplant microbiome

To determine to what extent the lung allograft microbiome is influenced by the donor lung microbiome,
we analysed the similarity between matched donor and recipient microbiomes over time. Bray—Curtis
similarity between donors and recipients decreased after transplantation {p<0.001) (figure 2c). Similar
trends were observed for weighted (p<0.001) and unweighted UniFrac similarities (p<0.01) (figure 53a
and b), which incorporate phylogenetic distances between different organisms. In the first week after
transplantation, we found recipient samples to be more similar to matched donor samples than to
time-matched recipients (figure 2d). However, at all subsequent timepoints, recipient samples were more
similar to samples collected ‘within a comparable timeframe than to their respective donors (figure 2d,
figure S3c and d). Thus, the donor microbiome influenced the recipient microbiome only shortly after
transplantation, while recipient-associated factors became dominant in shaping the long-term
post-transplant pulmonary microbiome.

Pulmonary cellular and molecular profiles change after lung transplantation

The abundance of AMs and inflammatory cells, such as neutrophils, in the BAL correlates with the lung
inflammatory state [19]. To investigate alterations in pulmonary cellular profiles after lung transplantation,
we conducted flow cytometry of BAL myeloid cell populations (figure 54a). We observed that the
numbers of AMs and cells expressing major histocompatibility complex class IT (MHCII) but not cluster of
differentiation 206 {(CD206) were significantly associated with time after transplantation {(FDR<0.01 for
AMs, FDR<0.001 for MHCIT™ CD206™ cells, table $3). While the AM population consistently increased
with time (figure 3a), MHCII™ CD206™ cells peaked between 30 and 75 days after transplantation {figure 3b).
Concomitantly, myeloid cells (CD11b™) that expressed neither MHCII nor CD206 nor the neutrophil
marker CDG6b expanded early after transplantation and then declined (FDR<0.05) {figure S4b, table $3).
Neutrophils, on average, were surprisingly abundant at all timepoints, but showed high variability between
patients (figure 3c). None of the remaining populations significantly associated with time after
transplantation {figure S4c and d, table $3) and all investigated cell populations were independent of
transplant indication (FDR>0.1 for all) (table $3). Together, we discovered a gradual increase in the
proportion of AMs, indicating a transition towards a pattern similar to that observed in healthy lungs [19].

To investigate whether the dynamics of microbial and cellular compositions correlated with BAL metabolic
profiles, we performed metabolome and lipidome profiling on a subset of &1 recipients and nine donor
samples (table 1). Principal component analysis separated samples according to time after transplantation
(figure 3d-e). Samples collected within the first week after transplantation differed most from later
samples, suggesting that the most pronounced changes occur early after transplantation (PERMANOVA
p<0.05 for 0-7 days after transplantation versus all other time hins) {tables S4 and S5). To determine
whether pre-implantation profiles were more similar to profiles observed early or late after transplantation,
we compared donor lavages to recipient lavages. Donor samples differed significantly (PERMANOVA
p<0.05) from all time bins except the first (0—7 days after transplantation) for both lipids and metabolites
(tables S4 and S5), suggesting that lung adaptation after transplantation, rather than the implantation
procedure, was responsible for the observed early changes in lipid and metabolite profiles.

Having shown that the global pulmonary lipid and metabolite profile changed after lung transplantation,
we next determined which lipid and metabolite species accounted for these changes. Controlling for
transplant indication and patient identity, 28 lipid species and eight metabolites showed significant
(FDR<0.1) associations with time after transplantation (figure 3f, tables 56 and S7). Of these, 13 lipid
species and four metabolites positively correlated with time, whereas 15 lipid species and four metabolites
showed a negative correlation with time (figure 3f, figure S4E). None of the tested lipid species were
affected by transplant indication (FDR>0.1 for all) {table S6). Transplant indication was significantly
associated with leucine concentrations (FDR<0.1), which were higher on average in patients with COPD or
ATATD than in patients receiving transplantation due to other diseases {figure S4f, table 57). These results
show that alterations in pulmonary microbial profiles after transplantation were accompanied by changes in
intra-alveolar cellular composition and molecular profiles.
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FIGURE 3 Changes in pulmeonary cellular and molecular state after lung transplantation. a, b, ¢) Relative
abundance of indicated cell populations in the bronchoalveolar lavage fluid after lung transplantation was
assessed by flow cytometry. Boxplots are indicative of median, interquartile range {IQR) (boxes) and 1.5%IQR
{whiskers). False discovery rate {FDR)<0.001 for (a), FDR<0.01 (b}, FDR=0.1 for {(c}, linear mixed model. d, €}
Principal component analysis (PCA) for lipidome (d) and metabolome {e) data sets. Every triangle/circle
represents a sample and is coloured according to time after transplantation, while shape indicates donor
{triangle)/recipient {circle) origin. Confidence ellipses (68%) are drawn around samples collected at the earliest
{0-7 days after transplantation, purple) and latest {75-400 days after transplantation, green) timepoints.
f) Heatmap of lipids and metabolites that show a significant association with time after transplantation {linear
mixed model FDR<0.1, controlling for transplant indication and patient identity). AM: alveolar macrophage;
MHCII: major histocompatibility complex class Il; CD: cluster of differentiation; SM: sphingomyelin; PC:
phosphatidylcholine; TAG: triacylglycerol; PS: phosphatidylserine; Cer: ceramide; PE: phosphatidyethanolamine;
DAG: diacylglycerol; LPC: lysophosphatidylcholine.
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TABLE 2 Characteristics of samples used for prediction of lung function data

Data sets used for predictions

Pradiction AFEV, within

Prediction AFEV, within Prediction AFEY, within

30 days 60 days 90 days
Samples n 32 31 30
Patients n 19 18 17
Females n 8 8 8
Current FEV,, L; median (range) 2.62 (1.09-4.50) 2.68 {1.09-4.50) 2.70 {1.09-4.50)
Percent change in FEV, within X days; median (range) 3 (—7-27) 5 (—18-32) 5 (—29-42)

Age, years; median (range)
CRP, mg-dL™%; median (range)

59.8 (20.1-68.9)
0.17 (0.03-7.46)

59.4 (20.1-68.9)

{
59.4 (20.1-68.9)
{ 0.16 (0.03-7.46)

0.17 (0.03-7.46)

CRP: C-reactive protein; FEV,: forced expiratory volume during the first second.

Machine learning predicts future lung changes in lung function

CLAD is defined as a persistent decline in FEV; of more than 20% compared to the mean of the two best
postoperative values (obtained at least three weeks apart) in the absence of other explanations for declining
lung function (e.g. acute cellular/antibody-mediated rejection, infection, airway stenosis, tracheomalacia) [2].
Several recent studies [3, 20-22] support the importance of the early diagnosis of a decline in lung
function, as this knowledge might be utilised to prevent progression and CLAD development. To address
this medical need, our secondary objective was to assess whether microbiome, lipidome and metabolome
profiles exhibited any predictive value for future changes in FEV;. We hypothesised that an eardier
identification of patients at risk might help in preventing CLAD development and assessed whether the
microbiome, lipidome and metabolome profiles exhibited any predictive value for future changes in FEV;.
We included 19 recipients where lung function tests were repeatedly performed over an interval of up
to 90days and all relevant data modalities (microbiome, lipidome, metabolome) and clinical
meta-information were available for model building (tables 1 and 2).

Employing a machine learning approach, we trained ridge regression models using clinical metadata,
microbiome, metabolome and lipidome data sets as predictors, and changes in FEV; at 30, 60 or 90 days
after sample collection as response variables (figure 4a). Predictive performance was evaluated using
samples collected from patients not included in the training cohort {supplemental methods). To prevent
overfitting, we used a nested cross validation scheme by iteratively removing individual patients from the
model.

We first tested this approach on individual data sets (ie. microbiome, lipidome or metabolome,
respectively) or clinical metadata (sex, age, time after transplantation, current FEV; and serum CRP
concentration) alone. Doing so, we observed the most accurate short-term predictions of FEV; (30 days)
when the algorithm was trained on microbiome data {Pearson r=0.76, p<0.001). For mid-term changes
(60 days), microbiome data and clinical metadata performed similarly well {(Pearson 1=0.47, p<0.01 for
microbiome, r=0.49, p<0.01 for clinical metadata) while long-term changes (90 days) were most accurately
predicted by clinical metadata (Pearson r=0.42, p<0.05) (figure 4b). Lipidome data performed poorly in
comparison to microbiome data, and metabolome data alone could not predict changes in FEV,. When
testing whether combining these individual omics data sets with clinical metadata would improve
predictive performance, we found metabolome data in combination with clinical metadata more accurate
than any other tested data set in predicting mid-term changes of FEV, values {Pearson r=0.63, p<0.001 for
60 days) (figure 4c). We furthermore evaluated the predictive performance of data sets generated by
concatenating individual data modalities {figure 4d), as well as the effect of adding clinical metadata to the
combined data sets (figure 4e), which collectively offered superior predictive accuracy over isolated data
sets for short- and mid-term changes in FEV,.

Next, we investigated which specific features contributed to the prediction of FEV,. The best-performing
maodel for short-term changes in lung function was built on microbiome and metabolome data {Pearson
=0.78, p<(.001) (figure 4d, ). Analysis of model coefficients showed that Capnocytophaga gingivalis
received the most positive coefficient (indicating association with improved FEV;), while Veillonella
dispar and L-arginine received the most negative coefficients {figure 4f). We observed a tendency towards
a higher absolute weight of microbiome versus metabolome features {(figure S5A). Furthermore, a model
built solely on microbiome data performed similarly well (Pearson r=0.76, p<0.001) (figure 4b, figure
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FIGURE 4 Machine learning enables prediction of changes in lung function from multi-omics data. a) Layout of data collection and preparation.
Change in forced expiratory volume during the first second (FEV,) 30, 60 and 90 days after sampling was expressed as percent change to FEY,
values at the time of sampling. We used our omic data sets to predict these relative changes in FEV, using machine learning. To estimate the
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performance of our machine learning models on samples which were not included in the data set used to train the model, we employed a nested

cross-validation (CV) scheme. b-e) Prediction accuracy (Pearson r between predicted and observed values) for ridge regression models trained on
different data sets for changes in FEY, at 30, 60 and 90 days after sample collection. Prediction accuracy was evaluated for models trained on

specified data sets only (b}, on
concentration and current FEV,)

specific data sets plus clinical metadata (age, sex, time after transplantation, serum C-reactive protein {CRP)
{c), as well as on combined data sets (d) or combined data sets plus clinical metadata (e). f-h) Scatter plots

showing observed versus predicted changes in FEV; and barplots showing the 10 features receiving the highest absolute model coefficients for the

best performing models for f) 30,

£) 60 and h) 90 days after sample collection. Tx: treatment; sp.: species.

S5b). Intermediate-term changes in lung function were most accurately predicted by a combination of
metabolome data and clinical metadata {Pearson r=0.63, p<0.001) with CRP exhibiting the most positive
coetficient (figure 4¢, g). Finally, for long-term changes in FEV;, clinical metadata outperformed all other
data sets {Pearson r=(0L42, p<0.05), with CRP receiving the most positive coefficient, and time after
transplantation the most negative (figure 4b, h).

In summary, our data reveal a high predictive power of the lung microbiome for changes in lung function
manifesting 30 days after sampling. Surprisingly, clinical metadata including time after transplantation and
CRP levels could not match this predictive power for short-term changes, suggesting that effects of the
lung microbiome on lung function are independent of time (since transplantation) and systemic
inflammation. Long-term changes in FEV; were more accurately predicted by clinical metadata, albeit with
lower accuracy.

Discussion

Our study provides insight into the pulmonary microbial, cellular and metabolic dynamics after lung
transplantation. The analysis of 117 BAL samples from 78 patients together with 47 donor samples makes
this one of the largest studies on the human lower respiratory tract microbiome.

We demonstrated that richness and diversity of the microbiome increased rapidly in the first month after
lung transplantation and stabilised thereafter, a finding reminiscent of the recently described increase in
lung microbiome diversity after birth [23]. Early compositional shifts were linked to antibiotic therapy, in
particular trimethoprinysulfamethoxazole, which is routinely given to prevent infections with Preumocystis
Jjirovecii. Tntriguingly, microbial variability at later time points (>30 days after transplantation) showed the
strongest association with recipient-specific factors, most notably the transplant indication. We
unexpectedly identified several microorganisms that appeared as signature taxa for these lung diseases.
While Pseudomonas species are the typical pathogens associated with CF, we discovered three bacterial
signature strains in IPF patients and one strain associated with ATATD. Two strains linked to IPF,
(Fusobacterium nucleatum and Streptococcus gordonii), and one strain linked to ATATD {(Rothia
mucilaginosa) are known colonisers of the oral cavity and upper respiratory tract [24-26]. We hypothesise
that these findings may be attributable to recolonisation from the oral flora, which might be altered in IPF
or ATATD patients. Alternatively, altered communication between the upper gastrointestinal tract and the
lung (e.g. microaspiration) may be responsible, considering the potential association between IPF and
reflux disease [27]. While further studies are needed to elucidate the link between IPF or A1ATD and the
oral microbiome, we here show specific alterations present in the pulmonary microbiome in IPF and
ATATD patients after lung transplantation.

It is critical to investigate the contribution of the donor microbiome to allograft function, given the fact that
non-sterile organs are transplanted to patients. Previous authors suggested that the established lung
microbiome after transplantation represents an altered donor microbiome, modified by immigration of
microbial species from extrapulmonary sites [28]. This donor microbiome has been proposed as a trigger
of pulmonary immune activation, which may contribute to the development of CLAD [3]. In matched
samples, we discovered that donor-recipient similarity rapidly decreased after transplantation and that the
donor lung microbiome was replaced by a novel bacterial flora in transplanted lungs. These results
emphasise that the post-transplantation lung microbiome was independent of the donor microbiome, and
that instead a microbial community established that was conserved between patients. Based on these
findings, we propose that constant immune activation by the donor microbiome after lung transplantation
does not oceur.

Early diagnosis of CLAD might enable treatment before irreversible fibrotic remodelling of the lung
occurs. Unfortunately, the lack of biomarkers is currently hindering such efforts. Here, using a machine
learning approach enabled us to accurately predict changes in FEV, based on microbial profiles. Despite
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the relatively small-scale sample size used for machine learning, we achieved a highly significant
correlation of 0.76 between predicted and observed outcome values. Interestingly, a recent study illustrated
the prognostic role of lung microbiota in predicting clinical outcomes, as patients with higher bacterial
burdens and the presence of gut-associated taxa were at higher risk of acute respiratory distress syndrome
and poor intensive care unit outcome [29]. The authors suggested that translocation of intestinal bacteria to
the lung might contribute to lung injury in critically ill patients. Interestingly, we found an abundance of
species belonging to the genus Enterococci, which are common commensals of the intestinal tract, to be
associated with subsequent improvements in FEV;. This improvement could be linked to adjustments of
antibiotic therapy occurring after collection of samples, thereby promoting the elimination of pathogenic
bacteria and subsequently improved pulmonary function. Similarly, in predictive models utilising clinical
metadata, we observed higher CRP levels to be associated with subsequent improvements in FEV, which
might seem counterintuitive at first. Elevated serum CRP is a marker of {systemic) inflammation that
requires close surveillance and instigates clinicians to initiate proactive treatment. We hypothesise that
these activities assist the treatment of potential complications and accelerate resolution, which ultimately
leads to improved lung function. Determining whether predictors in our models are beneficial or harmful
for lung function is difficult because they are based on associations rather than causality. Beyond CRP,
which is a well-understood biomarker, this is particularly true for less well-characterised features such as
microbes or metabolites. Our study shares this limitation with any non-interventional approach, which is
why clinical trials of targeted therapeutic approaches are required for causal interpretations of host—-microbe
interplay and lung function to ultimately develop innovative and prophylactic therapies to prevent CLAD.
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3 Final discussion

Given that the lung is constantly exposed to potential pathogens, its innate and
adaptive immune systems are highly organized. However, due to the fragile tissue
architecture required for proper organ function, these systems also need to be tightly
regulated. The microbiome has been shown to play a key role in the development and
regulation of immune responses, and this interplay is linked to multiple pulmonary
(patho)physiological processes, such the immune response to influenza infection and
the development of CLAD after lung transplantation. Nevertheless, and particularly in
light of the fact that this interplay might serve as a target for treatment and/or
surveillance of these conditions, our current understanding of this interplay is limited.
In the first part of the study, we investigated the role of LCNZ2 in the immune response
to influenza virus infection. Due to the delicate nature of the tissue, exaggerated
immune responses can easily induce immunopathology in the lung. Influenza infection,
in particular, is known to be associated with a high degree of immunopathology (Rouse
and Sehrawat, 2010). Several different aspects of both innate and adaptive immunity,
including dysregulation of the production of proinflammatory cytokines and exuberant
activity of cytolytic T cells, are known to be involved in these phenomena. While we
observed increases in several proinflammatory cytokines in BAL fluid early (three days)
after infection in Lcn27- mice, no significant differences were detectable after six days,
when increased disease morbidity manifested. These kinetics pointed our attention
towards the adaptive immune system, which typically is activated later than innate
immunity (Chaplin, 2010). Indeed, when conducting flow cytometric analysis of lungs
after influenza infection, the most striking finding were drastically increased CD8" T
cell counts in the lungs of Lcn27 mice. By depleting these cells with a specific antibody,
we could show that they drive the pronounced morbidity in this mouse model, since
CD8* T cell depletion equalized weight loss after influenza infection between WT and
Lcn27 mice.

While our data shows that the effect of LCN2 on lung CD8* T cell responses is
dependent on the microbiome, since antibiotic treatment and cohousing led to
comparable lung CD8* T cell numbers in WT and Lcn2-deficient mice after infection,
we cannot completely rule out additional, microbiome-independent effects of LCN2 on
antiviral immunity. Several different surface receptors have been described in the
literature: LCN2 binds to megalin (Hvidberg et al., 2005) and SLC22A17 (Devireddy et

al., 2005), leading to endocytosis. Additionally, LCN2 could be shown to signal through
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MC4R, which leads to appetite suppression (Mosialou et al., 2017). Nevertheless, in-
vitro, we observed no effects of recombinant LCN2 on antigen presentation. However,
we cannot completely rule out the existence of effects of LCN2 on DC function and/or
antiviral immunity that might not be adequately recapitulated in vitro. For instance, such
mechanisms might depend on LCN2’s role in iron homeostasis. Certain viral infections
are known to affect the expression of genes involved in iron homeostasis, and iron
overload could be shown to negatively affect the prognosis in HIV and hepatitis C virus
infections (Drakesmith and Prentice, 2008). Further research on the complex interplay
of iron metabolism and antiviral immunity might uncover a potential role of LCN2.

A limitation of our study is that, while our data revealed a dependency of the modulatory
effects of LCN2 on antiviral immune responses on the microbiome, we did not identify
the precise mechanism via which the dysregulated microbiome in Lcn27 mice
influences the immune response. Given the roles of microbial metabolites, such as
SCFAs (Trompette et al., 2018) or desaminotyrosine (Steed et al., 2017) in immune
responses against influenza infection, microbial metabolites might also contribute to or
drive the effects of LCN2 on antiviral immunity. Large scale metabolomics studies
coupled with validation experiments of potential hits would be required to decipher
such potential mechanisms. Another possible way of action might be associated with
the findings of Ichinohe et al., who observed that microbial signals influence DC
migration through inflammasome activation. However, we did not observe increased
numbers of DCs in the mediastinal lymph nodes of Lcn2- mice (Figure 11), suggesting
that the increase in lung T cells after influenza infection is not linked to increased DC
migration. Also, in our antigen presentation assays, in which we observed increased T
cell proliferation after co-culture of Lcn27- CD103* DCs, equal DC numbers were co-
cultured with T cells for both WT and Lcn27 mice, which proves that, in our model, the
observed effects are based on increased cellular potential to induce T cell proliferation,
rather than greater DC numbers in the mediastinal lymph nodes, as observed by
Ichinohe et al..
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Figure 11: Dendritic cell counts in the mediastinal lymph nodes of WT and Lcn2 mice
60 hours after  infection, quantified using FACS, gated on
single/live/CD45*/CD11¢c*/CD8/CD11b"/CD103*, single/live/CD45*/CD11¢c*/CD8"
/CD11b/CD11b* or single/live/CD45*/CD11c*/CD8* cells.

In the second part of this thesis, the lung microbiome, metabolome, lipidome and
immune cell compositions in BAL samples collected from lung transplant donors and
recipients were investigated. By assessing a total number of 117 BAL samples from
recipients, ranging from samples collected within days after transplantation to after the
first year after the operation, and 47 donor samples, this study was able to provide
unprecedented insights into lung adaption after transplantation. With regards to the
lung microbiome, we observed a rapid increase in microbial richness and diversity
within the first days after transplantation. Interestingly, these dynamics appear
reminiscent of the recently described changes in the respiratory microbiome after birth
(Pattaroni et al., 2018). In transplanted patients, these changes may be linked to
antibiotic usage, both in the donor prior to transplantation, and the recipient after
transplantation. While antibiotic regimes given to brain-dead donors were not
accessible to us, we indeed found statistically significant links between the
administration of certain antibiotics, in particular trimethoprim/sulfamethoxazole and
ciprofloxacin, and microbial composition early (within the first month) after
transplantation. Analysis of the individual bacterial strains which showed temporal
dynamics after transplantation revealed a cluster of seven bacterial species which
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showed a high abundance within the first week after transplantation. Interestingly, this
cluster included the known lung pathogens Pseudomonas sp., Streptococcus sp. and
Escherichia/Shigella sp. Another cluster of six bacterial species was particularly
dominant between the first week and first month after transplantation. This cluster
consisted predominately of different species of Staphylococcus. Finally, a cluster of 20
different bacterial species dominated the established lung microbiome after more than
30 days post transplantation. This cluster included Prevotella sp., Veilonella sp.,
Fusobacterium sp. and Haemophilus sp., which are known to be the main constituents
of a healthy lung microbiome. Interestingly, we also observed a high variability in
microbial profiles at later stages after transplantation. When assessing potential
explanatory factors for these differences, we found that recipient-specific factors,
including age, sex, and in particular, transplant indication, were linked to these
variations. When comparing recipient microbiomes to the respective donor
microbiomes, we found a rapid divergence in their profiles after transplantation.
Specifically, after more than one month post transplantation, recipient lung microbiome
profiles were more similar to other recipient samples collected within similar time
frames after transplantation, than to their respective donor sample. This observation
leads to two important conclusions: Firstly, lung adaption after transplantation is
associated with conserved changes in microbial profiles, which are likely driven, at
least partly, by antimicrobial therapies. Second, the influence of the donor microbiome
on the recipient lung microbiome is neglectable after more than one month post
transplantation. Immune cell activation by the donor microbiome has been suggested
as a factor implicated in the pathogenesis of CLAD (Kuehnel et al., 2017). However,
based on our results, the donor microbiome is unlikely to be a persistent trigger of
immune cell activation in the transplanted lung.

Similarly to the microbiome, the lung lipidome and metabolome showed significant
dynamics after transplantation. This was more pronounced in the lipidome, where more
than half of the quantified lipids differed between the investigated time points.
Interestingly, the lipidomic and metabolomics profiles found in BALs collected from
donors prior to lung explantation did not significantly differ from the profiles observed
within the first week after transplantation. Rather, the main compositional shifts in
metabolomics and lipidomic profiles occurred after the first week post transplantation.
This suggests that adaptation processes, instead of the explantation and implantation

procedure, alter the airway metabolism. These dynamics correlated with the
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abundance of immune cell types within the BAL: The percentage of alveolar
macrophages and monocytes gradually increased, while the relative abundance of
neutrophils peaked between the first week and first month after transplantation and
subsequently declined, which is most likely linked to an early surge of inflammation
after lung transplantation.

Early effective treatment approaches for CLAD are hampered by the lack of sensitive
and reliable biomarkers (Tissot et al., 2019). To this date, clinical diagnosis of CLAD is
based on pulmonary function tests (PFTs), however, altered pulmonary function can
be considered the endpoint of tissue remodeling, and there are no biomarkers
accurately predicting subsequent CLAD development. To discern whether multi-omics
data could potentially reveal new predictors of lung allograft dysfunction, we developed
a machine learning approach, whereby mathematical models were trained to predict
subsequent changes in lung function based on the microbial, metabolomics and
lipidomic profiles of bronchoalveolar lavage samples after transplantation. These
models were benchmarked against models trained on clinical data alone. Interestingly,
we found that early changes in lung function (that occurred within 30 days after
collection of the representative bronchoalveolar lavage samples), could be accurately
predicted by the bronchoalveolar lavage microbial profile. These data highlight the
close interplay between the airway microbiome and lung function after transplantation.
In this context, it is important to recognize the potential role of airway infections, which
are also known to be risk factors for the development of CLAD (Gregson, 2016).
However, considering the fact that C-reactive protein (CRP) levels could not predict
early changes in lung function as accurately as the airway microbiome, these data
provide direct evidence that the lung microbiome is associated with allograft
(dys)function beyond clinical infections. While this study was under review, a
prospective cohort study, which investigated whether lung bacterial burden or microbial
composition in lavage samples collected during surveillance bronchoscopies
performed one year after transplantation could predict CLAD development or death
(Combs et al., 2021). The authors found that a lower lung bacterial burden was strongly
associated with a longer CLAD-free survival. Additionally, they reported community-
level differences between patients who developed CLAD or died and those who did
not. These data further validate our result and further stress the importance of the lung

microbiome in CLAD development.
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In summary, the work presented in this thesis increases the understanding of
interactions of the pulmonary immune system with the microbiome, by providing
evidence for the importance of these interactions for the regulation of antiviral immune

responses and allograft function after lung transplantation.
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